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A B S T R A C T   

Laser based Direct Energy Deposition (DED) systems using metallic powder feedstock are recognized as a 
promising manufacturing method for their ability to shorten production cycles and create complex part geom
etries. Components are built by generating a melt pool with a high-power laser beam while material is coaxially 
injected and left to solidify. An impediment to large scale use of DED lies in poor powder catchment efficiency, 
the condition in which a portion of injected powder escapes the melt pool resulting in a ratio of decreased printed 
material mass to mass of supplied feedstock. The wear state of a coaxial nozzle on a DED system within a hybrid 
manufacturing machine tool has been observed to decrease catchment efficiency over time. This study in
vestigates this effect by adapting flow visualization techniques to an in-situ process monitoring format, the 
implementation of a Computational Fluid Dynamics (CFD) simulation, and deposition testing. Nozzle geometric 
defects due to wear are identified and categorized, and the impact of nozzle tip wear, resulting in axial tip 
reduction, on powder catchment efficiency is proven by multiple calculation methods. A linear correlation be
tween catchment efficiency and powder stream diameter is identified, causing a 15–20% loss in efficiency sus
tained over incremental nozzle tip reduction up to − 1 mm. These results provide a foundation for further study 
of wear effects and Zero defect manufacturing solutions for powder fed DED systems.   

1. Introduction 

Laser based Directed Energy Deposition (DED) is an additive 
manufacturing (AM) process in which a high-powered laser melts 
feedstock to form a deposited bead, fed by a controlled stream of stock. 
This process creates a metallurgical bond between layers that is fused to 
the deposition surface, which is either the substrate or previously 
deposited layers [1]. Powder DED is utilized for small to medium sized 
parts that require minimal post processing due to the material deposi
tion rates available, and the achievable surface finish [2,3]. Feedstock 
material is typically supplied via a gravitational feeder and inert carrier 
gas through the processing head, depositing powder coaxially or off axis 
into the melt pool [4,5]. 

Deposition heads equipped with coaxial nozzle assemblies deliver 
powder annularly, with the exiting powder descending in a cone shaped 
multi-phase flow to intersect with a centered laser beam [6]. Analyzing 
the design evolution of coaxial deposition over the last 30 years, these 
heads are typically composed of three individual nesting nozzles made 
from a material with high reflectivity and thermal conductivity, such as 

copper or brass. The inner nozzle in which the laser passes through and a 
jet of inert shield gas to protect laser components from particulate 
matter, the middle coaxial nozzle which provides the outer wall 
boundary for the powder and carrier gas flow, and the outer nozzle 
which also jettisons shield gas to prevent the deposition from oxidizing 
[7–10–13,14,15]. In any powder fed DED systems, disruption in the 
material mass flow rate has the potential to cause a corresponding sur
face irregularity in the deposited bead, making continuous uniform 
powder supply vital to high quality deposition [1]. Metal powder has a 
large range of material availability but suffers poor rates of material 
catchment. The escaped powder poses a health and environmental 
hazard if not properly disposed of, and is one of powder DED’s least 
researched sustainability concerns [16–19,20]. 

The largest obstacles to industry wide adoption of AM include the 
inability to produce homogeneous finished surfaces, the presence of 
internal defects due to the deposition process, and the dimensional in
accuracy of as-built parts [7,21,22]. In powder-fed laser DED systems, 
specifically coaxially fed systems, the extent to which these disadvan
tages manifest relies heavily on a machine’s powder catchment 
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efficiency. It is beneficial to optimize the dimensions of the impacting 
powder stream, as altering the laser spot size will ultimately change the 
geometry of the deposited bead [23]. It is a common strategy to control 
powder stream geometry through various deposition process parameters 
[24,25]. Due to the constant subjection to heat and impacting powder, 
the middle nozzle tip in a coaxial AM head will wear down over time, 
creating an annular flow exit of increasing area. The resulting distortion 
to the powder flow eventually creates enough loss in catchment to 
warrant a replacement. As this nozzle is a consumable component and its 
frequent replacement adds cost to the manufacturing process, there is an 
incentive to optimize the life cycle of this consumable [18]. 

A wealth of research demonstrates both experimental and numerical 
powder flow measurement and visualization methods, however the 
research subject is usually coaxial nozzle design validation. One such 
example is an earlier coaxial nozzle designed for laser cladding by Lin 
et al., which achieved 40% powder catchment efficiency through use of 
a mathematical model, light sheet imaging https://www.overleaf.com/ 
project/60fd99f20ae6964ea253cea6, a scanning powder sensor, and a 
two dimensional axisymmetric fluent model [4]. Likewise, Takemura 
et al. iteratively designed a coaxial nozzle using a computational fluid 
dynamics (CFD) simulation, the light sheet method, and deposition tests, 
demonstrating a catchment efficiency improvement from 50.2% to 66% 
in experimental results [26]. There exists a gap in the current body of 
literature of coaxial nozzle wear and performance throughout the con
sumable’s lifecycle. By applying these methods demonstrated in coaxial 
nozzle design and analyzing the extent to which nozzle wear effects 
catchment efficiency, the point at which nozzle replacement is necessary 
can be identified. Furthermore, by adapting the experimental techniques 
used to determine this effect to an in-process monitoring format, it is 

possible to establish relationships between consumable wear and ma
chine work hours so that the economic and print quality consequences of 
this consumable’s timely replacement can be optimized through pre
dictive maintenance. 

The presented study of this wear is conducted within a hybrid ma
chine tool with five axis milling capabilities. Advances in AM, specif
ically since incorporation into hybrid manufacturing machine tools, 
often bear similarity to established methods of subtractive 
manufacturing (SM). This can be seen in the recent industry push for in- 
situ process monitoring, cyberphysical systems, and closed loop feed
back control through the Industry 4.0 movement[27–29]. These ele
ments have already been implemented widely in machining 
applications, contributing to next generation process quality control 
concepts such as Zero Defect Manufacturing (ZDM) [30,31]. A 
product-specific example is the development of individualized specialty 
AM processing heads for specific cladding processes that are able to be 
easily swapped in and out of a host AM or hybrid unit, not unlike tool 
changing capabilities exhibited by CNC machining cells [32–34]. Like
wise, the motivation of this study is to optimize AM performance by 
accounting for wear in replaceable components, not unlike accounting 
for tool wear in the production of machined parts. 

The middle coaxial nozzle in a standard powder fed laser DED head 
assembly is a regularly replaced consumable. Its state of wear has been 
observed to affect print quality over time as the nozzle tip deteriorates, 
yet no knowledge on quantifying this effect currently exists. The 
objective of this research is to establish the relationship between middle 
coaxial nozzle wear and print quality by measuring the nozzle’s catch
ment efficiency. If the experimental methods are adapted into an in-situ 
monitoring format, this effect can be routinely monitored and accounted 

Fig. 1. Diagram of powder stream geometry, including the powder stream distribution pre-consolidation (inset) [40].  
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for by adjusting process parameters. Quality improvement process 
changes that occur before the start of a DED deposition, or process 
changes that are predictive in nature, can be achieved by leveraging the 
detection capabilities of an in-situ flow visualization apparatus with the 
level of prognostic analysis achievable using CFD simulations to create a 
digital twin of a manufacturing process [30,31]. 

2. Theory and calculations 

2.1. Powder stream geometry 

Early analytical models of coaxial powder streams approximated 
powder flow as a cylinder of constant width. This was improved upon by 
Lin, identifying three critical powder flow regions: a converging annular 
stream immediately past the nozzle exit, the plane of convergence in 
which the powder is most focused, and an expanding stream post- 
convergence bearing a circular cross-sectional profile with a near 
Gaussian distribution. It was also confirmed experimentally that a post- 
convergence powder stream concentration had a Gaussian distribution, 
and that inner and shield gas flows affect the powder stream spraying 
angle [7,35,36]. 

This analytical model was further expanded by Pinkerton and Lin to 
account for the inclination angle of the tapered annular stream and to 
directly associate gas flow rates and coaxial nozzle geometry. The same 
three powder stream regions were identified, and separate coordinate 
systems were used above and below the plane of powder consolidation 
[37–39]. A diagram of the independently derived model used to char
acterize experimental image data is provided in Fig. 1. 

In this work, the deposition laser as well as the concentrations of 
both the annular stream and converged stream regions were assumed to 
have a Gaussian profile, and the corresponding expression for the 
powder concentration profile was integrated about the central axis. The 
two different coordinate systems are used to describe powder flow ge
ometry above and below the plane of convergence. The coordinate 
system (r′, z′) describes the orientation of the unmerged annular powder 
stream with the origin set at the nozzle outlet annulus, and the coordi
nate system (r, z) describes the orientation of the merged powder stream. 
In regard to the second coordinate system, z corresponds to the central 
axis of the nozzle assembly and the origin is placed at the intersection of 
the central axis and the nozzle exit plane. Serving as a link between these 
coordinate systems, the point location of this plane is denoted as z′ and 
zP in Eqs. (1) and (2). In addition, the r′ and z′ coordinate transformation 
is described in Eqs. (3) and (4), respectively. 

z′ =
(ri + ro)

2sinθ
(1)  

z′ =
(ri + ro)

2tanθ
(2)  

r′ = zsinθ + rcosθ −
1
2
(ri + ro)cosθ (3)  

z′ = zcosθ + rsinθ (4) 

In these equations, ri and ro represent the inner and outer annular 
radius of the mid-coaxial nozzle, and θ denotes the powder stream angle 
of convergence. Setting stream width limits at 1∕e2, which defines the 
stream edge at 2σ, the powder flow concentration C between the nozzle 
exit and before any occurrence of merging powder streams (0 ≤ z′ ≤ z′)
is defined in Eq. (5). Mass flow rate is represented as m′, and Q indicates 
volumetric flow rate. 

C(r′) =
2m′

Q
̅̅̅
π

√
erf [1]

e
− 2(ri+ro − 2r− 2ztanθ)2

(ro − ri )
2 (5)  

The concentration immediately before the plane of convergence exhibits 
the convergence of two streams as described in the following equation, 

taking note that r → 0 as z approaches the central axis. After that, Eq. (2) 
is substituted in as z to evaluate concentration at the plane of conver
gence in Eq. (6). 

C(r, z) =
4m′

Qvperf [1]
e

− 8y′2
(ro − ri )

2 cos2 θ (6)  

For the fully merged and expanding powder flow, z > zP and the equa
tion for powder flow concentration further reduces into Eqs. (7) and (8) 
for stream diameter D, and maximum concentration C* which occurs 
along the central axis at r = 0. 

D =
2(ro − ri)ztanθ

(ri + ro)
(7)  

C ∗ (0, z) =
2(ri + ro)m′

Qerf [1]ztanθ
(8)  

2.2. Coaxial nozzle performance 

It can be seen that the most advantageous placement of substrate, 
and by extension the melt pool, would occur after the plane of conver
gence in which flow stream diameter is governed by Eq. (6) and peak 
concentrations of both powder and laser energy density occur along the 
central axis. Furthermore, the location of this plane is related to the 
convergent powder spraying angle, which is in turn controlled by the 
flow velocities of the inner, carrier, and shield gas jets [4]. Eq. (9) uti
lizes the property of Gaussian distribution displayed by the powder 
stream in calculating the diametric ratio between the Gaussian distrib
uted laser diameter dg and the full Gaussian distributed powder stream 
diameter Dg: 

η =
dg

Dg
=

erf ( d̅̅
2

√ )

erf ( D̅̅
2

√ )
(9) 

This expression indicates that either a decrease in powder stream 
diameter or an increase in laser beam diameter is an efficient way to 
improve powder catchment [36]. 

2.3. Powder stream numerical simulation 

While appropriate for approximation and process parameter devel
opment, the practical limits of analytical models necessitate numerical 
simulations, which typically employ computational fluid dynamics 
(CFD) [41,37,42–45]. The Navier Stokes system of differential equations 
establishes the mathematical basis for this numerical model, with the 
fluid carrier gas and solid powder particle injection modeled as a 
coupled two-phase turbulent flow. While all gas flows are modeled 
continuously, a discrete phase model (DPM) is used to represent the 
injected powder particles and their trajectories. Since the experimental 
conditions that the simulation is intended to represent do not require the 
use of laser power, the gas flow is assumed to be isothermal and the 
thermal energy contributions of any gas-powder interactions are 
assumed to be negligible. Powder particle diameter is presented as a 
Rosin-Rammler distribution across a specified range [46,47]. The pres
ence of turbulent flows is approximated with a realizable k − ϵ model. 

2.4. Powder stream monitoring 

Improvement in powder DED catchment efficiency depends on the 
monitoring and control of both laser and powder stream dimensions 
[21]. While in-process monitoring is well integrated in industrial ap
plications for subtractive processes, such infrastructure remains in its 
infancy for AM processes [48]. For laser based DED, most in-situ 
monitoring methods exist for the purpose of predicting the thermal 
profile and material quality of the deposition. These include the use of 
various instruments such as a pyrometer or infrared (IR) camera [49–52, 
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53,54]. Flow visualization methods and image analysis have been 
consistently used in coaxial powder systems to validate designs, 
analytical, and numerical models yet have little to no in-process coun
terpart [26,55–58,59,60]. As such there are limited means of accurately 
monitoring powder stream geometry to institute process control or 
predictive maintenance timelines [48]. 

Light sheet imaging is a well-established and popular flow visuali
zation technique and produces a two-dimensional cross section of a laser 
based DED powder stream. This involves placing a collimated beam 
behind either a slit mask or cylindrical lens, creating a planar sheet of 
light that can be positioned either axially or transversely in the powder 
stream while the deposition laser is not engaged. A digital camera is 
positioned either normal to the light sheet or at a known location to 
capture the attenuated light scattered by powder particles, as seen in  
Fig. 2. Luminosity in the resulting captured images can be assumed to be 
directly proportional to mid-stream powder concentrations. This rela
tionship is based on single scattering conditions specified by Mie’s 
theory of the scattering of light by small particles [41,61,40]. 

3. Materials and methods 

3.1. Equipment 

All powder imaging and deposition experiments were performed 
within the enclosure of the Mazak VC500 AM, a multitasking hybrid 
machine tool based on the VCU, a series of 5-axis CNC mills. In addition 
to CNC machining capabilities, this system is retrofitted with a powder 
feed system, laser unit, and a DED head. While the deposition head is 
located inside the machine enclosure, the powder feeder and deposition 
laser units are housed externally on the side. The trunnion style spindle 
column houses the deposition head, laser optics, as well as the powder 
and gas delivery subsystem, in addition to being responsible for trans
lational movement in three axes. The work holding table is able to be 
rotated in two axes as well. All motion is controlled with G-code com
mands interpreted by the machine controller. Movement command of 
the deposition head is achieved by specification of a secondary “spindle” 
axis horizontally offset from the original, effectively shifting the trun
nion coordinate system in the positive x-direction [62]. The machine 
enclosure is spacious enough to house and accommodate in-process 
monitoring systems used to assess machine performance. 

The spindle column mounted deposition head is produced by Hybrid 
Manufacturing Technologies and the nozzle configuration used is most 
similar to the S3 Sidemount System, model 3935. The deposition head is 

also capable of independent movement up and down the secondary, 
offset z-axis to the spindle, but is still coupled to the XYZ translation of 
the milling spindle. 

An Oerlikon Twin-150 powder feeder is used to regulate flow by 
specifying a duty cycle percentage through controller commands. 
Properly calibrated, this multipurpose feeder dispenses a directly pro
portionate mass amount of powder, which is fed from a 5.0 L hopper 
through to the deposition head using argon as a carrier gas. A pressure 
regulator attached to the inlet gas flow ensures that carrier, inner, and 
shield gas is released at a gauge pressure of 0.3 MPa. 

As the milling spindle is not in use during AM operations, a spindle 
clamped digital camera mount was constructed to record close up image 
data of powder flow and depositions. Given the spacious machine 
enclosure, appropriate work offsets and relatively low thermal disper
sion of powder fed DED systems, the camera is able to capture images of 
the nozzle and melt pool area in a configuration normal to the YZ plane 
facing the deposition head without incurring damage due to heat or 
collisions, illustrated in Fig. 3. A Basler acA800–200gc area scan camera 
was used for image collection, with image acquisition settings controlled 
by its accompanying software on a desktop computer. A self-leveling 

Fig. 2. a) Top view and b) Camera view of an axial light sheet imaging setup.  

Fig. 3. Adjustable spindle clamped camera mount.  
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Class 2 line laser was positioned normal to the XZ plane facing the 
deposition head and bisecting the middle of the outflowing powder 
stream. This was achieved through the construction of a modified se
curity camera wall mount bracketed to the spindle column. 

3.2. Light sheet imaging 

The equipment configuration seen in Fig. 4 used to image the powder 
was housed inside the VC500AM machining enclosure, which limited 
ambient light from affecting captured data. In addition, a datum image 
was collected before beginning any trial and was subtracted from 
experimental images as a part of image processing. Lastly, to justify 
omission of multiple scattering effects, luminosity values were collected 
from a 20 by 20-pixel test region of powder streams produced by 
different powder feeder duty cycles ranging from 10% to 90% in 5% 
increments. Pixel luminosity is quantified by its gray value, ranging from 
0 to 255 for an 8-bit image. The resulting linear trend observed in Fig. 5 
indicates a direct proportionality between powder concentration and 
powder luminance [41,62]. 

Powder flow from all tested coaxial nozzles were imaged cold to 
establish basic shape and wear influence independent of thermal gra
dients. Experiments were conducted using a parameter set used in past 
low risk deposition processes on the VC500AM as described in Table 1. 
Powder mass flow rate, the last listed item in Table 1, was obtained by 

discharging powder into a tared cup of water for two minutes and 
measuring the difference in mass [63,64]. This preliminary test was 
repeated for 10 trials to produce an averaged value. The scattered laser 
light from powder particles was recorded, then processed with a MAT
LAB script that converted all images to grayscale, averaged ten collected 
frames together, subtracted the gray values of the datum image, and 
applied a Gaussian low pass filter for smoothness. 

Qualitative analysis was performed with nozzles previously used in 
production (Fig. 6) to observe powder stream behavior, determine 
possible impacts wear geometry had on powder flow, and identify key 
regions of interest discussed in literature: a converging region, the plane 
of stream convergence at which the powder stream diameter is smallest, 
and a diverging powder stream [60]. To isolate and observe the specific 
effects of coaxial nozzle tip wear, a set of coaxial nozzles were machined 
with identical inner profiles to the manufacturer sourced coaxial nozzles 
and fabricated wear surfaces. Pixel luminance values collected from 
these nozzles were used as a comparison data set to study the distribu
tion of calculated powder concentration values obtained by CFD simu
lation at several standoff distances, including the standoff distance later 
used for deposition. All collected images to be used in powder stream 
geometry analysis were cropped to a region of interest equivalent to 
5 mm standoff distance from the tip of a new nozzle. All reported 
standoff distances indicate the axial distance from a new nozzle tip, 
regardless of the nozzle wear state being tested, as this dimension is 
shared with the outer nozzle tip as well. The tip of the outer nozzle (and 
a new, unworn mid-coaxial nozzle) is considered the actual exit plane of 
the AM head, even though powder stream expansion is possible before 
this point due to mid-coaxial nozzle wear. 

Fig. 4. An in-process setup for light sheet imaging.  

Fig. 5. Linear relationship between powder feeder duty cycle and pixel luminosity.  

Table 1 
Light sheet imaging machine operating parameters.  

Parameter Operating value 
(Unit) 

Description 

Inner Gas Flow 
Rate 

2 (L/min) Gas flow to preserve laser lens quality 

Carrier Gas Flow 
Rate 

6 (L/min) Gas flow delivering powder 

Shield Gas Flow 
Rate 

6 (L/min) Gas flow protecting melt pool area 

Powder Feeder 
Duty Cycle 

35 (%) Signal corresponding to a volumetric 
measurement of powder 

Powder Mass Flow 
Rate 

2.535 ± 3.670E-2 
(g/min) 

Corresponding mass flow rate of 
powder at 35% DC  
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3.3. Characterizing and fabricating nozzle wear 

Nozzle wear characterization began with examination and powder 
flow imaging of mid-coaxial nozzles retired from machine use at various 
states of wear and comparing them to the appearance and performance 
of a manufacturer supplied nozzle never used in deposition. Two geo
metric irregularities related to tip wear were a jagged, uneven nozzle tip 
and a smooth region extending from the tip edge to the nozzle outer 
contour. The collected images of powder flow geometry for each nozzle 
were analyzed to determine the presence of powder stream convergence 
and divergence at ± 2σ and ± σ intervals (95.4% and 68.2% of injected 

powder respectively). The presence of a completely divergent stream 
was noted as an example of critical performance failure. In an effort to 
isolate other sources of wear inducing erratic powder flow geometry, a 
series of mid-coaxial nozzles were designed with final dimensions 
varying in tip deterioration. Initial attempts to manufacture these noz
zles with fabricated wear geometry involved resurfacing the tips of 
retired mid-coaxial nozzles, but additional eroded regions were 
discovered on the nozzle’s inner taper. Observable in Fig. 7, these re
gions altered the radial symmetry of the interior contour as well. 

As a result, replicant nozzles were manufactured to isolate the effects 
of nozzle tip deterioration resulting in a reduction on the axial dimen
sion. The dimensions and material of the mid-coaxial nozzle were ob
tained by reverse engineering, and the replicant nozzles fabricated out of 
360 machinable brass using an Okuma Genos L250 2 axis CNC lathe. The 
internal taper of the resulting replicant nozzles was within ± 0.05∘ that 
of the original nozzle, while on the external profile, a few superficial 
features were omitted for toolpath planning purposes. These differences 
can be observed in Fig. 8. Five trials were manufactured: one control 
case that did not have any recreated tip wear, and four trials with tip 
wear in the amounts of − 0.25 mm, − 0.50 mm, − 0.75 mm, and 
− 1.00 mm. As in the initial mid-coaxial nozzle characterization, pow
der flow similarity of the replicant nozzle to the original nozzle was 
assessed by comparing the control (unworn) trials of each using the 
same light sheet image collection and analysis used in the assessment of 
experimental nozzle geometries. 

3.4. CFD simulation 

Powder and gas flow through the coaxial AM head assembly was 

Fig. 6. Observed geometric irregularities (center and right) in contrast to an unworn mid-coaxial nozzle (left).  

Fig. 7. Example of interior nozzle wear.  

Fig. 8. Drawing of original (left) and fabricated (right) nozzle.  
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completed using ANSYS Workbench 2020 R1. Flow field geometry was 
reverse engineered and recreated using a polyhedral mesh and an 
assumption of symmetrical flow, resulting in quicker computation times 
that allow for timely changes when modeling future process parameter 
settings and illustrated in Fig. 9. Separate simulations were run for each 
instance of manufactured nozzle wear, each with its fluid flow geometry 
reflecting the wear state dimensions. 

A pressure-based solver was used to establish a steady state model, 
with inlet velocity values approximated from the operating parameters 
in Table 1 using volumetric flow ratios. While argon gas was continu
ously modeled, AISI 316 L Stainless Steel (SS) powder particles were 
represented by a DPM, and both phases were free to interact with each 
other. 

Argon gas was released from three concentric velocity inlet faces 

(inner, carrier, and shield), while a Rosin-Rammler distribution of 
powder particles were released normal to the planar surface of the 
carrier velocity inlet. Powder diameters used as Rosin-Rammler pa
rameters were obtained from a powder size distribution study used in 
past work and conducted on the same AISI 316 L SS powder, which was 
procured from Carpenter Additive [64]. The particle mass flow rate, 
2.1961E-5 kg∕s, was approximated from the mass flow rate of the 
powder feeder at 35% DC. Turbulent particle dispersion was governed 
by a discrete random walk model and spherical drag law (17). Boundary 
conditions, constant values and other parameters are listed in  
Tables 2–4. The geometry of the resultant simulated powder flow was 
ascertained by particle tracking and probing for traverse profiles of 
particle mass concentration (reported in units of kg*m3) at various 
standoff distances including the deposition standoff of 2.75 mm. 

3.5. Deposition experiment 

Five single bead lines were deposited for each test nozzle on 316 L SS 
substrate, 12.5 mm in length. Relevant print process parameters were 
consistent with light sheet imaging parameters, and additional settings 
associated with the deposition laser and expected build volume can be 
found in Table 5. The nozzles were visually inspected after deposition 
and no additional wear was found. The width and length of the samples 
were measured using a digital microscope, and bead height was 
measured with calipers. 

3.6. Catchment efficiency calculation 

Catchment efficiency was twice calculated using both the diametric 
ratio described in Eq. (9) and the approximate build volume of each 
deposition sample. For the first method, the definition of powder stream 
diameter was set at ± 2σ, as this is also the definition of the deposition 
laser spot size (equivalent to the 1∕e2 edge definition) [35]. This was 
performed using traverse profiles of particle luminance at the deposition 

Fig. 9. Flow field geometry and locations of important boundary conditions.  

Table 2 
Inlet/outlet boundary conditions.  

Boundary 
plane 

Boundary condition Velocity 
(m/s) 

Gage 
pressure (Pa) 

DPM 
BC 

Carrier Gas 
Inlet 

Velocity Inlet 6.7591 3E5 escape 

Inner Gas 
Inlet 

Velocity Inlet 4.9602E-1 3E5 escape 

Shield Gas 
Inlet 

Velocity Inlet 4.9855 3E5 escape 

Plane of 
Symmetry 

Symmetrical – – reflect 

Nozzle Walls No Slip, Enhanced 
Wall Treatment 

– – reflect 

Far Field 
Region 

No Slip, Enhanced 
Wall Treatment 

– – escape 

Gas Flow 
Outlet 

Pressure Outlet – 0 escape  

Table 3 
Physical properties and constants.  

Symbol Value (Unit) Description 

ρs 8000 (kg/m^3) Density of 316SS 
ρa 1.225 (kg/m^3) Density of argon gas 
g 9.81 (m/s^2) Gravitational constant 
μ 1.789E-5 (kg/m ⋅ s) Viscosity 
μt 1 Turbulent viscosity 
C2 1.9 Constant used in the ϵ transport equation 
σκ 1 Turbulent kinetic energy Prandtl Number 
σϵ 1 Turbulent dissipation rate Prandtl Number 
κ 0.8 Turbulent kinetic energy 
ϵ 0.8 Turbulent viscosity  

Table 4 
Rosin-rammler parameters.  

Parameter Value 

Min. Diameter 6e-8 m 
Max. Diameter 1.2e-7 m 
Mean. Diameter 7.5e-8 m 
Spread Parameter 3.5 
Number of Diameters 20  

Table 5 
Machine operating parameters during deposition.  

Parameter Operating value 
(Unit) 

Description 

Inner Gas Flow Rate 2 (L/min) Gas flow to preserve laser lens quality 
Carrier Gas Flow 

Rate 
6 (L/min) Gas flow delivering powder 

Shield Gas Flow 
Rate 

6 (L/min) Gas flow protecting melt pool area 

Powder Feeder Duty 
Cycle 

35 (%)) Signal corresponding to a volumetric 
measurement of powder 

Powder Mass Flow 
Rate 

2.535 ± 3.67E-2 
(g/min) 

Corresponding flow rate of powder 
feeder at 35% DC 

Laser Power 350(W) Laser energy output 
Laser Spot Size 

Diameter 
1 (mm) Diameter of the deposition laser at 1/ 

e^2 width (or ± 2σ) 
C^2 1.9 Constant used in the ϵ transport 

equation 
C^2 1.9 Constant used in the ϵ transport 

equation 
Clad Speed 300 (mm/min) Traveling speed of the additive head 
Programmed Clad 

Length 
12.5 (mm) Length specified in machine code 

commands  
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standoff height for both experimental and simulated flows, and the spot 
size diameter of the deposition laser, 1.00 mm. In the second method, 
deposited build mass is roughly approximated by multiplying measured 
build volume by 8000 kg∕m3, the density of 316 L SS. This is compared 
to the mass of supplied powder, calculated from clad speed, clad length, 
and powder feed rate [36]. 

4. Results 

Qualitative observations of powder streams from retired mid-coaxial 
nozzles revealed two possible sources of wear induced flow anomalies. 
The first of two noticed geometric irregularities related to tip wear was 
an altered outer contour indicative of the nozzle tip melting and reso
lidifying, which is more likely to occur during higher power deposition 
operations. The other type of geometric irregularity was a jagged, un
even nozzle tip indicative of erosion by powder abrasion. Powder 
streams produced by both geometric irregularities are presented in 
contrast to a new, off-the-shelf nozzle in Fig. 10. 

The mid-coaxial nozzles produced with replicated geometry 
demonstrated reduced, yet similar performance compared to new, 
manufacturer supplied nozzles as seen in Fig. 11. Basic geometric 
powder stream properties were measured in both the retired nozzle and 
those with manufactured tip wear in order to better associate powder 
stream anomalies with a wear related cause. After identifying the axial 
distance of the consolidation plane at which powder stream waist was 
thinnest, a linear regression model was used to calculate the average 
angle of convergence and divergence in powder flow regions located 
above and below the consolidation plane, respectively. As retired noz
zles did not have a radially symmetric surface of wear, the powder flow 
boundary on either nozzle side was considered a separate profile, and 
powder stream angles are reported in order of least to greatest wear. 
Powder stream angles corresponding to nozzles with manufactured wear 
are similarly treated, but final angle values are reported with left and 
right profiles differentiated. All powder stream angles are reported with 
their corresponding intervals of uncertainty. 

In Fig. 12, a wide array of convergent and divergent powder stream 
angles occurred. Despite its location above the consolidation plane, the 
average angle of each imaged powder stream was observed to be 
divergent from the outer nozzle exit in nearly every case of wear greater 
than 0 mm at the ± 2σ stream edge definition. As a result, the stream 
was analyzed at the ± σ edge as well. Powder stream convergence an
gles at both ± σ and ± 2σ displayed divergent behavior in multiple 
profiles. For viewing clarity, a convergent data entry was omitted from 
the figure if a powder flow stream was consistently divergent from the 
nozzle exit to the end of the region of interest. Angle values in Fig. 13 
demonstrate more of a straightening in powder flow. Even at a wider 
± 2σ interval, convergent flow is observed in all wear states, although 
both convergent and divergent angles decrease with wear. Regardless, 
no consistent and viably measurable relationship in angle reduction, 
convergent or divergent, could be established. Critical dimensions of the 
powder consolidation plane are the standoff distance from the outer 
nozzle and the powder stream diameter. The retired mid-coaxial nozzles 
exhibited an increase in powder stream diameter with increasing wear 
that was constant across ± σ and ± 2σ stream edge definitions, as seen 
in Figs. 14 and 15 respectively. Standoff distance reflected the divergent 
powder flow angles calculated from the ± 2σ powder stream edge and 
noted in Fig. 12, eventually trending towards 0 mm and fully divergent 
flow. The inner stream edge at ± σ did not experience significant change 
in standoff distance. A general increase of minimum powder stream 
diameter with wear was demonstrated in both cases. In Fig. 16, one can 
observe that the consolidation plane dimensions in manufactured noz
zles displayed a gradual linear increase in both stream diameter and 
standoff distance, furthering the theory that divergent outer powder 
streams are primarily caused by wear surfaces located on the nozzle 
interior. 

Traverse profiles of pixel luminance and CFD simulated powder mass 

Fig. 10. Powder streams produced by a new nozzle (top), and those produced 
by melted (center) and abraded (bottom) nozzles. 
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concentration both displayed a rough Gaussian profile centered about 
the coaxial cladding head center axis, despite deposition standoff dis
tance being 1–1.75 mm above the measured plane of optimal powder 
stream consolidation. Powder stream characteristics obtained by CFD 
simulation are limited by the accuracy of initial conditions used, which 

were estimated from machine operating parameters rather than data 
acquisition. As a result, CFD simulated powder stream standard devia
tion ranged from 70% to 110% greater than experimental data despite 
trend similarity shared by both sets of data. To compare relative change 
in luminance and powder concentration in experimental and 

Fig. 11. Comparison of unworn nozzle flow from original (left) and replicant (right) nozzles.  

Fig. 12. Powder stream angles of convergence and divergence with wear, using nozzles retired from production. Error bars indicate the mean uncertainty of the 
angle’s tangent, calculated using linear regression. 
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numerically simulated data respectively, both sets of data were 
normalized so their range is between the interval [0,1] and fitted with a 
first order Gaussian curve. Fig. 17 displays the normalized values as a 
function of their center axis offset, which was not subject to data pro
cessing methods such as normalization or scaling. 

Catchment efficiency of experimental and numerically simulated 
data sets, along with their respective curves of best fit were calculated 
using Eq. (9) and compared to catchment efficiency ascertained from 
deposition build volume measurements listed in Table 6. The results 
were plotted as line graphs to show catchment efficiency loss with 
increasing wear in Fig. 18. Catchment efficiency from build volume was 
understandably lower than experimental values in all trials, as powder 
stream imaging does not account for any loss in catchment suffered by 
the presence of substrate, particularly in particles rebounding out of the 
melt pool. Curves of best fit had lower catchment than the data sets they 
represent as data distribution tended to be weighted slightly toward the 
center axis, or curve midpoint, rather than at its tails. While CFD 
simulated powder concentration was observed to be geometrically 

inconsistent with experimental measurements of powder stream width, 
corresponding catchment efficiency values fell within a reasonable in
terval (between deposition and experimental values), due to the 
weighting caused by the presence of maximum powder concentration 
about center axis. 

In summary, all testing methods displayed a 15–20% reduction in 
powder catchment sustained in a roughly linear trend up to − 1.0 mm of 
axial tip reduction and were similar in value to catchment efficiencies 
mentioned in literature for laser based, powder fed DED systems. 

5. Discussion 

The dimensional characteristics of the consolidation plane mea
surements for mid-coaxial nozzles with manufactured wear trend simi
larly to the ± σ consolidation plane measurements, as opposed to the 
divergent behavior observed at the powder stream outer edge (retired 
nozzle results). This appears to indicate that the observed interior wear 
regions impact the edges of the powder stream the most, a region of 

Fig. 13. Powder stream angles of convergence and divergence with wear, using nozzles with manufactured wear. Error bars indicate the mean uncertainty of the 
angle’s tangent, calculated using linear regression. 

Fig. 14. Retired nozzle powder consolidation plane size and location at ± σ interval.  
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decreased powder concentration. This behavior is confirmed in manu
factured wear nozzle measurements, which indicated a steady linear 
increase in stream diameter with wear, while standoff distance has no 
observable linear trend. In catchment efficiency calculations, the rate of 
increase in stream diameter transitions to a decrease in catchment effi
ciency. While consolidation plane measurements are not powder 
catchment ratios, any increase in powder stream diameter can be 
assumed to cause a decrease in catchment efficiency, as the diameter of 
the deposition laser remained constant throughout all experiments. In 
contrast, a concrete relationship between catchment efficiency and 
standoff distance could not be established without further data 
collection. 

Initial observations of nozzle wear types indicated that the rate of 
wear differs depending on deposition laser and powder flow process 
parameters, so monitoring nozzle wear was determined to be more 
prudent in maintaining constant performance, as opposed to monitoring 
a nozzle’s overall lifetime from installation to retirement. The current 
methods of monitoring nozzle wear are usually visual inspection or by 
using a physical gage. These methods are only possible at the start or the 
end of a deposition operation, and they do not give insight into powder 

flow shape. Incorporating light sheet imaging as a method of flow 
calibration would allow for process parameter adjustment to best opti
mize powder flow geometry. In this study, light sheet image equipment 
was affixed to the spindle column to demonstrate the possibility of 
checking on nozzle health before, during, and after future deposition 
cycles. As the experiment design discussed in this study images a cold 
powder stream, mid-cycle checks could be incorporated in machine code 
and even coordinated with dwell times used as a thermal regulation 
measure. 

Parameters with potential for process improvement must either alter 
the diameter of powder flow or the diameter of the deposition laser. As 
the deposition laser diameter could not be altered without incurring 
significant damage to the AM head assembly, parameter adjustment to 
improve powder catchment must change powder flow geometry in a 
significant way. Three parameters that fit this condition are standoff 
distance, shield gas flow rate, and carrier gas flow rate. While aligning 
the standoff distance to the consolidation plane of the mid-coaxial 
nozzle would not directly change powder stream geometry in any 
way, it would ensure that powder impacts the melt pool at its smallest 
diameter. Changing the standoff distance introduces a complication if 

Fig. 15. Retired nozzle powder consolidation plane size and location at ± 2σ interval.  

Fig. 16. Manufactured nozzle powder consolidation plane size and location (at ± 2σ interval).  
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the deposition laser focal distance cannot be easily adjusted to match the 
standoff distance, as increased laser attenuation could significantly alter 
the thermal gradient of the stream and melt pool [37,39,64]. Changing 
the carrier or shield gas flow rate throughout the life of the nozzle could 
also optimize catchment efficiency and may be a more apt method of 
adjusting parameters to alter powder spot size [26,36]. Although it 

would increase material usage, it would not interfere with the laser as 
when changing standoff distance. 

Another potential benefit of powder stream parameter manipulation 
is the ability to prioritize certain maintenance operations. In this study, 
deposition height was set at 2.75 mm, the current axial offset distance of 
the deposition laser focal plane. The manufacturer supplied machine 
specifications list laser focal length at 5 mm offset from nozzle end, and 
while operational, the laser optics within the hybrid manufacturing 
machine tool need recalibration. In an industrial application, fixing or 
modifying nozzle geometry to match laser spot size and changing the 
nozzle offset may be a beneficial short-term fix so that necessary laser 
recalibration may occur at a time least intrusive to the workflow [65]. 
This is an excellent example of how predictive maintenance and moni
toring of material, tooling, and machine health can determine the 
effectiveness of implementing ZDM. Awareness of the state of these 
manufacturing elements beforehand, not just detecting potential defects 
during the manufacturing process, can have instrumental consequences 
on process quality control. 

Although the results of the accompanying CFD simulation were 
geometrically inconsistent with experimental measurements of powder 
stream width, the catchment efficiency of the CFD simulation was within 

Fig. 17. Traverse profiles of experimental and CFD simulated powder flows at deposition height 2.75 mm. Profiles are listed in order of increasing wear, a) control 
nozzle without wear, b) − 0.25 mm wear, c) − 0.5 mm wear, d) − 0.75 mm wear, e) − 1.0 mm wear. 

Table 6 
Catchment efficiency calculated from single bead deposition build volume.  

Trial Average volume 
(mm^3) 

Calculated mass (g) Catchment 
efficiency 

Control 8.601 ± 0.5361 6.881E-2 
± 4.2886E-3 

0.6514 ± 6.451E- 
2 

-0.25 mm 
Wear 

8.331 ± 0.2483 6.664E-2 
± 1.986E-3 

0.6309 ± 4.196E- 
2 

-0.50 mm 
Wear 

5.608 ± 0.3662 4.487E-2 
± 2.930E-3 

0.4248 ± 4.333E- 
2 

-0.75 mm 
Wear 

4.498 ± 0.3021 3.598E-2 ± 2.417 
E-3 

0.4248 ± 4.333E- 
2 

-1 mm Wear 4.843 ± 0.5651 3.874E-2 
± 4.521E-3 

0.4248 ± 4.333E- 
2  

L. DeWitte et al.                                                                                                                                                                                                                                 



Journal of Manufacturing Systems 63 (2022) 524–538

536

range of the deposition catchment efficiency, displayed the same 
Gaussian distribution behavior as the experimental data set, and 
decreased in catchment efficiency at a roughly linear rate. The low 
deposition catchment efficiency calculated as a mass ratio is under
standable, as imaging free flowing powder does not account for complex 
multiphase interactions occurring as powder particles collide with melt 
pool. The CFD simulation can be improved by altering parameters until 
the traverse powder profiles closely match the experimental results, but 
this would limit use of the simulation to the tested parameter set, rather 
than predicting powder stream behavior. Regardless of the necessity for 
accurate numerical simulation of powder width, the developed simula
tion is useful in estimating powder catchment at various wear states and 
standoff distances, as a wider uncertainty interval can be allowed due to 
the location of high concentration regions of a normal Gaussian distri
bution. In its current state of development, following this methodology 
for a particular parameter set could predict powder catchment losses 
and prevent the running of the machine tool in a high error state. With 
more accurate parameter values for setting CFD simulation initial con
ditions, nozzle geometry could be optimized using CFD modeling to fit 
specific manufacturing applications, much like how custom tooling is 
produced for specific manufacturing applications in CNC machining 
centers. 

6. Conclusions 

This study focused on developing preliminary relationships between 
nozzle wear and characteristics of the resultant powder stream and 
deposition. These characteristics were measured using experimental and 
numerical flow visualization techniques, and also confirmed from a 
material properties perspective through deposition testing of 316 SS. 
The principal conclusions of this study are as follows:  

1. Nozzle wear regions located on the inner contour likely affect edge 
regions of the resulting powder stream.  

2. Axial reduction in nozzle tip is associated with an increase in powder 
stream diameter.  

3. Standoff distance is likely affected by light to moderate amounts of 
axial nozzle tip wear.  

4. Axial reduction in nozzle tip corresponds to a loss in build volume.  
5. Catchment efficiency is negatively affected by increasing amounts of 

nozzle tip wear. 

The first of these conclusions, the impacts of inner nozzle wear re
gions on powder stream geometry, was obtained by comparing the 

standoff distance of the consolidation plane in retired nozzles using edge 
definitions ± σ and ± 2σ. The wider edge definition standoff distance 
trended toward zero with increasing wear and was observed to have a 
diverging flow at or near the nozzle exit. In contrast, the ± σ edge 
definition standoff distance followed a similar trend as the standoff 
distance calculated from nozzles with manufactured wear. As powder 
concentration decreases toward the edge of the powder stream, this 
conclusion likely contributes a small fraction of loss in catchment effi
ciency but a dominant effect in powder stream edge definition. 

The connection between nozzle tip reduction due to wear and the 
measured build volume losses are associated with loss in catchment 
efficiency approximated by powder mass ratio. Likewise, nozzle tip 
reduction contributing to a widening powder stream diameter directly 
affects catchment efficiency approximated by a laser and powder stream 
diametric ratio. Both approximations of catchment efficiency decreased 
with the incremental increase of nozzle tip wear, and addressing this 
issue is critical in maintaining a near defect free manufacturing 
environment. 

The contributions of this study lie in the adaptation of experimental 
methods traditionally applied to the design validation and qualification 
of middle coaxial nozzles into a procedure of performance monitoring 
that can be used throughout the lifetime of the nozzle. In doing so, types 
of wear exhibited by these nozzles were observed and categorized, and 
foundational relationships were developed between nozzle wear ge
ometry (specifically axial tip reduction), powder stream geometry, and 
deposition volume. Lastly, the impact of nozzle tip wear on catchment 
efficiency was quantified by diametric and mass ratio approximations. 
This conclusion establishes foundational knowledge of a new opportu
nity for process optimization in powder fed, coaxial DED systems, and 
the ability to improve one of its most critical drawbacks. 

This study’s limitations stem from a variety of factors that could 
skew the relationships presented. As only five levels of wear were tested, 
this study would greatly benefit from more data points. In addition, the 
methods used in the catchment efficiency calculations were intended as 
approximations of machine performance. Equipment based limitations 
exist in the weld pool camera resolution, beam diameter of the line laser, 
and rigidity of mounts used to affix these objects to the spindle column. 
The most pressing limitation present in the hybrid manufacturing ma
chine tool is an inability to ensure powder mass flow regularity during 
deposition. It is also worth mentioning that the deposition laser on this 
machine was in need of recalibration, and that the AM head nozzle ge
ometry was likely originally optimized for a standoff distance of 5 mm. 
Lastly, deposition catchment could be influenced by the location of the 
deposited samples on the substrate. The data presented in this study 

Fig. 18. Comparison of catchment efficiency calculation methods.  
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should be carefully interpreted and concrete relationships between wear 
and component aspects of powder fed DED performance should be 
refrained from until a larger body of data exists. 

The work presented is composed of initial findings that indicate a 
need for greater understanding in assessing the impact of wear in 
replaceable AM components on machine performance. In quantifying 
the effects of coaxial nozzle wear, only one of two identified geometric 
irregularities was thoroughly investigated, and the effects of wear on 
interior nozzle surfaces as well as the combined effects of both forms of 
wear should be studied in depth. Other areas of interest include material 
properties analysis of the deposited samples to determine whether a 
relationship exists between nozzle wear and material defects, such as 
pores and cracking. Once the effects of coaxial nozzle wear geometry are 
fully understood, the viability of adjusting relevant process parameters 
should be studied for potential closed loop control applications, for 
manufacturing sustainability optimization, and other forms of in- 
process monitoring and correction. In summary, this study provided a 
first look into new opportunities for improved performance in powder- 
fed AM systems and insight into the consequential effects consumables 
have on deposition quality. There are many openings for further work, 
and the total comprehension of this topic. 
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Appendix A 

A.1. Tabulated powder stream angle data 

These tables accompany Fig. 12 and Fig. 13. 
See Tables A.7 and A.8. 

A.2. Tabulated consolidation plane dimensions 

These tables accompany Figs. 14, 15 and 16. 
See   Tables A.9–A.11. 

A.3. Tabulated deposition sample dimensions 

This table accompanies Table 6. 
See Table A.12. 
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