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Abstract
Depending on processing conditions, laser powder bed fusion (LPBF) has broadly two different
processing regimes, conduction and keyhole mode. Heat conduction governs the melt pool morphology observed
in conduction mode melting. In contrast, keyhole mode melting is observed when the morphology of the molten
pool is controlled by thermo-capillary convection and recoil momentum pressure generated by vaporization of a
given material. Additionally, there exists another melting mode called transition mode wherein the dominance of
conduction or convection depends on processing conditions. In this work, we use an analytical temperature
prediction model, along with normalized processing diagrams, to obtain a processing window for achieving highdensity three-dimensional Ti-6Al-4V parts on a continuous beam exposure LPBF system. The normalized
processing diagrams in this work help visualize the three melting modes - conduction, transition, and keyhole
mode. The temperature prediction model can be used to predict the thresholds between the three melting modes.
This work can be used for understanding the physical origins of defects in three-dimensional LPBF parts, as well
as lower the risk of costly experimentation to go from powder to near fully dense products.
Introduction
The LPBF process is affected by more than 130 processing parameters [1]. There are emerging research
efforts in understanding the scale of impact each parameter has and how different parameters are correlated. To
be able to produce consistent LPBF parts, these effects and dependencies need to be better understood.
LPBF involves heating, melting, and solidification of a material by a moving laser in a layer by layer
manner. Due to the locally concentrated energy input, localized thermal cycles are generated, leading to residual
stresses. This is particularly prevalent in LPBF of titanium alloys. Residual stresses can result in deformation,
cracking, and change in mechanical strength [2,3]. Additionally, literature [4] has shown that the tensile
properties of titanium alloys processed by LBPF are influenced not only by intrinsic microstructure but are also
influenced by defect characteristics such as pore size, shape, orientation, and location. The research proposed in
this document is focused on developing a better understanding of the phenomena occurring at the mesoscale in
LPBF. Mesoscale phenomena involve the study of porosity due to insufficient melting or excessive melting in
conduction, transition and keyhole mode LPBF. To understand the phenomena occurring at the mesoscale of
LPBF, it is important to develop temperature prediction models which forecast melt pool morphology and heat
transfer mechanism changes, from a dominance of conductive heat transfer to a dominance of convective heat
transfer. These temperature prediction models can also be used to predict the material behaviour during melting,
solidification, and re-melting cycles, which have a direct impact on microstructure and thereby, on mechanical
properties.
In LPBF, achieving near fully-dense parts is one of the most important criteria for practical applications
[5]. In our previous work, we have proposed an enhanced heat conduction-based temperature prediction model
to predict the threshold between conduction, transition and keyhole modes tailored for LPBF [6]. This
temperature prediction model, in conjunction with normalized processing diagrams, enable the mapping and
prediction of the three melting modes for continuous and modulated LPBF systems, independent of powder
layer thickness. This approach allows us to obtain processing diagrams for a given LPBF system and material,
thereby reducing the need for costly experimentation to identify the optimal processing windows for obtaining
near fully dense parts. In this work, we present results of our approach to identify the optimal processing
window for Ti-6Al-4V using an EOS M290 LPBF system.
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Methods
Construction of Normalized Processing Diagrams with Melting Mode Thresholds
To obtain the normalized processing diagram of Ti-6Al-4V, the equation derivations from earlier work
was followed [6] to define the a dimensionless heat input term, E * , as:
E* =

q*
AP
=
*
l
2λlt (Tm − T0 )

(1)

In equation (1), q* is dimensionless beam power and l * is dimensionless layer thickness [7,8].
Furthermore, A is the laser absorptivity, P is the laser power [W], λ is the thermal conductivity [W/(m.K)],
Tm is the melting temperature [K], and T0 is the initial (or powder bed) temperature [K]. The dimensionless
beam velocity term, v* , is defined as [7]:
v* =

vrB

α

(2)

In equation (2), v is the laser beam velocity [m/s], rB is the beam spot radius [m], and α is the thermal
diffusivity [m2/s]. Values for material constants are taken at the solidus temperature for a given material from
ref. [9] & [10]. In this work, the values of laser absorptivity, A , are noted as being dependent on melting mode
and beam spot size as summarized in our prior work [6], which has been observed through micro-calorimetry
approaches for LPBF [11–13]. The dimensionless beam power term, q* , and the dimensionless layer thickness
term, l * , are defined in equations (3) and (4) respectively [7,8].
q* =

AP
rB λ (Tm − T0 )

(3)

2 ⋅ lt
rB

(4)

l* =

In equation (4), lt is the powder layer thickness [m]. The analytical temperature prediction model used
to predict melting mode thresholds involves obtaining the dimensionless peak temperatures, Tp* , in the melt
pool given by:
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The detailed derivation for equation (5) is given in our previous work [6]. This model is a enhancement
of the work by Ashby and Easterling [14] tailored for LPBF. In equation (5), z * is dimensionless depth
(equation (7)), and z0* is the dimensionless distance of the apparent source above the surface of the melt pool
(equation (8)). The dimensionless peak temperature term is defined in equation (6).
Tp* =

Tp − T0
Tm − T0
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(6)

z* =

z
rB

(7)

z0* =

z0
rB

(8)

The term z0* is obtained by equating Tp* from equation (5) to a solution for peak surface temperature
produced by a stationary beam acting for a time equal to the beam interaction time ( t B = 2 ⋅ rB / v ) [15]. The
detailed derivation for obtaining z0* is given in [6]; the solution for the term z0* is given below in equation (9).
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For low reflectivity, low thermal conductivity, and high surface tension materials such as Ti-6Al-4V, SS
316L, and Inconel 625, the threshold between conduction mode and transition mode is predicted to be when the
vaporization depth exceeds 0.5 times beam spot radius of a given LPBF system [6]. This corresponds to a front
vaporization wall angle ( θ ) of 75.96°. The front vaporization wall angle, θ , is obtained from the work of
Fabbro et al. [16] and is given by:

⎛σ ⎞
⎟
⎝ dv ⎠

θ = tan −1 ⎜

(10)

In equation (10), σ is the beam spot diameter ( σ = 2 ⋅ rB ) [m], and d v is the vaporization depth [m]. The
threshold between transition mode and keyhole mode is predicted to be when the vaporization depth exceeds
0.8 times the beam spot radius of a given LPBF system. This corresponds to a front vaporization wall angle ( θ )
of 68.2° [6]. In the following section, we describe the methodology used to obtain near fully dense Ti-6Al-4V
parts on an EOS M290 LPBF system along with application of the melting mode thresholds model towards
understanding the physical origin of defects via non-destructive testing (X-ray computed tomography scans).
Experimental Methods for Process Window Identification
An experimental plan is defined for manufacturing three-dimensional Ti-6Al-4V parts on a continuous
LPBF (EOS M290, beam spot radius at focal point, rB = 40μ m ). To define the experimental plan, it is first
assumed that all of the experimental design points to lie in the transition mode, and hence use a laser
absorptivity value of 0.605 obtained from prior work[6]. Subsequently, the processing parameters (laser power
and laser beam velocity) are chosen such that the experiment is able to approximately span the conduction,
transition, and keyhole modes as shown in the initial LPBF diagram in Figure 1 (A). The green line corresponds
to the threshold between conduction and transition mode, whereas the blue line corresponds the threshold
between transition and keyhole mode. Tp* = 1.72 corresponds to the vaporization temperature of Ti-6Al-4V and
z * = 0.5 thereby corresponds to a vaporization depth of 0.5 times the beam spot radius of EOS M290 used in
this work ( rB = 40μ m ). Similarly, z * = 0.8 corresponds to a vaporization depth of 0.8 times the beam spot radius
used in this work. Sample 1 was designed to fall in conduction mode and sample 4 is touching the keyhole
mode threshold; the absorptivity coefficients for the two samples is then adjusted to 0.41 and 0.8 respectively
as per [6], to better match the physics of the corresponding melting mode. The final processing diagram is
obtained as shown in Figure 1 (B).
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Figure 1. Initial estimate (A) and final (B) processing diagram for the four samples manufactured on EOS
M290, a continuous LPBF system; and model predictions of the onset of transition mode and keyhole mode.
The samples manufactured were cylinders of diameter 5 mm, and height 8 mm. These samples were
built on top of support structures (5 mm in height) as illustrated in Figure 2 (A). The support structures are
manufactured at a power of 100 W and a velocity of 750 mm/s (which lies in conduction mode). The build plate
layout of the parts with respect to the gas flow and powder flow is shown in Figure 2 (B).
Cylindrical
Parts

Support
Structu res

Powder
Flow

Bui ld Plate

Figure 2. Illustration showing the manufactured cylinders along with support structures on the build plate
of EOS M290 (A), layout for the manufactured cylinders showing the argon gas flow and powder flow
direction (B).
The primary processing parameters for the core of the four samples from Figure 1 are summarized in
Table 1. Within each layer, the scan path follows this order: scanning of the core using the meander scanning
strategy, followed by a border scan (power – 100 W; velocity – 980 mm/s); all border scans being kept constant
in parameters. The meander scanning strategy involves scanning using straight line vector path from each side
of the border.
Table 1. Primary processing parameters for the four samples manufactured on EOS M290.
Sample
Identity
1
2
3
4

Power, P
[W]
150
225
225
300

Core Parameters
Powder Layer
Hatch
Velocity, v
thickness, lt
Distance, hd
[mm/s]
[ȝP]
[ȝP]
1200
1450
30
100
1000
1200
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Melting
Mode
Conduction
Transition
Transition
Keyhole

X-ray Computed Tomography Methods
The manufactured cylinders were removed off the build plate and analyzed for porosity characteristics
using a 3D X-ray computed tomography (CT) scanner (ZEISS Xradia 520 Versa) using a 7 Ɋm voxel size. The
processing parameters used to obtain the X-ray CT scanning results are shown in Table 2. To visualize the pore
distribution within each sample, the CT scanned files were analyzed using an image processing software
(Dragonfly 3.0, Object Research Systems Inc., Montreal, QC) [17]. The image data obtained from CT scanning
was thresholded and binarized. To visualize the pore space, a minimum-intensity projection (MIP) method is
employed. The MIP method is a projection of the pore space onto one single image plane, and it serves as a
good indication of the persistence and general location of the pores.
Table 2. X-ray computed tomography parameters used for scanning the four Ti-6Al-4V cylindrical parts
Parameter
Unit
Value
Voxel size
7
. [Ɋm] .
····················································1···················1···················································
Source
power
[W] ..................................................
10
.................................................... ...................
.
X-ray
energy
[kV]
140
.................................................... ................... ...................................................
Filter
Air
····················································r················l··················································
X-ray optic
0.4× lens
····················································1···················~···················································
Source position
[mm] 13.53
····················································t···················~···················································
Detector position
[mm] 11.90
····················································t···················~···················································
Exposure time
[s]
20.5
···················································-r·················l··················································
Number of
1201
projections
····················································r················l··················································
Binning level
2
~

~

~

~

Due to interpolation defects from rotation, areas near the top and bottom of each manufactured cylinder
tended to display CT beam hardening artifacts and were hence cropped from the analyzed region. Additionally,
near the top and bottom of samples the presence of X-ray-related cone angle defects affected the visual clarity of
the images and were hence also cropped out. In total, approximately 20% of a given sample’s height (about 1.6
mm) was not included in this analysis to avoid uncertainty introduced by CT beam effects.
Results and Discussion
The minimum intensity projection (MIP) images of the four representative samples are shown in Figure
3, capturing the defect space from the entire region of interest, flattened onto the XY plane. The solid part is
represented by the white colored regions, and the defects in a given part are given by the black colored regions
in Figure 3. As we can observe from Figure 3 and Figure 4, sample 1 (which is in conduction mode) has a
concentration of mostly irregularly shaped defects when compared to sample 4 (which is in keyhole mode)
which has a combination of irregularly shaped defects as well as nearly spherical defects.
The porosity in sample 1 can be attributed to lack of fusion defects, beam path trajectory stitching, and/
or random defects expected with conduction mode melt pools [18,19]. Lack of fusion defects are commonly
observed when the heat input is considerably lower than the transition mode threshold as reported by King et al.
[20]. Since the density of the sample is 99.982%, it implies that most of the melt pools created were such that
their morphology did not lead directly to lack of fusion defects. Recent research from our research group
[21,22] along with high-speed imaging studies on ejecta [23] have shown that ejecta (particles with a size much
large than the mean particle size of the feedstock powder used) have a direct impact on melt pool geometry and
hence could be a potential cause for the defects that we observe in this melting mode. In addition, powder
denudation effects [24,25] alter the melt pool morphology as well which could lead to melt pools with
insufficient depth and/or width thereby causing inadequate stitching of melt pools needed to obtain fully-dense
LPBF parts. In this experiment, the higher beam velocities and lower power used for sample 1 could also lead to
surface tension-driven breaking of the melt tracks, which lead to undesirable balling effects due to a variant of
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the Plateau-Rayleigh instability theory [26,27]. These irregular surfaces can then affect powder spreading in the
following layers thereby impact the stability of melt pools due to inhomogeneous powder and solid metal
distribution. The aspect ratio of pores observed in this melting mode is typically indicative of irregular-shaped
defects, with a low aspect ratio [28]. This same effect was observed in this experiment, as visualized in Figure
4.

Sample 1 (99. 982%)
Conduction Mode

Sample 2 (99.995%)
Transition Mode

Sample 4 (99. 978%)
Keyhole Mode

Sample 3 (99. 953%)
Transition Mode

Figure 3. Minimum intensity projection of the pore space along with build direction of the samples 1-4 from
EOS M290 onto a single plane. Density of each sample is given in the brackets.
When the predicted melting mode is keyhole mode (sample 4), there is a prevalence of more spherical
defects, as proven by the higher number of high aspect ratio defects shown in Figure 4; this is expected for melt
pools in keyhole mode [20]. If thermo-capillary flow, referred to as Marangoni flow induced by surface
temperature gradients, also known as Bénard–Marangoni flow, and recoil (vapour) pressure due to material
vaporization are not balanced out, melt pool instabilities occur [29]. Such instabilities are known to create
defects during keyhole mode LPBF [30].
Keyhole mode defects could occur due to a multitude of reasons, as discussed by Kaplan in [31]. The
mechanisms for defect formation in keyhole mode include collapse and rapid irregular solidification of the
bottom section of the vaporized region (irregularly shaped defects), the cavities from the bottom section of the
vaporized region which contract to a spherical bubble and solidify as a pore (spherical defects), pores created by
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the vapour jet of the vaporized metal (spherical defects), and pore coalescence (spherical and irregularly shaped
defects) [31]. Another mechanism for irregular-shaped defect formation in keyhole mode processing of titanium
alloys at high laser beam velocities (samples 2 and 4) could be the elongated molten pool regions near the side
and rear walls of the vaporized region, which rise from the top of the melt pool thereby breaking into droplets of
molten metal called melt pool splatter [32]. Powder ejecta [23] is also expected cause irregularities on the layer
being printed and could thereby be an additional cause of irregular-shaped defects in this melting mode. The
high momentum flow along the vaporized region that causes powder denudation also mixes in voids that exist
between powder particles in the region along the melt pool length that lies between the vaporized portion
direction underneath the laser beam and the tail end of a given melt pool. A partially melted particle in the
transition region that does completely merge with the melt pool increase the surface roughness of a given layer
and thereby deteriorate the wetting behaviour of the following layer causing additional melt pool instabilities
possibly leading to defect formation [33,34]. These mechanisms of defect formation in keyhole mode melt
pools explain the presence of both spherical and irregularly shaped defect in the keyhole mode part (sample 4)
as observed in Figure 4.
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Figure 4. Aspect ratio comparison of the defects in the conduction mode (sample 1) and keyhole mode
(sample 2) Ti-6Al-4V parts manufactured on the EOS M290 LPBF system.
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One thing to note is that the amount of large melt pool spatters observed were higher in low velocity
regimes for keyhole laser welding of titanium when compared to higher velocities [32]. These larger melt pool
splatters would be expected to cause greater irregularities in the layer being printed and thereby affect powder
spreading in the following layers leading to additional causes for instabilities in the melt pool. This could be one
of the potential reasons for the lowest density observed in sample 3. However, laser welding beam spot sizes
(280 Ɋm in [32]) are considerably higher than LPBF beam spot sizes (80 Ɋm in the current work) and this could
lead to differences in melt pool spatter behaviour which need to be further explored.
Sample 2, which lies in the transition melting mode, was observed to be the highest density sample in
this present work. Since transition mode melt pools have a higher front vaporization wall angle ( θ ) compared to
keyhole mode melt pools, the ratio of width of the vaporized region to the depth of the vaporized region is
expected to be higher in transition mode due to the angle of incidence of the laser beam on the vaporized
portion of the melt pools. This leads to larger area of a high temperature gradient region in transition mode melt
pools. Hojjatzadeh et al. [35] have shown that larger areas of high temperature gradient regions lead to greater
thermocapillary force. This thermocapillary force which can overcome the melt flow induced drag force in the
laser interaction region drives pores to move in the direction of the temperature gradient and thereby escaping
the melt pool. Since transition mode melt pools are expected to have larger areas of temperature gradients, more
pores can escape melt pool before solidification when compared to keyhole mode melt pools. This could be a
potential reason for the higher density observed in sample 2 (transition mode) when compared to sample 4
(keyhole mode).
It must be noted that for all the four samples, the origin of defects listed are not exhaustive by any
means. There are multiple other factors such as powder feedstock characteristics, powder flow characteristics,
build plate characteristics, laser beam characteristics, build file setup, and build chamber conditions which
could directly or indirectly contribute towards defects in three-dimensional LPBF parts [6]. This study was
intended to be a preliminary work in understanding how process diagrams and melting mode thresholds can be
used to design experiments. Further work will focus on a deeper understanding of porosity in each melting
mode through both exploring literature, modeling, and experimental datasets.
Conclusions
Normalized processing diagrams, along with a temperature prediction model to predict melting mode
thresholds, were used to drive an experimental design as a starting point in process parameter optimization, as
well as to understand the physical origin of defects in three-dimensional Ti-6Al-4V parts manufactured on an
EOS M290 LPBF system. In the conduction mode sample, majority of the defects observed were irregularly
shaped, which may result from a combination of lack of fusion defects, beam path stitching defects, and random
defects. In the keyhole mode sample, a mix of both spherical and irregularly shaped defects was observed which
is due to the instability of melt pools as a result of excessive heat input. One of the transition mode samples had
the lowest density which could be due to the increased amount of large melt pool spatter expected in low
velocity transition and keyhole mode melting. Finally, the highest density part was also obtained in transition
mode, albeit at a higher velocity setting. The processing parameters for this part could be such that the forces
created of thermocapillary flow and vaporization of the melt pools are able to balance each other out leads to
mostly stable melt pools. Further work will focus on a deeper understanding of porosity in each melting mode
through both exploring literature, modeling, and experimental datasets.
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