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Abstract

This study evaluates the use of in-situ process monitoring feedback as an approach to help reduce print defects such as porosity,
during the laser powder bed fusion (L-PBF) of Ti-6Al-4V overhang structures. During initial printing trials it was observed in the region
around the print overhang structure that increased porosity levels were present with a volume fraction of up to 0.08% compared
with <0.02% in the bulk alloy. It is hypothesized that the increased porosity is associated with the excess heat generated in the
overhang region due to the decreased thermal conductivity of the unmelted powder beneath the print layers compared with the
solid alloy. Additionally, excess porosity and inclusions were observed in the regions adjacent to the overhang melt pool and
attributed to spatter ejection from the overhang melt pool. In-situ process monitoring data obtained from the melt pool infrared
emissions was correlated with the properties of the printed parts. This in-process data was then used to assist in selecting optimal
laser processing conditions to prevent the melt pool from overheating at the overhang region. By systematically controlling the laser
energy while printing the first fifteen layers over the overhang structure, the bulk alloy's porosity level was reduced to <0.02%. There
was also an associated reduction in the roughness (Ra) of the overhang itself, with its Ra decreasing from 62.4+7.3 to 7.5+1.9 um.
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1. Introduction

Additive manufacturing (AM) can create complex geometries
and features that conventional formative and subtractive
manufacturing cannot readily produce. For this reason, AM has
seen an increased use in the biomedical [1] and aerospace
sectors [2]. However, one of the critical limitations of AM is the
ability to control the level of porosity [3] and the as-built surface
quality of printed parts [4].

Examples of porosity defects in Ti-6Al-4V alloy parts fabricated
using L-PBF include lack of fusion (LOF) and keyhole (KH) [3].
Incomplete melting of the powder due to rapid scanning speeds
or low power can result in small irregularly shaped pores,
referred to as LOF pores. In contrast, excessive laser power or
slower scanning speeds can cause KH pore formation, vaporising
the material in the melt pool. This vapour is trapped in the
resolidifying alloy, resulting in bubble-like cavities after
solidification [5]. This over-melting of the powder bed
significantly affects the incorporation of unmelted powder,
leading to the formation of voids and porosity.

Relatively high roughness levels observed at the downskin or
overhang surfaces of L-PBF parts are another common print
defect [6, 7]. Several print parameters can affect the formation
of rough surfaces, including laser power and scanning speed [8,
9]. Excess heat in the liquid melt pool can cause surface tension
gradient-driven flow inside the melt pool, known as Marangoni
convection. This Marangoni convection can lead to instability in
the melt pool and affect the shape and formation of the
downskin surfaces.

Overhang surfaces challenge the capabilities of the L-PBF
process in terms of heat distribution [10] and control over melt
pool dynamics [11]. The adverse defects observed in overhang

structures fabricated using LPBF are thought to be induced by
the difference in absorbed energy into the melt pool at the
powder-supported zone versus the solid-supported zone. In-situ
process monitoring has seen increased use with the L-PBF
process. It can detect defects, including those associated with
overhang structures. Optical emission spectroscopy and thermal
monitoring are among the in-process monitoring techniques
used to monitor L-PBF printing [12-17]. These in situ techniques
have also been used by a small number of authors to investigate
the laser melt pool during the printing of overhang structures
[11, 14, 18]. For example, Egan et al. [14] used process
monitoring data obtained from an in situ optical emission
spectroscopy setup during L-PBF printing (Renishaw RenAM
500M) to monitor the processing of the first layer printed above
an internal cavity. Compared to the solid alloy, the poor thermal
conductivity of the alloy powder resulted in an increased melt
pool size and temperature. This increased temperature, arising
from a decrease in thermal conduction away from a melt pool
generated in an overhang, may have resulted in larger thermal
gradients, which can, in turn, destabilize the melt pool.

As detailed above, the challenges of fabricating parts with
overhangs are well documented in the literature. There have
been limited studies on optimising processing parameters for
overhang structure printing. The objective of this study is to
establish the effects of the overheating that occurs at overhang
layers compared to the bulk Ti-6Al-4V alloy. This evaluation will
be based on comparing the changes in porosity and roughness.
Additionally, the use of in-situ process monitoring to help select
optimal processing parameters for overhang structures will be
investigated. The goal is to achieve a higher level of
homogeneity between the porosity and roughness in the regions
around the overhang and the bulk Ti-6Al-4V.
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2. Materials and methods

2.1. Materials and processing parameters

Extra-low interstitial Ti-6Al-4V (Grade 23, ELI-0406) powder,
with particle size in the 10-45 um range, was sourced from
Renishaw Plc [19]. This printing study was conducted on a
Renishaw RenAM 500M system operating under an inert gas
atmosphere. Additionally, this AM system has an in situ
processing monitoring (PM) system called InfniAM Spectral [20].
The latter system uses several photodiodes to gather data
relating to the thermal and optical emissions (in the near-
infrared range) from the laser melt pool created during the build
process and provide feedback on the laser energy output from
the machine [21].

As the objective of this study was to evaluate if in-process
monitoring could be used to select optimised process
parameters for the printing of overhang structures, the Ti-6Al-
4V test sample was designed to simulate a flat overhang
structure. Figure 1 shows the design of the test piece used in this
study, with the overhang region highlighted by dashed lines in
the plan and side view of the drawing schematic.

Figure 1. Overhang test piece: left design and dimensions (in mm) and
right photograph of the printed Ti-6Al-4V alloy part.

um hatch distance using a meander zigzag scan strategy, rotated
67° degrees between each layer, a spot size of 80 um, layer
thickness of 30 um, and point distance of 75 um. The delay time
between each recoating of the powder was approximately 30 s,
and a gas flow rate (Ar) of roughly 29 m3/h was used during
printing.

2.2. In-situ process monitoring data analysis

A series of experiments was proposed to help identify the
processing conditions which would yield a more homogeneous
overhang melt pool temperature profile comparable with that
obtained within the bulk alloy. A Box-Behnken design was used
to alter three parameters: the laser power and laser exposure
time in steps of 5.0%, 12.5%, or 20.0% in either one, eight, or
fifteen layers above the overhang. For example, test condition 6
involved a laser power reduction of 5% over eight layers. This
involved printing the first overhang layer with 66% of the laser
power (133W), which was used to print the bulk alloy. Each
subsequent layer was then printed with an increase of laser
power of 5% from the previous layer until the laser power
reached nominal laser power (200W). The parameter changes
are only applied to melt tracks printed directly onto the 2x10
mm overhang region in the centre of the part after layer 464 for
one, eight, or fifteen layers. The approach resulted in thirteen
print experiments, with three replicants: in all, thirty-nine
overhang samples were printed and investigated, as detailed in
Table 1. Each sample's volumetric energy density (VED) was
calculated using Eq. 1 [22].

VED = % [ J ]
~ hdydy, lmm?3

Equation 1: Volumetric energy density formula for parts printed using
modulated wave laser [22].

Table 1: Processing conditions investigated. Detailed are the percentage reductions in laser power and the exposure time reduction, which
indicates the percentage change between subsequent layers until parameters are returned to nominal levels. Also included are the number of
layers the laser processing parameters were altered. The average VED column indicates the overall level of laser energy reduction.

Power Reduction
Test Condition

Exposure Time

Average VED for the

No. of gradient 15 layers above

(%) Reduction (%) layers overhang (J/mm?)
1 12.5 5 1 67.6
2 5 12.5 1 67.6
3 5 20 1 67.3
4 20 5 1 67.3
5 20 20 1 66.7
6 20 20 8 39.8
7 5 5 8 55.5
8 12.5 12.5 8 45.0
9 20 5 15 14.2
10 12.5 20 15 10.6
11 5 5 15 33.1
12 20 12.5 15 10.6
13 5 20 15 14.2

The first overhang layer was deposited directly onto the
unsolidified powder material below without part supports after
10 mm (464 layers) of powder material had been deposited and
melted to form the solid leg structures. The overhang area of the
test piece was 2 x 10 mm. For non-overhang regions, a laser
power of 200 W, exposure time of 50 us and a modulated 10 ms
delay between exposures was used, as recommended by the
printer manufacturer for Ti-6Al-4V alloy. For the overhang
region, these parameters varied, as detailed in the next section.
The alloy samples were built using a pulse laser mode with a 65

Where P (W) is the laser power, e (us) is the laser exposure
time, h (um) is the layer thickness, d, (um) is the point distance,
and dn (um) is the hatching distance. The VED for the non-
overhang regions of the build was calculated as 68.4 J/mm3.
Table 1 details the average VED for the overhang region over
fifteen layers above the overhang.

To evaluate the success of each set of processing conditions,
the melt pool emissions in the overhang regions were compared
with those in the non-overhang regions in the same print layer.
This was done by comparing the in-process monitoring IR



photodiode readings. The pixel intensity associated with each
part measured using the PM software was obtained by taking
images of the 2D reconstructions of each layer and analysing
them using ImageJ software. This analysis of the IR emission data
allowed for samples that had not experienced overheating at the
overhang to be identified. The in situ data was then correlated
with the overhang roughness and porosity data obtained for
each print sample.

2.3. Porosity and roughness measurements

Part porosity was evaluated using a GE Phoenix Nanotom M
microcomputed tomography (uCT) system, operating at 150 kV
and 200 um, with a scan time of approximately 10 minutes [23].
The resolution of each scan was 12 um, defined as the smallest
detectable pore size in the sample. The uCT scans were analysed
using the porosity/inclusion analysis (PLA) module in VGStudio
Max version 3.5 [24]. Optical microscopy (OM) was also carried
out using an Olympus GX51 optical microscope at 10x
maghnification. The size and shape of pores at the overhang
surface were analysed to determine the type of porosity
present. Porosity was evaluated in the solidified alloy directly
above the overhang and in the entire structure to compare the
effect the overhang had on porosity formation.

Overhang roughness measurements were obtained based on
the uCT measurements using an approach previously applied to
AM-printed porous structures [25]. The roughness of the
overhanging edge was determined based on the profile lines
taken from 2D cross-sectional images of the overhang. The
overhang profile line was extracted using an Imagel script
written by the first author. This script analyses the pixels along
the overhanging edge within a user-selected region of interest.
It measures the edge roughness in correspondence with ISO
21920-2:2021. The average roughness (Ra) was determined for
each test sample using Eq. 2. Five measurements were taken
from five different cross-sections of each sample.

L
Ro = ll j [200)] dx

Equation 2: The arithmetic mean of the absolute values of the ordinate
values [26].

3. Results and discussion

The objective of this study is to identify the laser processing
conditions that minimized the measured porosity and
roughness. Assessment of overheating in the overhang region is
based on photodiode intensity measurements. The Ti-6Al-4V
overhang samples printed using the processing conditions
detailed in Table 1 were cross-sectioned, mounted, ground,
polished, and examined using optical microscopy. LOF porosity
large irregular pores with sharp corners and edges, was present
in samples were insufficient fusion of metal powder occurred.
The presence of LOF pores highlights that simply reducing the
level of laser energy used to print the overhang can result in
different defect types, compared with those obtained when
excess laser energy is used.

Keyhole pores formed in the layers closer to the powder bed
in each sample. The poor thermal conductance of the powder
bed below the overhang and the initial layers deposited onto the
powder bed to form the overhang would have led to an increase
in the local melt pool temperature, increasing the chance of
material vaporization and keyhole formation. Keyhole porosity
was the most common type of porosity observed in samples
printed with a higher laser energy.

Increased porosity was observed in the print layers
immediately above the overhang, up to 0.08% volume fraction.

This was substantially higher than the level of porosity observed
in the bulk alloy regions, which averaged less than 0.02% for all
samples. Samples printed with lower laser energy density (test
conditions 6, 9, 10, 12, and 13) exhibited higher levels of
porosity. This was attributed to pore formation in the area
laterally of the overhang regions, figure 2, likely due to spatter
ejection from the unstable melt pool [27].

Figure 2. (a) Schematic showing the front view of the overhang test
piece. The arrows indicate the approximate location of the layer views
from the pCT scans shown. (b) uCT scan images showing the first
overhang print layer (layer 464) with an increased level of porosity
visible (dark patches) in the non-overhang regions of the part. (c) uCT
scan showing print layer (layer 250) which was located away from the
overhang and exhibited no visible porosity.

Figure 3 shows the Ra roughness measurement for test
samples along with the average IR photodiode measurement for
the overhang melt pools. This demonstrated a broad correlation
between the intensity of the laser energy used to print the
sample and the (Ra) roughness measurements obtained from
the CT scans. This figure also includes the associated photodiode
measurements . When higher photodiode measurements were
recorded, associated with higher melt pool energy, there was
generally an associated increase in roughness. However, this
correlation was not observed for all overhang samples, e.g.
sample 11. A reduction in laser power, and therefore melt pool
temperature, has previously been linked to reduced surface
roughness [4].
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Figure 3. Ra roughness of overhang surface graphed with the average IR
photodiode sensor reading (arb.) for the first overhang layer melt pool.

4. Conclusions

Overhang structures in printed alloy structures can create
difficulties due to variations in the melt pool temperature, due
to decreased thermal conductivity of the powder immediately
below the printed overhang layers. In this study a design of
experiments was carried out and the results were in-formed



based on in-process monitoring (photodiode measurements) of
the melt pool temperature. By tailoring the laser processing
conditions for the first 15 layers over the overhang localised
overheating was minimised. the level of porosity was
significantly reduced. Porosity levels (volume fraction) of up to
0.08% in the overhang region were reduced to the <0.02%
obtained for the bulk alloy. There was an associated reduction
of up to 88% in the roughness (Ra) of the overhang itself.
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