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Abstract

The effects of build orientation, i.e., vertical, or diagonal (45°), and heat treatment on the
porosity characteristics within Inconel 625 (IN625) fabricated via laser powder bed fusion (L-
PBF) was experimentally investigated. Selected samples were heat treated at 1050 °C for 1-hour
to promote evolution of pores. X-Ray Computed Tomography (XCT) was performed on samples
to generate three-dimensional porosity maps. Volume Graphics (VG) software was used to inspect
and quantify porosity distributions. Results indicate that build orientation and heat treatment
influence measured porosity count. As-built (no heat treatment) sample microstructure was
observed to have lower porosity count when compared to heat-treated samples. The vertically built
sample was observed to have lower porosity relative to its diagonally built counterpart. The
porosity morphology or diameter was observed to vary after heat treatment. On the other hand, the
sphericity of pores was not affected by different build orientation and heat treatment.
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Introduction

Additive manufacturing (AM) continues to revolutionize how industry designs, manufactures,
and distributes components to end users. AM is versatile, flexible, highly customizable and, as
such, has gained significant interest from academics and various industries. AM offers
opportunities to build complex geometry parts with no additional tooling, reduction of process
costs and potential to achieve zero waste manufacturing by maximizing material utilization, better
control over the building process, on-demand manufacturing, and more [1]. Despite these
capabilities of AM, its wide application for ‘printing’ high-value metal parts is currently restrained
due to such parts having some level of microstructural defects such as porosity, voids, and residual
stress. These defects can significantly degrade the structural integrity and performance of final
components. Accurate detection, characterization, and prediction of these defects and irregularities
have an important and immediate impact in the AM of fully dense parts [2]. ISO/ASTM
52900:2021 standard describes seven categories of AM. Powder bed fusion (PBF) is more
accepted in industries due to several advantages it offers such as low cost, minimal support
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structure requirements as the powder bed itself provides supports, larger material library, and the
capability to recycle the unused powder [3].

Porosity is defined as the ratio total pore volume to bulk material volume. Porosity can be
considered as the Achilles heel of AM. Defect quantification and mitigation techniques have been
an active research area in the metals AM field. Quantification of defects such as porosity in AM
can be performed using x-ray computed tomography (XCT). XCT provides 3D information on
internal defects by the reconstruction of a series of radiographs taken as the sample rotates over
180° or 360° [4]. The XCT technique is a widely applicable, powerful, and nondestructive
inspection approach to evaluate and analyze geometrical and physical characteristics of materials,
especially internal structures, and feature [5]. XCT has been used to characterize the size, shape,
and volume of the pores in the sample. In the past, XCT analysis was used to correlate with process
parameters used during the print to generate different porosity in parts [6]. A. Du Plessis provided
a summary of pore types in AM metals [7]. Along with quantification, mitigation of these defects
is equally critical to enhance the performance of the end user part. To minimize porosity in AM
metals, it is important to carefully control the printing process. This can be done by adjusting the
laser power [8], [9], using high-quality metal powder [10], build orientation [11], and carefully
selecting the printing parameters [12]. Post-processing techniques such as hot isostatic pressing
(HIP) can also be used to reduce porosity and improve the mechanical properties of the final
product. Although these studies were focused on varied materials, the porosity evolution in AM
Inconel 625 (IN625) still needs to be comprehended in detail.

The aim of this study is to investigate the effects of L-PBF build orientation and post-
processing heat treatment on the porosity count, pore diameter, and sphericity in L-PBF IN625
samples. 3D porosity maps obtained via XCT technology will be provided. The goal is to provide
a deeper understanding of the relationships between build orientation, heat treatment and porosity
which should help in determining optimized process parameters for manufacturing highly dense
components via L-PBF and subsequent heat treatments.

Experimental Methods

AM IN625 cube samples were fabricated in a Concept Laser MLab 100R system. The printing
was conducted in an argon atmosphere. An iterative method was used to determine optimized
process parameters to print nearly full dense samples. The detailed optimize process parameters,
scan strategy, powder composition used to print samples is explained in the study conducted
previously [13]. Vertically and diagonally printed samples in the as-built and 1050 °C- 1-hour heat
treated condition were inspected. All samples were heat treated using a heating ramp of ~5°C/min
and later air cooled in the furnace. The uncertainty in heat treatment temperatures is + 5 °C. The
rationale behind using this heat treatment schedule was to investigate the effect of elevated
temperature on the pore characteristics such as frequency, size, and sphericity.

Porosity in a 3D XCT scan is identified as a low-density area (i.e., void space / air bubble)
surrounded by higher density material. Raw XCT scan data for the part was reviewed and the
region of interest to be analyzed was established and adjusted parameters which are used to define
the pores. This parameter tuning phase increases the accuracy of both identification and
quantification of each pore. A wealth of pore attribute data is calculated for each pore and includes
pore count, size, and sphericity.

Porosity maps and statistics were measured using a NSI X5000 225 XCT system available at
Delphi Precision Imaging Corporation (Redmond, WA USA). Sample part dimensions were
approximately 5 mm x 5 mm x 10 mm in size. Samples were mounted on a rotating stage and
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imaged using 255 kV and 160 uA with 0.25 mm of copper (Cu) filter for beam hardening. A total
of 5600 projections were taken using an oversampled sub-pixel scan technique with 5 integrated
frames yielding a voxel size of 15 um. 3D XCT reconstruction was done with NSI EFX software;
Analysis / Visualization was performed using commercial software VGSTUDIO MAX 2022
(Volume Graphic, Heidelberg, Germany). Porosity results can be visualized in the 3D CT scan
model/2D slice views and individually color coded based on volume or other chosen attributes.
This pore list can then be sorted and/or filtered based on a variety of attributes and can be exported
as tabular data. The certainty of detected pores truly being gas pores (and not an artifact, surface
void, inclusion, etc.) was set to be greater than or equal to 1 in the software. This ensured more
accurate detection of pores with lighter gray contrast which indicates presence of gas. This study
only focuses on the gas-entrapped pores and its quantitative analysis occurring in the
microstructure of all samples.

Results

Figure 1 shows the total porosity count in all samples. The total porosity count in as-built
vertical (V), diagonal (D), heat treated vertical, and diagonal samples are 186, 367, 1117, 1389,
respectively. The as-built vertically printed sample has a lower porosity count compared to
diagonally printed sample. This may be due to the presence of different heat transfer paths
involving conduction between adjacent powder layers and Marangoni convention. The difference
in the thermal conductivity between layers oriented in vertical and diagonal directions also has
influenced different porosity levels in the samples. 3D porosity maps of vertically and diagonally
printed as-built and 1050 °C- 1-hour heat treated IN625 samples are presented in Figures 2 and 3.
As seen in Figs 2 and 3., there is a considerable influence of build orientation and heat treatment
on the porosity counts in the AM IN625 samples.
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Fig 1. Porosity count in as-built vertical (V), as-built diagonal (D), 1050 °C- 1h heat treated
vertical printed, and 1050 °C- 1h heat treated diagonal printed IN625 samples.
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Fig 2. Porosity maps of a) as-built vertical and b) 1050 °C- 1h heat treated vertical printed AM
IN625 samples. Red points represented pores.

Fig 3. Porosity maps of a) as-built diagonal and b) 1050 °C- 1h heat treated diagonal printed AM
IN625 samples. Red points represented pores.

Pore diameter distribution found within as-built and 1050 °C- 1-hour heat treated vertically
printed samples is presented in Figure 4. Post 1050 °C- 1-hour heat treatment, the pore diameters
in the vertically printed samples were observed to increase. The average pore diameter for the as-
built and 1050 °C- 1-hour heat treated vertical samples are 60.226 + 10 and 67.35 + 10.2 um,
respectively. The formation of pores and the increased pore diameter due to heat treatment
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presumably resulted from the temperature-driven equilibrium diffusion and increase gas (argon)
pressure inside of the pores. Similar observations were reported in previous studies [14], [15].
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Fig 4. Pore diameter distribution (in um) in a) as-built vertical and b) 1050 °C- 1-hour heat
treated vertical printed AM IN625 samples. Average and standard deviation are represented with
mu and sigma values, respectively.

Pore diameter distribution found within as-built and 1050 °C- 1-hour heat treated diagonally
printed sample is presented in Figure 5. A similar trend compared to vertically printed samples
was observed in the diagonally printed samples. The average pore diameter for the as-built and
1050 °C- 1-hour heat treated diagonal samples are 59 + 8.13 and 68.48 + 10.59 um respectively.
This indicates regardless of build orientation, heat treatment resulted in the expansion of the pores.
In addition, it can be observed that pore diameter distribution in the as-built vertically and
diagonally samples showed very slight variation in the average pore diameter value, indicating
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minimal effect of the build orientation on the average pore diameter. This is indicated by the
similarity in the mu values shown in Figures 4 and 5.
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Fig 5. Pore diameter distribution (in um) in a) as-built diagonal and b) 1050 °C- 1-hour heat
treated diagonal printed AM IN625 samples. Average and standard deviation are represented
with mu and sigma values, respectively.

Pore sphericity within the as-built and 1050 °C- 1-hour heat treated vertically printed samples
is presented in Figure 6. As presented in Fig. 6., the effect of heat treatment on the sphericity of
the pores is not noticeable at all. The average pore sphericity in the as-built and 1050 °C- 1-hour
heat treated vertically built samples are 0.94 + 0.2. The mu and sigma values in Figs. 6 and 7

represent average and standard deviation values. The red curve represents the distribution curve of
the data.
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Fig 6. Pore sphericity distribution in a) as-built vertical and b) 1050 °C- 1-hour heat treated
vertical printed AM IN625 samples. Average and standard deviation are represented with mu and
sigma values, respectively.

Pore sphericity within the as-built and 1050 °C- 1-hour heat treated diagonally printed samples
is presented in Figure 7. Similar observation was made in diagonally built samples compared to
the vertically built samples. The average pore sphericity in the as-built and 1050 °C- 1-hour heat
treated diagonally built samples are 0.94 + 0.2. In addition, from Figs. 6 and 7, it can be observed
that the difference in the build orientation has a negligible effect on the average pore sphericity
value.
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Fig 7. Pore sphericity distribution in a) as-built diagonal and b) 1050 °C- 1-hour heat treated

diagonal printed AM IN625 samples. Average and standard deviation are represented with mu
and sigma values, respectively.

Conclusions
The present study investigated the effects of the build orientation and post processing heat
treatment on the porosity characteristics in IN625 samples fabricated using laser powder bed fusion
(L-PBF) additive manufacturing (AM). Samples were printed at vertical and diagonal orientation
and used in as-built, and heat treated at 1050 °C for 1-hour conditions. Major conclusions are
summarized as follows:

1. Build orientation and heat treatment had an influence on porosity count. The as-built
vertical sample showed a lower porosity count compared to the as-built diagonal sample.
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The as-built vertical sample had 186 pores compared to 367 pores in the as-built diagonal
sample.

2. Heat treatment at 1050 °C-1h, increased porosity count in both orientation-built samples.
The 1050 °C-1h heat treated vertical and diagonal samples had 1117 and 1389 porosity
counts respectively.

3. Pores size increased in vertical and diagonal printed samples post 1050 °C-1h heat
treatment indicating the pressure increase in the pore.

4. However, neither build orientation nor heat treatment had a noticeable effect on the
sphericity of pores in all samples. The average sphericity in all samples was observed to
be 0.94.
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