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Understanding pore formation and the effect on mechanical properties
of High Speed Sintered polyamide-12 parts: A focus on energy input

Zicheng Zhu ⁎, Candice Majewski
EPSRC MAPP Future Manufacturing Hub, The University of Sheffield, Sheffield, United Kingdom

H I G H L I G H T S

• The effect of energy input on pore for-
mation, porosity and resulting mechan-
ical properties of High Speed Sintered
parts was investigated.

• Porosity, pore morphology, volume,
number density and spatial distribution
were examined using the X-ray Com-
puted Tomography technique.

• A strong correlation between energy
input, porosity and mechanical proper-
ties was found.

• Increasing energy input led to reduced
porosity and improved mechanical
properties, with pores that tended to
be more spherical and distributed in
sub-surface regions.

• Decreasing energy input resulted in-
creased porosity, causing large inter- and
cross-layer pores to form, which were
detrimental to mechanical properties.
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High Speed Sintering is a novel powder-bed fusion Additive Manufacturing technique that uses an infrared lamp
to provide intensive thermal energy to sinter polymer powders. The amount of thermal energy is critical to par-
ticle coalescence related defects such as porosity. This study investigates the effect of energy input on porosity
and the resultingmechanical properties of polyamide-12 parts. Samples were produced at different lamp speeds,
generating varying amount of energy input from a low to a high level. Theywere then scanned using X-ray Com-
puted Tomography technique, followingwhich theywere subject to tensile testing. A strong correlation between
energy input, porosity andmechanical propertieswas found,whereby pore formationwas fundamentally caused
by insufficient energy input. A greater amount of energy input resulted in a reduced porosity level, which in turn
led to improved mechanical properties. The porosity, ultimate tensile strength and elongation achieved were
0.58%, 42.4 MPa and 10.0%, respectively, by using the standard parameters. Further increasing the energy input
resulted in the lowest porosity of 0.14% and the highest ultimate tensile strength and elongation of 44.4 MPa
and 13.5%, respectively. Pore morphology, volume, number density and spatial distribution were investigated,
which were found to be closely linked with energy input and mechanical properties.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

With continued technology evolution, AdditiveManufacturing (AM)
is gaining increasing interests due to its capability of producing geomet-
rically complex end-use parts in low to medium volume production
[1,2]. Amongst a variety of methods in the AM family, powder bed fu-
sion (PBF) is considered to be one of the most promising techniques
in terms of part quality, accuracy and production volume and has
been used in various sectors such as aerospace, automotive, medical de-
vices and consumer goods [3–5]. High Speed Sintering (HSS) is an ad-
vanced powder bed fusion polymer AM technique specifically aimed
at medium to high volume production [6].

However, one of the major defects that is usually found in PBF addi-
tively manufactured parts is the presence of internal pores which are
detrimental to mechanical properties [7,8]. Advancements in micro X-
ray Computed Tomography (XCT) have made it possible to assess part
quality at a micro-level through observations of porosity three-
dimensionally [9]. The majority of research focuses on understanding
porosity variation in relation to energy density. Rouholamin and Hop-
kinson [10] studied the porosity of HSS parts produced using different
lamp powers. The power range of 1 to 1.2 kW was found to be able to
effectively reduce porosity. Dewulf et al. [11] investigated the influence
of laser power, hatch spacing and scan speed on the size and distribu-
tion of pores in Laser Sintering (LS). The hatching spacingwas identified
as the most influential parameter that resulted in the reduced porosity
level. Stichel et al. [12] explored the effect of build orientation on poros-
ity and pore distribution of Laser Sintered polyamide-12 (PA12) parts. It
was found that pore number density was a superior indicator than pore
volume fraction for mechanical properties. Stoia et al. [13] identified a
linear trend showing that a higher energy density led to a higher sample
density in LS of PA12. Liebrich et al. [14] investigated the porosity char-
acteristics within the thin sheets produced by LS using different build
orientations and thicknesses of the thin sheets. Ituarte et al. [15]
optimised the laser power and scanning speed to obtain a low porosity
(8.46%) in sintering polypropylene parts. Pavan et al. [16,17] further ex-
amined the porosity, dimensional accuracy and mechanical

performance of LS parts built by using different inter-layer times and
energy densities. Dupin et al. [18] sought to understand pore formation
mechanism and discovered that the particle size distribution and the
crystallisation temperature of PA12 powders contributed to pore forma-
tion. O'Connor et al. [19] examined the porosities of PA12 and glass bead
filled PA12 parts produced by HP's Multi Jet Fusion (MJF) technique.
Both parts were found to be lower than 1% porosity, but the PA12 part
exhibited a significantly higher Ultimate Tensile Strength (UTS) and
Elongation at Break (EAB). Craft et al. [20] compared the porosity of
PA12 samples produced by LS, MJF and large area projection sintering
processes, and a general trend observed was that samples with a
lower porosity exhibited a higher EAB.

In addition to the research on PBF polymer AM, there has been a
strong interest in charactering porosity of parts produced by other AM
processes in recent years [7,9]. Asberg et al. [21] reported that porosity
near the edges of the samplewas significantly higher than other regions
within the Selective Laser Melted (SLM) sample, and the vast majority
of the pores can be eliminated by applying Hot Isostatic Pressing. How-
ever, Tammas-Williams et al. [22] pointed out that gas pores would re-
appear during high temperature treatments. An effective method to
reduce porosity as suggested by Kumar et al. [23] was to increase laser
power or reduce scan speed. Tan et al. [24] studied the pore shapes
and discussed that defects were primarily due to air entrapment and in-
complete fusion in Laser Metal Deposition. With respect to porosity in
Fused Deposition Modelling (FDM), Wang et al. [25] revealed that
using a wider extrusion width and 0° raster orientation toolpath re-
sulted in lower porosity levels ranging from 4.51% to 5.84%. For other
relevant studies, readers are suggested to refer to the papers by Martin
et al. [26], Carlton et al. [27], Maskery et al. [28] and Siddique et al. [29]
for SLM, Tammas-Williams et al. [30] for Electron Beam Melting and
Zekavat et al. [31] for FDM.

While the porosity of AMparts has drawn significant attention in the
past five years, the vast majority of the research focuses on LS, SLM and
EBM. There has not been a thorough understanding on porosity in rela-
tion to energy input in HSS. As pores are generally considered as critical
defects, this study seeks to understand porosity and pore formation as a
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Spreading of powder layer Ink deposition Irradiation from lamp

(a) Schematic of the High Speed Sintering process

(b) Detailed view of the sintering process, adapted from [33]

Fig. 1. The High Speed Sintering process: (a) schematic of the HSS process; and (b) detailed view of the sintering process, adapted from [33].
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result of varying levels of energy input in HSS, and to systematically in-
vestigate their effect onmechanical properties. XCT techniquewas used
to examine and characterise porosity including volume fraction, pore
size and morphology as well as spatial distribution. Tensile properties
were measured and correlated with energy input and porosity. The ex-
perimentalmethods and results are presented and discussed in the pro-
ceeding sections.

2. Methods

2.1. Material

The test samples were produced using 100% virgin PA2200 powder
(PA12, also known as Nylon 12, melting temperature 172–180 °C) sup-
plied by EOSGmbH. PA12was chosen as it is themost typical, ‘standard’
and repeatable material for powder bed polymer AM, and is also the
most well-documented material to date for HSS. The average powder
size was 56 μm and d90 was 90 μm.

2.2. The high speed sintering process and machine

In the High Speed Sintering process shown in Fig. 1a, a fresh layer of
powder is first coated and pre-heated to a certain temperature, typically
20 °C below themelting temperature of thematerial. This is followed by
jetting the radiation absorbing ink from the inkjet printhead onto the
newly coated layer. An infrared lamp, as a thermal energy source, passes
over the entire powder bed. The heat causes the ink to rapidly absorb
thermal energy, leading to the sintering and consolidation of underlying
powder particles [32]. Areas that are not covered by the ink remain
unsintered, as depicted in Fig. 1b. A new layer of powder is applied,
and the process continues until the object is built. In this study, a
small Voxeljet VX200 HSS system with a maximum build size of
300 × 200 × 150 mm3 was used to manufacture the test samples.

2.3. Thermal energy input and lamp speed

Energy input has been widely considered to be one of the most crit-
ical factors that determines the microstructure and mechanical proper-
ties of parts fabricated by PBF processes [34,35]. The energy input from
the lamp per unit area (E, J/mm2) as a function of lamp speed is
expressed in Eq. (1), where P is the lamp power (W), v is the lamp
speed (mm/s), and L is the heated length of the lamp (mm).

E ¼
P

v� L
ð1Þ

The lamp used in this study had a heated length (L) of 300mm,with
a power of 1000W. Therefore, the energy variations have been assessed
through the use of varying values of lamp speed. In addition, the lamp
was provided by Victory Lighting [36]. The reflector was built into the
lamp itself, covering 180° of the surface area. The lamp traversed at a
height of 50mmfrom theprepared powder bed surface, creating homo-
geneous heat signatures on the bed according to Victory Lighting [36].

2.4. Experimental design

Prior to the experiments documented in this paper, a series of trials
had been performed to identify the HSS processing window. A lamp
speed of 70 mm/s at full lamp power was identified to be the lowest
speed thatwas valid for a successful build. If lower than 70mm/s, excess
energy will result in parts being over-sintered with the surrounding
powder, causing print failure and/or powder removal issues. If using a
lamp speed faster than 120 mm/s, rigid parts cannot form as a result
of a significant lack of energy to enable proper consolidation of powder
particles. Therefore, lamp speeds ranging from 70 to 120 mm/s were
used, with an increment of 10 mm/s for each build, which resulted in
six sets of builds in total.

In each set of builds, five ASTMD638 Type I tensile bars [37] and two
cuboids of 8 × 20 × 3.2 mm3 (XYZ) were produced, as shown in Fig. 2a.
In order to minimise any unexpected energy distribution variations
from the lamp, the central area of the bed i.e. 150 mm wide in the Y-
axis was used as shown in Fig. 2b (please note thewidth of the effective
build area was 200 mm according to the build volume presented in
Section 2.2). Standard procedures recommended by Voxeljet were
followed. The powder bed was first preheated to 160 °C for 45 min.
The printing process was conducted in air (no inerting) and the layout
of the machine is shown in Fig. 2b. Upon finishing the build, the auto-
matic cool down routine started, which included depositing additional
10 blank layers of powder to reduce the cooling rate, decreasing and
maintaining the bed temperature at 60 °C for four hours, turning the
heaters off and keeping the samples in the chamber for another two
hours. Other process parameters used in the experiments are
summarised in Table 1 below. The printed cuboids were scanned in
XCT to examine porosity, and tensile bars were used for tensile testing.

2.5. X-ray computed tomography

XCT scans were performed in Nikon XT H 225 system. An accelerat-
ing voltage of 100 kV, power of 17.6W and 500ms exposure were used
in the scans. These were recommended scan parameters by Nikon. The
voxel size was 10 μm, which provided fine precision to examine pore
size and distribution. 3D data was reconstructed from the 2D

Fig. 2. High Speed Sintering: (a) printed tensile bars and cuboids; (b) samples being produced on the Voxeljet HSS system.
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radiographs using a filtered back projection algorithm. The data was
then analysed using FEI Avizo 9 software with segmentation by the
Otsu method [39]. To reduce erroneous estimation introduced by the
scan dataset noise, pores that contained a minimum of 8 voxels
(2 × 2 × 2) were analysed, which was consistent with other studies re-
ported in the literature [12,14,28]. Porosity was quantified and
analysed, along with pore volume, number density, shape and spatial
distribution.

2.6. Tensile testing

Tensile tests were performed on Tinius Olsen tensile machine to
quantify UTS, EAB and Young's modulus of the test specimens, accord-
ing to ASTM D638 Standards [37]. The test speed was 5 mm/min. The
tensile load was applied perpendicular to the build direction of the
samples.

2.7. Scanning electron microscopy (SEM)

The cuboids were examined in SEM as another approach for pore
morphology characterisation. In addition, after the tensile testing, the
fracture surfaces of the tensile specimens were also characterised in
SEM to investigate pore spatial distribution. The specimens were gold
coated in vacuum. The SEM was performed on a Tescan Vega3 system
in 10 kV, with a maximummagnification of 3000×.

2.8. Mercury intrusion porosimetry measurements for porosity validation

In order to cross-evaluate the results of porosity measurements ob-
tained by XCT, additional mercury intrusion porosimetry (MIP) was
conducted on a Micromeritics® AutoPore V system, as shown in
Fig. 3a. In each measurement, a cube was held in a section of the pene-
trometer cell shown in Fig. 3b. The cube was subject to low and high
pressure tests in sequence, with a starting pressure of 206.8 kPa, pres-
sure increments from68.9 to 1.7 × 104 kPa at different stages, an ending
pressure of 4.1 × 105 kPa, advancing and receding mercury contact
angle of 130°, and the equilibrium time of 10s.

3. Results

3.1. Porosity and mechanical properties

The results of the porosity and the resulting mechanical properties
are presented in Table 2. The porosity (%) was determined by calculat-
ing the ratio of total volume of the pores over total volume of the sam-
ple. A strong correlation between energy input, lamp speed, porosity/
bulk density and mechanical properties can be identified, as demon-
strated in Fig. 4. A higher energy input resulted in a higher level of den-
sity (i.e. a lower level of porosity), leading to higher UTS, EAB and
Young's modulus. On the contrary, increasing the lamp speed, which ef-
fectively reduced the amount of energy input, led to a more porous
structure and reduced mechanical strength.

3.2. Pore volume and density

3.2.1. Pore equivalent diameter and average pore volume

Equivalent diameter, i.e. the equivalent spherical diameter, is a fac-
tor for describing the volume of a pore or an object. It is defined as the
diameter of a sphere of the same volume. Fig. 5 shows the distribution
of equivalent diameter of pores for all sets of samples. It appeared that
pore quantity increased significantly from set 1 to set 3. The majority
of the pores is small with an equivalent diameter lower than
0.0375 mm. From sets 3 to 6, there was a steady increase in the total
number of relatively larger pores (equivalent diameter N 0.1125 mm),
which resulted in the increased overall porosity level. In addition,
there was a noticeable increase in the number of large pores in the
range from an equivalent diameter of 0.1125 mm to 0.2250 mm. This
suggested that, when gradually reducing the amount of energy input,
small pores started to appear, followed by the formation of large pores
if the energy input continued to fall.

The average pore volume (shown in Eq. (2)) in relation to porosity
and energy input is plotted in Fig. 6. It shows that porosity is closely
linkedwith average pore volume, namely, a higher level of porosity gen-
erally indicates a larger pore in average resulting from reduced energy
input (increased lamp speed).

average pore volume ¼
total volume of all pores

total number of pores
mm3� �

ð2Þ

3.2.2. Pore number density

The pore number density of a sample (shown in Eq. (3)) represents
the number of pores that are present per cubic millimetre. Fig. 7 shows
the pore number density in relation to energy input and porosity. A gen-
eral trend is that pore number density rose along with the increase
in porosity level from sets 1 to 5 (energy inpiut from 0.048 to
0.030 J/mm2). However, as the porosity level further increased from
3.46% to 7.36% (energy input from 0.030 to 0.028 J/mm2), there was a
slight decrease in pore number density. It suggested that, while pores
became larger in set 6, there were reduced number of pores. Please
note that average pore volume and pore number density can sometimes
be misleading, and further discussion on these two parameters in rela-
tion to porosity and mechanical properties will be presented in
Section 4.2.2.

pore number density ¼
total number of pores within the sample

volume of the sample
mm−3� �

ð3Þ

3.3. Spatial distribution of pores

3.3.1. Pore spatial distribution across the entire sample

Pores within the cuboid samples in sets 1, 4 and 6 are rendered in
Fig. 8 where the samples are in white and pores are in blue. These
three sets represent the typical patterns of pore spatial distributions at
different porosity levels. In set 1, the majority of the pores formed
near the top and side surfaces (Fig. 8a). With an increase in the lamp
speed in set 4, the amount of thermal energy input into the sample re-
duced, leading to pores starting to form near the bottom surface, as
shown in Fig. 8b. With a further increase in the lamp speed to
120 mm/s in set 6, pores tended to form throughout the entire sample
(Fig. 8c). This indicates that thermal energy is a critical factor for pore
formation. In the areas where there is a lack of energy due to the fast
moving infra-red lamp or temperature difference between the sintered
powder and surrounding un-sintered powder, pores are more likely to
form. The underlying mechanism of pore formation is discussed in
Section 4.1.

Table 1

HSS process parameters used in this study.

Process parameter Value

Lamp speed 70, 80, 90, 100, 110 and 120 mm/s
Lamp power 1000 W
Ink grey level 3 (more information can be referred to

[38])
Layer thickness 0.1 mm
Preheating: powder bed temperature
and time

160 °C for 45 mins

Cool-down: powder bed temperature
and time

60 °C for 4 h and turned off for 1 h
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Fig. 3.Mercury intrusion porosimetry: (a) the Micromeritics® AutoPore V system and (b) placing an HSS sample into the low pressure chamber.

Table 2

Porosity, mechanical properties and XCT tomography images. The images show the front view of a projection slice of the sample, and the build direction is from bottom to top.

Set
number

Lamp
speed
(mm/s)

Energy input per
unit
area (J/mm2)

Ultimate
tensile
strength
(MPa)

Elongation
at break

Porosity (volume fraction) Tomography image

1 70 0.048 44.4 13.5% 0.14% (measured by XCT), 0.12% (measured by
MIP)

2 80 0.042 43.9 12.3% 0.20% (XCT), 0.17% (MIP)

3 90 0.037 42.4 10.0% 0.58% (XCT), 0.55% (MIP)

4 100 0.033 39.3 7.1% 1.49% (XCT), 1.56% (MIP)

5 110 0.030 32.5 4.8% 3.46% (XCT), 3.57% (MIP)

6 120 0.028 28.6 4.2% 7.36% (XCT), 7.49% (MIP)
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3.3.2. Pore spatial distribution along the build direction

The porosity variations along the build direction of the samples in
sets 1–6 are plotted in Fig. 9 and are described as follows.

• Set 1 (Fig. 9a): the porosity remained in a very low level close to 0.1%
along the build direction. However, the porosity started to increase
rapidly in the top layers, including the top layer and the layers close
to the top layer.

• Sets 2 and 3 (Fig. 9a): the trend for porosity variation is similar to set 1
except the bottom layers where there was a slight and gradual in-
crease in porosity. The porosity then dropped back to a very low
level equivalent to set 1. The fracture surface of a tensile bar in set 2
is imaged in Fig. 10, which shows the pores that formed between
the bottom layers, causing the slight increase in porosity. Please note
that the tensile bars were built together with the cuboid samples
with the same height.

• Set 4 (Fig. 9a): the porosity level at the bottom layers of set 4was approx-
imately 1–2% higher than that in sets 1–3. It gradually reduced in mid-
layers, which was likely due to heat accumulation within the sample as
the build progressed. After the gradual reduction, the porosity then grad-
ually re-increased as the HSS process continued towards completion.

• Set 5 and 6 (Fig. 9b): Sets 5 and 6 have a distinct pattern of porosity var-
iations compared with sets 1–4. The porosity level increased along the
build direction, indicating an increasingly incomplete fusion of powder.
Readers can also refer to the XCT tomographic images shown in Table 2
where the samples in sets 5 & 6 became increasingly porous along the
build direction. In addition, it was observed that there were porosity
peaks that periodically appeared along the build direction shown in
Fig. 9b, particularly for set 5, corresponding approximately to the layer
thickness of 100 μm. This was likely related to layer thickness and the ex-
istence of inter-layer pores [11], which will be further discussed in
Section 4.1.3.

3.3.3. Pore arrangement: inter-layer pores

The tomographic images, in particular sets 5 and 6 in Table 2
show that pores largely formed at areas where two adjacent layers
bonded. With the lamp speed increased from sets 1 to 6, leading to
reduced energy input, it is likely that there was insufficient and de-
creasing amount of heat at the surface that could fully penetrate
through the current layer. As a result, individual powder particles
would be likely to sinter less, and pores would be more likely to
form. SEM micrographs in Fig. 11 have also confirmed the substantial
presence of inter-layer pores. Further discussion will be given in
Section 4.1.3 and Fig. 17.

3.4. Pore sphericity

Sphericity is the measure of how closely the shape of an object ap-
proaches that of a mathematically perfect sphere, which is represented
by ‘1’. Any particle that is not spherical has sphericity less than 1. Some
examples of pores are shown in Fig. 12, inwhich (a) and (b) are the SEM
micrographs of two pores and (c) is the rendering of a pore in three-
dimensional.

Fig. 13 shows the distribution of the pore sphericity in relation to pore
volume for all sets of samples. In each set, pores are divided into two groups
by volume, namely, pores that are larger or smaller than the average pore
volume of each set, respectively. By doing so, a correlation between spheric-
ity and volume can be identified. For large pores (≥average pore volume,
blue bars), they tended to be less spherical (i.e. a lower sphericity value).
Small pores, by contrast, tended to be more spherical, indicated by red
bars. Itwas also found that thebluebarswere shifting towards the sphericity
value of 0.1, as the energy input continued to decrease from0.037 to 0.028 J/
mm2 (from sets 3 to 6). This means that pore shape became less regular as
the energy input decreased and pore volume increased.
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Fig. 4. Relationships between energy input, bulk density (i.e. 100% - porosity) and mechanical properties.
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Fig. 5. Distribution of equivalent diameter of pores.
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4. Discussion

4.1. Effect of thermal energy input on pore formation

4.1.1. Degree of fusion between powder particles

The results presented in Table 2 and Fig. 4 show that energy input, as
a direct consequence of lamp speed, is fundamental to pore formation.
The amount of energy input largely determines the degree of fusion

between powder particles, in addition to other factors such as viscoelas-
ticity [40,41]. Thermal energy from the lamp causes powder particles to
fuse and consolidate, as illustrated in Fig. 14a. In general, the shell of the
powder melts, causing the molten polymer to form necks between
neighbouring particles. The difference between the average pressure
on the contact area and the surface tension along the peripheries of
the two adjacent particles induces a sintering force, which is the ther-
modynamic force that drives neck growth and shrinkage [40,42].

(a) Set 1, lamp speed 70 mm/s, porosity 0.14%, highest energy input

(b) Set 4, lamp speed 100 mm/s, porosity 1.49%, medium energy input

(c) Set 6, lamp speed 120 mm/s, porosity 7.36%, lowest energy input

Fig. 8.Rendering of poreswithin the cuboid samples in sets 1, 4 and 6, fromXCT tomography data. Pores are in blue and samples are inwhite. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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(a) Porosity along the build direction for sets 1 to 4
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Fig. 9. Porosity variations along the build direction.Note that, the X-axis is the sample height [i.e. height= theX-axis reading× 10 μm], and theY-axis is the porosity level. Also note that, in
order to clearly show the porosity variations, (a) is the in the scale of 0–6% porosity in the Y-axis, and (b) is in the scale of 0–18% porosity in the Y-axis.

Fig. 10. SEMmicrographs of the fracture surface of a tensile bar in set 2. It shows the pores near the bottom layer, causing a slight increase in porosity level shown in Fig. 9(a).
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However, insufficient input energy results in incomplete fusion, leaving
voids between particles, as depicted in Fig. 14b. By contrast, consolida-
tion of powder particles is promoted with a greater amount of energy
input resulting from a slower lamp speed, which leads to reduced
porosity.

Fig. 15 shows different degrees of powder fusion, which resulted
from the highest,medium and lowest energy inputwhen using the low-
est, medium and highest lamp speeds, respectively. Comparing Fig. 15a
with b and c, it was revealed that reducing energy input caused incom-
plete fusion. The incomplete fusion does not enable particles to fully co-
alesce, resulting in necking between particles within a layer and
between neighbouring layers [40]. This necking phenomenon creates
a space between particles as illustrated in Fig. 14b, which eventually

leads to pore formation, in some cases inter- and cross-layer pores
(see Section 4.1.3). Partially sintered particles and voids as a result of
lack of fusion can be observed in Fig. 15b and c. Due to the lowest
amount of energy input, set 6 has more unfused or partially sintered
powder particles than sets 1 and 4. In addition, given that the definition
of the layers can still be clearly seen in Fig. 11, it appeared that the com-
plete powder fusion and consolidation did not occurred in sets 4 and 6.

When using a higher amount of energy input, the temperature of
powders will rise. This tends to favour melting of current layer as well
as re-melting of previous layers, which enhances bonding between par-
ticles and reduces porosity. This is because the elevated temperature en-
ables large particles to be melted more completely, resulting in a lower
melt viscosity [47]. A low melt viscosity is of high importance to HSS

(a) Set 4, fracture surface

(b) Set 6, fracture surface

Fig. 11. SEM micrographs of the fracture surfaces of the tensile bars in sets 4 and 6, showing the presence of inter-layer pores.

(c)

25 µm

Fig. 12. Three examples of pores. (a) and (b) are the SEM images of the two pores on the specimen surfaces and (c) is the volume rendering of a pore in 3D.
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because there is no additional compacting force in the HSS process. Un-
like injectionmoulding where a holding pressure is applied during part
formation resulting in high density, HSS relies onmeltedparticles them-
selves to flow and consolidate, as shown in Fig. 14a. The lower melt vis-
cosity improves the flowability, which increases the tendency of melted
particles to flow outwards, reducing the voids between particles and
thus increasing density [48]. As theHSS process continues, the heat gen-
erated on the current layer transmits to previous layers, causing contin-
ued heat accumulation. Maintaining an elevated temperature during

the course of a build allows more time for long molecular chains to re-
arrange and format high temperature, and to enhance the level of bond-
ing between subsequent layers. This ultimately results in improved
tensile strength [49].

In addition, it is worth noting that other researchers reported that an
excess amount of input energy could have a negative effect on porosity
[46,50]. The excess heat over-melts powders and polymer pyrolysis oc-
curs, which consequently creates a porous structure [51]. However,
these thermal phenomena are generally found in laser-based processes
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Fig. 13.Distributions of pore sphericity in relation to pore volume. Larger pores (≥ average pore volume) are less spherical (i.e. have a low sphericity value); smaller pores (b average pore
volume) are more spherical (i.e. have a high spherical value).

X

Y

(a) (b)

Fig. 14. Schematic representation of the sintering of particles based on the Frenkel-Eshelbymodel [43–45]: (a) sintering sequence for two spherical particles and (b) sintering of multiple
particles, adapted from [40,46].
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where a laser beam provides intensive energy and overly high energy
can easily cause over-melting of powders. Whereas, in HSS, the infrared
lamp is used as the energy source that irradiates the entire powder bed
as it moves across, as shown in Fig. 1. While the area that is covered by
ink absorbs significantlymore energy supplied from the lamp, a propor-
tion of the energy is also absorbed by the un-printed powder. Above a
certain level, this leads to unwanted ‘hardening’ of this powder,
preventing reliable part removalwithout damage. This restricts the pos-
sibility of further increasing energy input into the parts themselves
whilst still being able to remove them successfully. The lamp speed of
70 mm/s was the lowest achievable speed (i.e. the highest achievable
input energy, 0.048 J/mm2) in this study, and the over-melting of pow-
ders and the resultant increased porosity were not observed.

4.1.2. Pore distribution

As discussed above, inadequate energy input results in a lower de-
gree of powder fusion and consequently the temperature of powder
particles is lower than a critical level, causing pores to form. Fig. 16
shows a series of XCT images demonstrating the evolution of pore for-
mation in the horizontal plane (in set 3) in four typical moments,
which were sintering:

(i) the bottom layer/surface of the sample (Fig. 16a),
(ii) mid-layers of the sample, i.e. half-way through thebuild (Fig. 16b

and c),
(iii) layers close to the top surface of the sample (Fig. 16d),
(iv) the top layer/surface (Fig. 16e).

(a) Set 1, 0.048 J/mm2 energy input

(b) Set 4, 0.033 J/mm2 energy input (c) Set 6, 0.028 J/mm2 energy input

Fig. 15. Top surface of the cuboid samples showing different degrees of powder consolidation caused by the highest, medium and the lowest amount of energy input, respectively. In this
figure, b and c show an incomplete powder fusion with partially sintered particles.

Fig. 16. Pore distribution in the horizontal plane for the sample in set 3 (lamp speed 90mm/s, energy input 0.037 J/mm2). (a): bottom layer of the sample; (b) and (c): mid-layers of the
sample; (d): a layer close to the top layer/surface; and (e): the top layer/surface of the sample. (Note that the grey is the specimen, the black areas within the specimen are pores and the
black areas outside the specimen are the air).
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Prior to sintering the bottom layer (i.e. the first layer of the build),
there were ten blank layers beneath it which were pre-heated to
160 °C by the heated powder bed. When sintering the bottom layer,
there was a temperature difference between the bottom layer and the
unsintered layers beneath it. The heat thus tended to dissipate into
the un-sintered layers, causing pores to start to form across the bottom
layer (Fig. 16a and Fig. 9a). As the HSS build continued, heat continued
to accumulate within the sample due to the cyclic thermal dissipation,
leading to a higher degree of fusion. As a result, the level of porosity sig-
nificantly reduced, particularly in the inner area of each layer (please
see Fig. 16b and c).

Furthermore, Fig. 16b and c show the distribution of pores in the
mid-layers, demonstrating that the presence of pores was mostly in
the regions close to the side surfaces where the thermal energy
density was most likely to be lower than that in the inner area.
This was again largely due to the side surfaces being in contact
with the un-sintered surrounding powders and the heat dissipating
outwards. As the build progressed towards finishing, the porosity
level started to rise again with pores distributing across the whole
top layer (Fig. 16d and e), as no further layers were sintered
above to provide further heat. The HSS process then underwent a
cooling process and thus more pores formed on the top layer. This
essentially indicates that thermal energy is a determining factor
for pore formation.

4.1.3. Inter-layer and cross-layer pores

As discussed in Sections 4.1.1 and 4.1.2 above, if the energy in-
volved in sintering a layer is below a critical level, there will be a
lack of fusion of powder particles and thus pores will be most likely
to form on this layer. In addition, when a new layer of powder,
which is generally colder than the sintered layer below, is coated, it
is likely to result in pores being more inclined to form and lie in be-
tween the two layers, developing into inter-layer pores. The pore for-
mation becomes more prominent when there is no sufficient energy
that penetrates the current layer to the previous layers. With a fur-
ther increase in lamp speed, the amount of energy input continued
to decrease, eventually leading to a significant lack of fusion between
particles (e.g. sets 5 and 6). As a result, pores became increasingly
larger (see Fig. 6), some of which further ‘propagated’ into
neighbouring layers, forming cross-layer pores, as shown in Fig. 11b
and Fig. 17. Furthermore, it is worth mentioning that powder packing
density during powder spreading may also affect porosity of printed
parts [52]. This may be influenced by powder physical properties
(e.g. particle shape and size [53]) and rheological characteristics
(e.g. flowability [54]) as well as other factors (e.g. layer thickness,
blade clearance and speed [55]).

4.2. Influence of energy input and pore morphology on mechanical

properties

4.2.1. Relation of energy input to mechanical properties

A strong correlation between energy input, porosity andmechanical
propertieswas demonstrated in Fig. 4.With a gradual increase in energy
input, the porosity level reduced, thus resulting in a noticeable increase
in UTS, EAB and Young's modulus. This suggests that sufficient energy
input enables powder particles to fuse and consolidate completely (as
shown in Fig. 14a and discussed in Section 4.1.1), undergoing from liq-
uid phase sintering and/or partial melting to full melting in some cir-
cumstances [56]. This enhances the mechanical properties to
withstand deformation under tensile stress.

The UTS, EAB and Young's modulus of porous tensile bars such as sets
4–6were found to be significantly lower, as shown in Fig. 4. Thiswas par-
tially because (i) there was less amount of strongly consolidatedmaterial
(see Fig. 11b) to bear the applied load, (ii) parts thatwere of high porosity
increased chance of crack initiation and propagation due to the large
number of inclusions within the part resulting fromunfused powder par-
ticles [57], (iii) reduced bonding strength (indicated by the clear defini-
tion of layers in Fig. 11b) led to the parts being prone to deformation,
and (iv) specific poremorphologies (see Section 4.2.2 below). In addition
to the above mentioned reasons, it is also worth noting that mechanical
properties cannot only be attributed to porosity, and there are other fac-
tors that contribute to mechanical properties such as material properties
[46] and inter-spherulite interfaces [58]. Having said that, this study has
shown that porosity has had a clear influence on mechanical properties
of HSS parts. Although porosity and mechanical properties can benefit
from a higher energy input, it should be noted that using a high energy
input could potentially affect future use of unsintered powder (recycled
powder) as it becomes bulked and over-aged.

4.2.2. Influence of pore morphology on mechanical properties

Pore morphology is considered to have an impact on mechanical
properties to a certain extent. A typical example is the presence of
inter-layer pores, which leads to the part exhibiting anisotropic proper-
ties. Delamination is more likely to occur if the load is applied along the
build direction, compared with being perpendicularly applied to the
build direction. The existence of cross-layer pores is likely to further di-
minish the mechanical strength.

Pore volume/size may also affect mechanical properties, and larger
pores seem to carry a stronger impact. This is deduced from Fig. 4 and
Fig. 6 where a higher level of overall porosity led to a larger average
pore volume and reduced UTS and EAB. This is also in linewith the find-
ings reported in other studies onmechanical properties of laser sintered
PA12 parts [17,18]. A high concentration of pores can also contribute to

Build

direction
1 mm

Inter-layer pores Cross-layer pores

Fig. 17. Volume rendering of the cross-section of inter- and cross-layer pores in set 6, from XCT tomography data.
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weakenedmechanical properties [12]. However, pore number density is
not adequate, as an independent factor, to indicate the possible me-
chanical properties, as evidenced in Fig. 7. Pores in set 5 outnumbered
set 6, but pores in set 6 were larger and interconnected (e.g. large
cross-layer pores, as shown in Fig. 17), resulting in a lower number of
pores but larger volume. Pore number density represents the number
of pores per cubic millimetre within the bulk, irrespective of pore vol-
ume/size. Therefore, it should be used together with average pore vol-
ume or porosity (volume fraction). This directly contradicts
suggestions in the literature [12] that pore number density is the best
indicator for mechanical properties, at least in this case. Themechanical
properties of the sample is affected not only by the porosity level but
also, and more importantly, by the pore size and spatial distribution. A
higher population of large pores that reside in surface and sub-surface
of the part is more likely to have a greater impact on crack initiation
than those pores that are evenly spread across the entire part.

In addition, larger pores tend to be of a lower sphericity (Fig. 13) and
they are generally caused by insufficient energy input, thus contributing
more to the reduced UTS, EAB and Young's modulus. Therefore, less
spherical pores, to a large extent, are considered to bemore detrimental
to mechanical properties. Given that the shape of less spherical pores
usually consists of sharp edges, they are more prone to causing stress
concentration while the part is subject to loading. However, in order
to precisely determine the influence of the pore morphology on me-
chanical properties, in-situ XCT scans will be needed to scan the entire
gauge length of the tensile bar under tension until the fracture occurs.
This will enable local regions of high strain with a particular pore distri-
bution andmorphology to be correlatedwith the final location of failure
of the sample.

4.2.3. Comparison of porosity and mechanical properties of parts produced

by HSS and MJF

Given that the HSS and HP's commercial MJF techniques share a
great deal of similarities, the results obtained in this study were com-
pared with PA12 parts produced by MJF in the literature. However, an
unbiased comparison has not been possible at this stage. This is due to
MJF process parameters not being fully documented in the literature
resulting in large variations of porosity and mechanical properties
reported.

For example, O'Connor et al. [33] reported a porosity of 3.2% for MJF
PA12 parts, achieving 47 MPa UTS, 19% EAB and 1242 MPa Young's
modulus. However, fundamental process parameters used e.g. lamp
power and lamp speed were not reported. Moreover, the results were
conflicting with their later study where the porosity was found to be
less than 1%, but the sameUTS, EAB andYoung'smoduleswere obtained
[19]. Pore distribution was not found to follow any patterns i.e. pores
were randomly distributed within the sample. However, by contrast,
this study has demonstrated a clear pattern of pore distribution along
the build direction at varying energy input levels (as shown in Figs. 8,
9 and 16). It is also noted that the samples in the study by O'Conner
et al. [19,33] were densely packed and the printing took 7.5 h to com-
plete in addition to cooling, whereas it was a 1.5 h build in our study.
The prolonged build timewith densely packed samples would certainly
affect the thermal history which could lead to variations in porosity and
mechanical properties.

In general, the porosity reported in the literature ranges from less
than 1% to 7% (median value ~2%), UTS ranges from 40.1 to 49.9 MPa
(median value ~46 MPa), EAB ranges from 2.97% to 27% (median
value ~16%), Young's modulus ranges from 1128 MPa to 3938 MPa
(median value ~1400MPa) [19,20,33,59–62]. By comparing the best re-
sults obtained by using the lamp speed of 70 mm/s (energy input
0.048 J/mm2) in this study, it seems that PA12 HSS parts possess a
lower porosity (0.14%), slightly lower UTS (44.4 MPa) and EAB
(13.5%) but a higher Young's modulus (1793 MPa). However, this com-
parison result must be used with caution. As mentioned above, certain
process parameters used to implement the MJF builds were missing.

In addition, the difference in material properties of the commercialised
HP3DHighReusability PA12 [63] and EOS PA12 powders, and the use of
mixed virgin and recycled powders in some studies [19,60,61] further
introduced additional complications on porosity and mechanical prop-
erties of the printed parts.

In order to better understand the difference between HSS- and MJF-
processed parts aswell as the energy input on the resulting porosity and
mechanical properties, crystallinity and degree of particle melt (DPM)
will need to be measured. Crystallinity is a result of different applied
temperatures and cooling rates [46,64]. Generally, if much of a particle
remains unmelted during the sintering process, much of this crystalline
character will be retained and thus, crystallinity will be high. A higher
crystallinity usually leads to a brittle part in LS [59,65,66]. Previous re-
search in the authors' group [6] revealed the relationship between crys-
tallinity and DFM for the HSS-processed parts, which was that, as the
crystallinity decreased, DPM increased, and as a result, EAB improved.
However, UTS and Young's modulus did not follow this linear relation-
ship. Therefore, an important step in the future work is to establish the
relationship between crystallinity, DPM and porosity, which will help
gain a better understanding of how energy input affects mechanical
properties.

5. Conclusions

Porosity is generally considered to be undesirable defects that are
detrimental to mechanical properties of AM parts. High Speed Sintering
is a novel PBF polymer AM technique, which is different to other poly-
mer AM processes (e.g. Laser Sintering) in terms of thermal behaviour.
However, there is a lack of understanding of porosity of parts produced
via HSS. Therefore, this study investigated the influence of thermal en-
ergy input on the porosity and mechanical properties of HSS PA12
parts. Pore volume fraction, size, shape, number density and spatial dis-
tribution were systematically examined using the XCT technique.

Porosity and mechanical properties were found to be closely corre-
lated, which was linked with energy input. A greater amount of energy
input can significantly reduce the level of porosity, resulting in im-
proved mechanical properties. The lowest porosity found in this study
was 0.14%, which led to 44.4 MPa, 13.5% and 1796 MPa in UTS, EAB
and Young's modulus, respectively. The highest porosity measured
was 7.36%, which resulted from the lowest amount of energy input
(0.028 J/mm2). This led to a significant decrease in mechanical proper-
ties with the UTS of 28.6 MPa, EAB of 4.2% and Young's modulus of
1052 MPa. Porosity level is a superior indicator for mechanical proper-
ties and typically, a higher level indicates a lower UTS, EAB and Young's
modulus. An increase in porosity also indicates an increased average
pore size but not necessarily a higher pore number density. Larger
pores tend to be in a more irregular shape that is of a low sphericity,
and are likely to have a greater but negative impact on mechanical
properties.

It was revealed that thermal energy input is the fundamental reason
causing pores to form. The amount of energy input largely determines
the degree of fusion between powder particles. Incomplete fusion
does not allow molten polymer to form necks and completely consoli-
date, creating spaces between adjacent particles within a layer and/or
between layers, resulting in pore formation. On the other hand, unlike
other PBF AM processes such as LS and SLM where overly high energy
input may negatively affect porosity and mechanical properties, this
study showed that HSS generally benefited from a high level of energy
input. In addition, the spatial distribution of pores were examined. The
vast majority of pores in the samples of low porosity levels (sets 1 to
3)was found to be located in areas close to top, bottomand side surfaces
which were the boundaries in contact with surrounding unsintered
powders. The presence of inter- and cross-layer pores was largely
found in the samples of high porosity levels (e.g. sets 4 to 6), indicating
a significant lack of energy input within layers. Future work will focus
on exploring the influence of energy input on the sintering process in
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terms of degree of particle melt and crystallinity. Efforts will also be
made to understand the effect of sub-surface pores in terms ofmorphol-
ogy and distribution on crack initiation and associated impacts on me-
chanical properties.
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