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Micro-CT for analysis of Laser Sintered micro-composites

Abstract

Purpose —X-Ray Computed Micro-Tomography (Micro-CT) is relatively well established in Additive Manufacturing as a method

to determine the porosity and geometry of printed parts, and in some cases the pregariosiohs or contamination This paper
demonstrates that micro-CT can be also be used to quantitatively analyse the homogeneity of micro-composite parts, in this ca:
created using Laser Sintering (LS).

Design/methodology/approach LS specimens were manufactured in polyamide 12, with and without incorporation of a silver
phosphate glass additive in different sizes. The specimens were scanned using micro-CT to characterise both their porosity and t
homogeneity of dispersion of the additive throughout the volume.

Findings — This work showed that it was possible to use micro-CT to determine information related to both porosity and additive
dispersion from the same scan. Analysis of the pores revealed the overall porosity of the printed parts, with linear elastic fracture
mechanics used to identify any pores likely to lead to premature failure of the parts. Analysis of the additive was found to be possible
above a certain size of particle, with the size distribution used to identify any agglomeration of the silver phosphate glass. The particl
positions were also used to determine the complete spatial randomness of the additive as a quantitative measure of the dispersion.
Practical implications — This shows that micro-CT is an effective method of identifying both porosity and additive agglomera-
tion within printed parts, meaning it can be used for quality control of micro-composites and to validate the homogeneity of the
polymer/additive mixture prior to printing.

Originality/value — This is believed to be the rst instance of micro-CT being used to identify and analyse the distribution of an
additive within a Laser Sintered part.

Keywords: Laser Sintering, Micro-Composite, Computed Tomography, Non-Destructive Testing, Quality Control, Microstructure

1. Introduction ally melted by the laser, instead they are incorporated into the part
y melting of the surrounding polymer (Krudt al, 2007). As

ith any composite, the distribution of its component materials
have a large effect on the performance of the part as a whole.

hile methods of determining this distribution exist, these have

Qﬁerally either been surface techniques, or involved destruction

e part. For example, whilst cutting a cross sectional slice

B a part and inspecting it using microscopy can provide an ac-

. . . fiate analysis, it is limited to the section analysed and the com-
tablish suitable quality control methods (Wohletsal, 2018a). ponent is no longer functional. For production parts, this is not

Laser Sintering (LS) is a well established AM process which @Ral. as it is often bene cial to carry out quality control (QC)

increasingly been used for the production of functional prOduc(Eﬁecks on the actual parts prior to use; a non-destructive testing
this technique uses a laser to selectively melt consecutive cro

achnique is theref ferable for this type of application.
sections of a material in a powder bed. Primarily used for poly- nIque 1S therelore preterebeg e Y Pe ' application

mers, LS is particularly suited to the production of end-use partsx_Ray Computed Micro-Tomography (Micro-CT) is a non-
due to its relatively high mechanical properties, along with thstryctive 3D imaging technique capable of analysing the in-
complex geometries and assemblies possible due to the abjlifha| and external geometry of complex components. This is
of the un-sintered powder to act as a supports (Goodrd@, now widely used as a method to examine the porosity of AM
2012; Schmidet al, 2017). parts (Thompsoet al, 2016) and has been described as the only
Boosted by the push towards production of functional parts, tieehnique capable of industrial QC of internal features created
range of materials available for LS is increasing rapidly (Wohlersth AM (Chiffre et al., 2014). However, micro-CT has the po-
et al, 2018b); with new machines capable of processing a witmtial to be used for far more than is presently done, for example
variety of polymers. As well as the choice of base polymesgeing particles in printed parts (du Plessisal, 2018; Dzog-
added functionality and increased mechanical properties carbbeu et al, 2017). The basic principle is shown in Figure 1,
achieved by the inclusion of additives (or llers). The additivewhere multiple 2D x-ray images are taken through the side of a
used in these nano- and micro-composite materials are not gec@mponent at varying angles; these images are then reconstructed

Additive Manufacturing (AM), more commonly referred to as 3
printing, is a term encompassing a family of processes which jql
materials, usually layer by layer, to make parts from 3D mo
data (ASTM, 2015). In recent years, there has been a move
wards the manufacture of end-use components (rather than pr
types) using these techniques, a move which has been acco
nied by a greater need to understand material properties an
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Figure 2: Photo of the specimens printed for micro-CT scanning, show-
ing (left to right) virgin PA2200, 1% B65003 and 1% B45003.

feedstock (du Plessi®t al, 2016) To the authors' knowledge,
the only instance where different materials inside composite AM
Figure 1: Schematic diagram of Micro-CT. parts have been identi ed can be found in metal AM (Chlebus
et al, 2015; Dzogbhew!et al., 2017), where micro-CT has been
used to identify unmelted particles in titanium alloys (namely

into an image stack of top-down views through the thickness®¥ienium and Molybdenum). These studies provided a qualita-
the part, which can then be used for analysis. tive visual indication of the particle positions, without explicitly

The majority of recent literature on micro-CT in AM has foSaTYing out any quantitative analysis.
cused around metals (Thompsenal, 2016); however, studies It is therefore clear that micro-CT can be a powerful tool
using polymer LS have also utilised this approach to measffe analysis of micro-composite materials, as it has the ability
porosity and geometry_ P0|yamide 12 (PA12) iS the most W|dé8/|dent|fy indiVidUaI additive pal’ticles. Th|S paper pl’esentS a
used material for LS and is the most well documented for use witRrked example of how to maximise the information obtained
micro-CT. Other polymeric materials have also been analysedfi@m a single micro-CT scan, whilst ensuring the accuracy of the
ing this process, such as PEK (Gletzal, 2014), PEEK (Berretta esults obtained.
et al, 2015) and, in some instances, micro-composite materi-
als (Jansson and Pejryd, 2016); however, in all cases the analysis . )
has been focused solely on the porosity and geometry of the patts. SP€Cimens and Scanning

For the literature based on PA12, the use of micro-CT has. Materials
evolved from simply a qualitative technique for viewing por
within the part (Risenberget al, 2011; Dupiret al,, 2012), into a
more sophisticated method of determining the porosity (Rou

X-Ray Source Part to Scan Detector

S > M . .
T order to minimise the potential for scanning artefacts (ASTM,
t%).ll)' cylindrical specimens measuring 5mm (D L) were
. . . . created for scanning; these were Laser Sintered on an EOS
I d Hopk , 2014), Stickehl, 2018; Pa- _ ' i
amin and HopKinson ). pore size (Stic a ormiga P100. The base polymer was a polyamide 12 powder

van et al, 2018) and pore distribution within the parts (Dewu . \ 7.
. i ; PA2200), with two silver phosphate glass additives (B45003 and
et al, 2016; pavaret al, 2017, 2016); alongside geometry me 5003 — BioCote); these differed only in size, with diameters

surements (Pavaet al., 2016). Despite these advances, there €< 10um and< 40um for BA5003 and B65003 respectively,

still large discrepancies both in terms of the analyses carried tt ; ted f . d) PA2200. virai
and the nal data presented, often with essential values requi Specimens v(\)/ere created trom virgin (gnuse ) ; ,wggm
for comparing analyses omitted. The information-rich data fro 200 W'th_ 1.0% 845903 wiw, anq virgin PA2200 with 1.0%
the scanning can still be exploited to a greater extent, with 5003 wiw;, the mgtenals were rryxed na rotary tumpler for
the need for any further experimental work. For example qu _prOX|hmater .1?0 rT“k?“;es- '[he bwldg gAftried ogt vv“ere |dent|c§1l
titative metrics for measuring internal feature morphology a o e?jc_ mhaterla , Wit fthe %y !{:jderiorlent_ed ve;rtlca_y _and posi-
spatial distribution are relatively underused. tioned in the centre of the build. The settings for printing were,
. . . laser power 21 W, scan spacing 0.25 mm, scan speed 2500 mm/s,
For most uses in AM, the contrast of part-air is the most ifis g contours; loose powder was removed from the printed

portant, as this can be used to compare the external geomglyy | sing compressed air only. A photo of the printed parts can
to the 3D model, and to analyse internal features such as PO[Szeen in Figure 2

ity. However, the ability to distinguish between multiple materi-

als with suf ciently different densities / chemical compositions is . .

also possible; with micro-CT occasionally used to detecu- 2-2-  Micro-CT Scanning

sions /contamination within an AM partfdu Plessiset al, 2015, To analyse the dispersion of the additive and porosity within the
2018; du Plessis and le Roux, 2018), or within the material micro-composites, the parts were scanned using a Skyscan 1172



Page 3 of 8 Rapid Prototyping Journal

O©CoO~NOOTA~WNPE

imen. The last step shown in Figure 3 was to apply a threshold to
the ROl in each case; this was determined visually by the operator
and varied depending on the focus of the analysis.

To analyse the individual pores, a threshold of 0—35 was ap-
plied to identify the pores as features. To remove any noise from
the scan data, a sweep was carried out to remove detected fea-
tures< 8 voxels in size. The value of 8 voxels is commonly used
asitrepresents a 2 2 cube; another less common but equally
valid value to use is 27 voxels (3 3) which eliminates even
more features from the analysis (Pawtnal, 2016; du Plessis
et al,, 2018). This criteria depends on the scan quality and
noise levels. The combination of low-density parts and high
scan quality used in this study resulted in low levels of noise,
meaning that the smaller number of voxels could be used re-
liably.

(a) PA2200.

(b) 1.0% B45003. 3.2. Pore Size Distribution

The porosity analysis was carried out using CTAn, with the vol-
ume Yactua), Major diameterdmq; — the maximum distance be-
tween opposite walls) and surface ar@a{,a) of each pore mea-
sured. The volume equivalent diametgy.() was calculated from

the measured volume using Equation 1; this was used to quantify
the size of the features.

1
4 dvol 3 3V. ;3
(c) 1.0% B65003. VSphere: ép % ) dyo) = 2 Zrc)tua

@)

Figure 3: Example slices of the data from Micro-CT scanning. Showing.l_he results of the porosity analvsis are shown in Fiqure 4. with
(left to right), the reconstructed slice, ROI (shown in red), and pore P Y y 9 '

(shown in black). aﬁ materials shovying similar results. _The measured vglues of
dyor are shown, with the overall porosity values (determined by
summing all the values @) found to be 4.9%, 4.7% and 4.6%
MicroCT Scanner. The parameters used were, voltage 40y the 1% B65003, 1% B45003 and Virgin PA2200 respectively.
current 144 pA, no lter, reconstructed voxel size 4.87 um, ro-
tation 180°, rotation step 0.35°, and a total scan time of 18 m#3. Pore Morphology
utes; the detector resolution was 40@DO0 pixels (binned 1o |n this paper, the sphericity () was used as the single metric to
2000 1024). For these parameters, the voltage and lIter affegéscribe the feature morphology due to its simplicity. Other val-
the ability of the x-ray beam to penetrate the sample; whereas(jBg including orientation, presence of trapped powder, and con-
pixel size, rotation and rotation step affect the quality and clarigictivity could also be chosen if more detail was required. The
of the reconstructed data. The settings used here were selegifgk ofy was calculated fromacruaiand the surface area of the
based on previous optimisation for a similar geometry and majgtume equivalent spheré,) using Equation 2.
rial. , B )
_ Avol — pdyol _ P (6Vactua) 3
Aactual Aactual Aactual

. . The measured sphericity § of the pores was found to relate

3.1. Reconstruction and Thresholding to the major pore diametetyz), with larger pores being less
In order to analyse the microstructure of the parts, the scan dagherical. This is shown in Figure 5, where the relationship of
rst had to be processed into a suitable form. This comprisedaxfdd,; is shown. For smaller pore sizes (those approaching
three steps, namely reconstruction of the raw data, selection tieminimum detectable feature size), partial volume effects
region of interest (ROI), and applying a threshold to the greyscale likely to contribute to this trend, with the resolution of
image to obtain a binarised value. An example cross-sectioth@ scan creating an arti cial smoothing effect. The reason for
slice for each material is presented in Figure 3 at each of thekewing the major diameter of the pores, rather than the volume
stages. equivalent diameter, is due to the likely impact on the mechanical

The scan data were reconstructed in NRecon, with a contgstperties of the part. The pores within the parts can be approx-
setting of 0—0.35 used to differentiate between PA2200 (paniated to act as cracks, meaning that the maximum (or major)
and air (pores). The region of interest (ROI) was de ned asdeameter of the pore gives a value equivalent to the crack length;
3.5 2.5mm (D L) cylinder positioned in the centre of the spedhis is explored further in Section 3.4.

2
3. Porosity Measurement



P OO~NOOOUID WNPFP

OO OO DB BAEBINMDBDMDIAMDIMDIMNDRNWWWWWWWWWWNNNNNNNNNNRPRRPEPERPRERRPRPR
QOO ~NOUPRARWNRPFPOOONOUURARWNRPOOONOOPRMAWNRPOOO~NOUPRMWNRPRPOOO~NOOODMWNEO

Rapid Prototyping Journal Page 4 of 8

@
o
o

T T
—&— 1.0% B65003

1.0% B45003 g
— Virgin PA2200
———~ Detection Limit = 10.4um| |

~

o

o
T

(=2}

o

o
T

Pore Density, mm®
N
o
o
:

0.6 T T T
300 F i Measured Pore - Virgin PA2200
05 T
200 1
£
E04r N
100 - 4 5
@
0 so-a-s56-a o . g 03 B
0 60 80 100 120 140 160 180 e
Pore Diameter, um So2t 1
=
(a) Diameter by density of pores.
011 b
2, 3
07— ‘ ‘ ‘ 0 - -
—©6—1.0% B65003 - Porosity = 4.9% 03 0.4 05 0.6 0.7 0.8 0.9 1
06k 1.0% B45003 - Porosity = 4.7% i Sphericity
: —Virgin PA2200 - Porosity = 4.6% _—
X - ——- Detection Limit = 10.4um (a) Vlrgm PA2200.
= 05F } 1
S '
5 I 0.6 . . .
.g 04r } b Measured Pore - 1.0% B65003
c 1 L
Soal | : o |
=2 ! c
g i Eo04t B
D? 0.2 } B %'
ol ! 5031 i
L1l | - —=
R S
! ‘©0.2[ B
0 1 S =
0 20 40 60 80 100 120 140 160 180
Pore Diameter, um 01 ]
(b) Diameter by volume contribution. 0 ) ) ! . ; .
0.3 0.4 05 0.6 0.7 0.8 0.9 1
Figure 4: Pore volume equivalent diameters for Virgin PA2200, 1.C.. Sphericity
B45003, and 1.0% B65003. Here it can be seen that there is no signi - (b) 1% B65003.
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3.4. Critical Pore Size c
. . . . €04 il
To determine whether the pore size was likely to have animp 3
on the mechanical properties of the printed parts, Linear Ela: £ o3| 1
Fracture Mechanics (LEFM) was used; a method which hasbr £
previously used for similar applications (Sticletll, 2018). For ~ £°°| 1
this, the pores were assumed to behave as embedded crac .| |
a plate of in nite dimensions. The critical crack siza:)Y could
then be calculated using Equation 3 (Meyers and Chawla, 20 0 o Py Py py o o5 .
and could be compared tia,j, to determine whether this present Sphericity
an Issue. (c) 1% B45003.

2
Kic = stp ap ) ac= } Kic ) Figure 5: Relationship of Sphericity § and major pore diametedysj).

p Yst It can be seen that for all measured pores, there appears to be a negative
orrelation between the major diameter and the sphericity of the pores.

In Equation 3,K|; is the critical stress intensity factor for &
mode | crack in the case of plane stra¥nis the calibration func-
tion accounting for the crack geometry, agd is the stress at
fracture. The value o¥ will vary depending on the exact ge-
ometry of each pore. While this is possible to obtain this from
micro-CT data, a value of = 1 has been used here representa-
tive of a through thickness crack; in reality, the rounded edges of

4
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the pores mean this is likely to be lower and this is simulating

the “worst case” scenario. The value & can be determined

experimentally_for a given material, in this instance a value of

Kic = 3:25 MPaP m was chosen, which was previously measured

as the most critical value & in LS PA2200 parts (Bruget al,,

2016). The stress at fracture has been arbitrarily chosen to be

40 MPa, a value slightly lower than the measured yield stress of

the material, meaning that it represents a premature failure of the

part in the elastic region. Using Equation 3, a critical crack length

(ac) of 2.1 mm was found, relating to a critical pore diametk) ( Figure 6: Example slices of the reconstructed and binarised data, show-

of 4.2 mm. ing the additive (in white) within the ROI. Here it can be seen that with
While this method provides an initial estimate of the effects the same post-processing, features were only identi ed for 1.0% B65003

on the mechanical properties, the positioning and proximity (Figure 6c).

of the pores to one another will also have an effect. In order to

accurately account for this, more detailed studies (such as the

one carried out by Joneset al. (2009)) would have to be per-

formed based on the actual geometry derived from the scan

data.

(a) PA2200. (b) 1.0% B45003. (c) 1.0% B65003.

3.5. Discussion

The distribution of measured pore sizes (shown in Figure 4), show
that the pore sizes which contribute the highest amount to the
overall porosity are those between 60 - 160 um; both this, and the

studies focused on pure PA2200 (Stickiehl., 2018; Rouholamin
and Hopkinson, 2014). The measured spherigity{(shown in Figure 7: 3D views of 1.0% B65003 scan data.

Figure 5), indicates that the smaller pores are more spherical.

While it is likely that this is the case, it is worth noting that for i ) _ )
small features, the smoothing effect of the surface tting a|ggp—255 to identify the brighter voxels as features and obtain the

rithm (the partial volume effect) could be arti cially increasing Pinary images. Figure 6 shows example binarised data (the same

this value (Lorensen and Cline, 1987). This effect will decreas€S Shown Figure 3) focusing on the additive. _

with larger features, but if analysing very small features (in termg” 3D View of the scan data was created using CTvox to visu-
of number of voxels) such as the included additives, cannot bedjS€ the dispersion; this is shown in Figure 7, where the ROl is
nored. Itis also worth noting, that should a more in depth analy$iown both with and without the base polymer. From this, it can

of the porosity be required, a smaller voxel size could be used®Seen that the voxel size was too large to identify the additive
obtain a more accurate result. for the 1.0% B45003 (Figure 6b), which had a particle size of

. . - . <10 pum.
The relationship off vs dmaj (shown in Figure 5), reinforces { - . . .
the importance of detecting larger pores as they are more like yFrom the 3D views of the data, a preliminary visual inspection

to act as crack initiators. The reason for this is twofold and c3 the a%d![twtta) was lf?jr_ned ou(tj. :’r\]/h'le the mt;all\J/or:ty of p‘:';lrltlcles .,
be explained using the LEFM in Section 3.4. Firstly, a Iargg p?grg 0 ef;/;]/e !spirse ’f er? were 1 oF.argerB %u?lps
dmaj is more likely to approachl.. Secondly, the lower value of oo 1| €€, ON€ OTINESE 1S SNOWN or reterence in Figure o, both in

sphericity could mean a less rounded pore, effectively increasm ZhDI r?ﬁonst_rq;:_teld ts)llce d?ta gpd a %D VIEW. litative indicati
the value ofY as the pore elongates, causing it to act more as e tnese initial observations provide a qualitative indication

a linear crack. Visually, this means that the pores appearinggﬁlto .the. dispersion, further analysis \/as performed to obtain a

the top left portion of Figure 5 pose the largest risk of acting gantltatwe measurement of the part micrastructure.

crack initiators. However, the largest measured valudgf was - ]

0.58mm and aslys e, the measured pore sizes are unlikef§-2- Additive Analysis

to lead to fast fracture of the part within the elastic region. An individual object analysis was carried out on the binarised
image, with the volume and positional data of each particle
recorded. The analysis software used the marching cubes algo-

4. Additive Distribution rithm (Bruker, 2018) to determine volume, making the small-

. . est detectable feature (8 voxels) approximately 10.3um in di-

4.1. Reconstruction and Thresholding ameter for the chosen pixel sizeThis value represents the

To distinguish between PA2200 and the additive, the scan datlume equivalent diameter of a smoothed 22 2 voxel

were processed in a similar manner to Section 3.1, using a coube (Lorensen and Cline, 1987).

trast setting of 0—0.1 for the reconstruction; and a threshold ofThe individual particle diameterslf,) were determined in the
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(a) Binarised 2D slice. (b) 3D view.
Figure 8: Views of a “clump” of additive as identi ed from an initial
visualisation of the scan data.

Figure 10: Complete Spatial Randomness (CSR) results for 1.0%
B65003.

140 T T
[ 1.0% B65003
[11.0% B45003

I Virgin PA2200 4.3. Spatial Analysis

——— - Detection Limit = 10.6xm

120

(‘Qg 100 7 In order to determine whether the additive particles within the
2 g i parts were randomly distributed, the individual particle centroids
g were analysed for Complete Spatial Randomness (CSR), which
S 60 ] measures the distances of every point from every other point and
'§ 40 | compares them to a simulated randomly distributed dataset. The

resulting pairwise correlation function was determined using the
1 spatstat R package functiopcf3est (Baddeleyet al,, 1993).
This was compared to the theoretical value (1 for a perfect distri-

20

o 20 30 0 50 60 70 80 bution), as well as a simulated envelope of CSR results obtained
Additive Diameter, ;im by simulating 99 random distributions with a similar number of
(a) Diameter by density of particles. points and the same dimensions as the experimental data.

For the additive spatial analysis, a comparison was plotted
(Figure 10) revealing that at length scales above about 90 pm the

0.04

[ 1.0% B65003 - Total = 0.258% distribution of additive particles conforms to CSR — the plot is
[71.0% B45003 - Total = 0.001% | . T . .

I virgin PA2200 - Total = 0.000% close to the theoretical value and within the simulation envelope.
———— Detection Limit = 10.6um

] At shorter length scales the line for experimental data falls below
the simulation envelope. We propose that this is due to the physi-
cal size of the additive particles (and the PA2200 grains) making
it impossible for centroids to be closer than a threshold value (of
1 around the particle diameter).

o o o
o =) o o o o
o P o N 9o ®
- o N [63] w (52}

Volume Contribution, %

4.4. Discussion
The scan parameters for both the additives analysed were kept the

o
o
S
a

0 20 20 P - 60 0 80 same throughout. For the larger additive (B65003), a high num-
Additive Diameter, zm ber of small particles were identi ed (Figure 9a) suggesting that
(b) Diameter by volume contribution. there could be a large number of smaller particles which remained

undetected. However, when compared with the volume contribu-
Figure 9: Additive volume equivalent diameters for Virgin PA220Qions (Figure 9b), it can be seen that although these smaller par-
1.0% B45003, and 1.0% B65003. ticles may be many in number, the volume contribution of these

smaller particles is small. Since detecting the presence of clump-

ing and the dispersion of the majority of the additive throughout
part using the method in Section 3.2; these could then be cdhe part was of greatest interest, the voxel size was deemed to be
pared to the pre-printed manufacturer's speci cations (diamesgaif cient for the analysis. On the other hand, the smaller additive
<40 pum) to determine whether coalescence occurred. The digB45003) again showed a larger density of smaller particles, but
bution ofd,q for the additive in each scan is shown in Figure $he volume distribution did not appear to encapsulate the entire
the data for each material have been superimposed onto the sashane (which was expected to be similar in total volume to that
graph so that a direct comparison is possible. of B65003), a smaller voxel size would therefore be required for
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this analysis. cracked polyamide for a new method to induce cracks by addi-
To ensure that the analysis was actually detecting the additivejve manufacturing,’Polymer TestingVol. 50, pp. 301-308.

rather than some other feature in the material, the same analy- .

sis was run on a pure PA2200 sample (also shown in Figure@)'f'ker (2018), “Morphometric parameters measured by skyscan

A small number of features were detected with this, which arect-analyser software,” available at: http://bruker-

expected to be ow-enhancing additives included in the powderMicroct.com/next/CTAnO3.pdf , (accessed 20 September

by the manufacturer (Goodridge al., 2012; Dupiret al, 2012). 2018).

As these detected features were small in number and VOlume’dﬂﬁ‘fre L.D., Carmignato, S., Kruth, J.P., Schmitt, R. and Weck-

analysis was deemed to be valid. y ] L
An advantage of plotting the sizes by volume, rather than byenmann, A. (2014), "Industrial applications of computed to

number, was the ability to easily identify any agglomeration Ofmography, CIRP Annals\ol. 63 No. 2, pp. 655-677.

the additive. The two peaks in Figure 9b present &4 um and Chlebus, E., Kanicka, B., Dziedzic, R. and Kurzynowski, T.
81 um correspond to two “clumps” which were previously ob- (2015), “Titanium alloyed with rhenium by selective laser

served (the latter is shown in Figure 8). This volume distributionmemng’w Materials Science and Engineering; ¥ol. 620, pp.
will also be independent of the voxel size used (provided the scangs_163.

data is of suf cient quality), as frequency distributions can be de-

ceptively weighted towards a large number of small particles. Dewulf, W., Pavan, M., Craeghs, T. and Kruth, J.P. (2016), “Us-
From the spatial analysis, the key nding was that above 90 uming x-ray computed tomography to improve the porosity level

all the particles were randomly distributed. This means that allof polyamide-12 laser sintered part€IRP Annals Vol. 65

the properties affected by the additive distribution are also likelyNo. 1, pp. 205-208.

to be uniform above this length scale. ) )
du Plessis, A. and le Roux, S.G. (2018), “Standardized x-ray to-

mography testing of additively manufactured parts: A round
5. Conclusion robin test,”Additive ManufacturingVol. 24, pp. 125-136.

This paper has shown that it is possible to obtain quantitatly@ Plessis, A., le Roux, S.G. and Steyn, F. (2015), “X-ray com-
metrics for the porosity and additive dispersion from the samey i tc;mo;:]raphy of consumer-grad,e 3d-printéd paBE’

part, using the same scan data. Analyses of the porosity, Sucibrinting and Additive Manufacturingvol. 2 No. 4, pp. 190—
as the size and sphericity of individual pores, were used to idenl95

tify potential stress-raisers capable of causing premature part fail-
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