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Abstract 

  

The Selective Laser Melting (SLM) process is one of the proven key 3D printing technologies for producing complex 
and micro metallic structures, for instance conformal cooling channels for micro-injection molding. In micro injection 
molding, the conformal channels enables a controlled heating/cooling of the molded part, resulting in a better thermal 
management of the micro injection moulding (µIM). Since a part produced by SLM is a monolithic component, the way 
to check the quality of the internal features should be a non-destructive method, and Computed Tomography (CT) is 
an ideal solution for it. In this research, a mould insert for micro injection moulding with conformal is first produced 
through Selective Laser Melting. The internal features in the blank are then examined by CT-metrology and the 
cavities and features down to 25µm (aspect ratio of 30) of the mold insert are finished by micro-EDM. 
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1. Introduction 

 
In order to utilize the benefit/advantages of additive 
manufacturing in producing complex 3D structure, the 
Hi-Micro project has proposed an approach for 
manufacturing a monolithic mould insert with conformal 
cooling channels for µIM, which consists of: 1) 
Selective Laser Melting for the production of the blank 
of  mould insert with internal cooling channels. 2) CT-
metrology for quality (porosity) control of the AM 
produced insert blank and the internal channels 3) 
Micro-EDM in combination with (micro-) milling to 
fabricate the insert features on the inset blank. 
The major objective of this research is to benchmark 
the technology elements in this approach and 
implement them into the realization of a ceramic 
components within a volume dimensioned to 40mm x 
40mm x 30mm through micro powder injection 
moulding. The layout of the mould insert design with 
internal cooling channels is depicted in Figure 1. 

 
Figure 1: Design of the micro mould insert 

1.1. Selective Laser Melting(SLM) 

Selective Laser Melting is an AM technique in which 
metallic parts are built up in a layer-by-layer mode. A 
high-power laser melts consecutive layer of metallic 
powder to form a nearly fully-dense 3D part. This 
technique allows for the production of complex shapes 

and internal features without any assembly necessity. 
Nevertheless, there are some process specific issues 
that should be dealt with when using SLM for the 
production of conformal cooling channels. This 
research focuses on the aspect of minimal channel 
diameters and process monitoring during production. 
Other aspects including design-to-product ratio and 
build orientation have been reported in [1]. 

1.2. CT-metrology 

Computed Tomography (CT) is a well-known technique 
in the medical world and in the field of material 
inspection. Its application field has recently been 
broadened to include dimensional metrology. CT 
metrology enables measuring an object’s outside as 
well as its inside (e.g. invisible holes) in a non-
destructive way. The application of Computed 
Tomography in this work is multiple. It allows for a 
visual analysis of the investigated SLMed parts and the 
final mould insert. Furthermore it enables to quantify 
the size of the cooling channel at every position. 
Calibration artefacts have been hereby produced to 
improve the measurement accuracy. 

1.3. Micro-EDM 

Despite the considerable advances on miniaturisation 
in EDM capabilities, process accuracy and especially 
the fundamentals has not been progressed much so 
far. Electrode tool wear and uncertainty on the 
estimation of the actual sparking gap are among the 
main source of errors, and at present an absolute 
accuracy along the tool axis is limited to 3-4 microns, 
while the in plane accuracy strongly depends on the 
craftsmanship of the operator. With dedicated 
experiments, the actual sparking gap for given 
machining conditions is estimated to compensate for it 
in the tool path. KU Leuven has developed a tool wear 
compensation mechanism in one dimension through 
continuous downward movement of the tool electrode. 
KU Leuven has recently further developed the on-line 



process control strategy, based on pulse data 
acquisition and analyses, for the in-situ monitoring of 
tool wear in micro-EDM milling process. To develop 
high resolution tool wear sensing strategies, the 
periodical measurement of the tool electrode during 
machining as well as the early detection of tool 
breakage, and/or abnormal shapes, can be crucial. The 
research on micro-EDM presented in this paper 
concentrates mainly on the fundamentals in micro-
sparking with lower sparing energy during the 
fabrication of the mould insert features. 

 

2. Experimental 

2.1. Selective Laser Melting a 

The mould inserts blanks have been produced in two 
different materials and on two different machines: 1) in 
AlSi10Mg by an in-house developed SLM machine by 
KU Leuven and 2) in Maraging steel 18Ni300 by 3D 
Systems. The KU Leuven’s in-house built SLM 
machine is equipped with a 300 W fiber laser with a 
spot size of 80 μm. The machine is also equipped with 
a monitoring system which consists of a photodiode 
and a CMOS camera to enable the user to monitor the 
melting pool during SLM processing. 
The AlSi10Mg parts have been produced with a scan 
speed of 1600 mm/s and have reached a relative 
density of 99.7%. 

2.2. CT metrology 

The CT scans have been carried out on a Nikon 
Metrology XT H450 machine. The high voltage (up to 
450 kV) of this CT scanner allows to penetrate thick 
structures and materials with a high attenuation 
coefficient. The Nikon Metrology XT H450 has a 
minimum spot size of 75µm, which expands linearly 
with powers higher than 75 W. In combination with a 
conical beam, a 2D flat panel detector is used in the 
CT-scanner. The default settings comprise an 
exposure time of 1000 ms and 1000 projections. 
Settings of voltage and current are chosen 
appropriately for each measurement. 
After data acquisition, the 2D images have been 
reconstructed into a 3D voxel model using CTPro 
(reconstruction software of Nikon Metrology).  
Ensuing voxel model reconstruction, the 3D voxel data 
are loaded in VGStudio® for further data processing. 

2.3. Micro-EDM 

Micro-EDM experiments for fabricating the mould insert 
features, after normal mechanical milling the insert 
blank and as the last step in its process chain, have 
been carried out on a Sarix® SX-100 micro-EDM 
milling machine equipped with in-process monitoring 
capabilities (Figure 2). 

 

Figure 2 SARIX® µEDM machine with in-process monitoring 

Due to the stochastic nature of the sparking process, 
discharge pulses have been statistically studied off-line 
with a large collection of measurement data. A 
reconstructed typical current waveforms of each 
discharge pulse based on 10 million data points (equal 
to 100 ms) is depicted in Figure 3.  

 

Figure 3 Reconstructed current waveforms (SARIX® setting: 
e107, u120) 

With varied energy level setting “E” and open voltage 
setting “U”. Experiment results show that pulse current 
peak value and duration of both positive and negative 
part all tend to increase along with “E” and “U”. With 
the same energy setting “E”, the duration of the pulse 
does not change and only it is peak value increases 
along with the voltage setting “U”. This phenomenon 
indicates that the power generator functions as an R-C 
relaxation circuit in the finishing regime. At higher 
setting voltage, negative current flow has been 
recorded and a diode has been added into the circuit to 
shut down this negative flow. 

iLp: 2A/div

uCe: 40V/div

ugap: 40V/div

Time: 500ns/div E=102

iLp: 5A/div

uCe: 100V/div

ugap: 100V/div

Time: 500ns/div E=102
 

a) E=102, Uopen=100 V     (b) E=102, Uopen=160 V 

Figure 4 Experimental waveforms of uCe, ugap and iLp 

3. Results and discussion 

3.1. Selective Laser Melting 

3.1.1 Minimal channel diameter 

Conformal cooling channels with diameters in the 
range of 5 mm have already been successfully 
produced by SLM in both materials. In micro-moulding 
however, the size of the mould inserts pushes the 
channel diameters to much lower levels. A series of 
tests have been performed to check the smallest 
possible internal diameter to be built by SLM. 
Rectangular blocks were built with internal channels, 
with diameters ranging from 0.4 to 4 mm. All blocks 
were built both in horizontal and vertical direction. 
When building a part in XY direction, the internal 
channels are up straight and maintain their circular 
shape. Only for the smallest diameter of 0.4mm, the 
channel is partially blocked in AlSi10Mg. 
When building the part in Z-direction (90°), the 
channels are horizontal and dross formation occurs. In 
AlSi10Mg, all channels with diameters below 0.6mm 
were blocked, in maraging steel only the channels with 



a diameter of 0.4mm were blocked. 
In general it can be concluded that channels should be 
produced preferably in the vertical direction, and with a 
diameter no smaller than 0.4mm. 

 

Figure 5: Mould insert as produced by SLM. 

3.1.2 Process monitoring 

Upon processing of the mould insert, the in-house 
developed monitoring system captured the images and 
intensity signals of the melt pool. When these output 
signals are linked to the position of the laser, the melt 
pool can be visualized on a 2D chart, hereby showing 
the outline of the produced parts. The lighter the image, 
the bigger the formed melt pool at that position. 
For every layer, the melt pool signals are plotted, 
showing irregularities during production. In Figure 6, the 
photodiode mapping, the camera mapping and the 
original CAD design are shown for 3 random layers. 
From both the photodiode and the camera images, it 
can be concluded that no defects occur within the part. 

 
Figure 6:Comparison of photodiode mapping (left), camera 
mapping (middle) and CAD data (right) for different layers 

3.2. CT metrology 

CT-metrology as quality control of the internal channels 
is applied in two different ways. First of all the use of 
Computed Tomography allow to identify problems in 
the SLMed part. The overall geometry of the cooling 
channel could be checked and possible obstruction of 
the cooling channel due to remaining powder could be 
spotted (Figure 7). This enabled analysing the parts 
made by Selective Laser Melting, and furthermore to 
support the investigations in the previous section. 

 

Figure 7: Visual analysis of the mould insert 

A second step contained quantifying of the size of the 
cooling channels in different positions. In order for 
traceable metrology measurements of the sample to be 
made from its reconstructed CT volume two crucial 
aspects are considered: 1) Determination of the correct 
voxel size 2) Detection and segmentation of the 
boundaries (edges) between different materials within 
the sample. 
To determine the correct voxel size of CT volumes 
determined under a specific set of conditions a 
reference object has been developed and produced in-
house by fixing CMM probing styli on a socket (Figure 

8), which has screw holes on distances 22.5, 37.5 and 
52.5 mm to the center. The use of such styli has 
already been described in literature [2]. The styli are 
made of ruby spheres on carbon fiber rods, with 
diameters 4, 6 and 8 mm (Figure 8). By comparing the 
CT measured distances between spheres with the 
respective calibration values (CMM measured values of 
the same distances) one can calculate the scaling 
factor which is needed to rescale the voxel sizes. The 
big advantage of using distances between sphere 
centres is the fact that using sphere centers means 
that the calibration is not sensitive to beam hardening 
artefacts or thresholding. 
 

  
Figure 8: Calibration object for rescaling 

Having calibrated the voxel size determining the correct 
position of the sample’s boundaries (both internal and 
external) is also crucial in order to obtain accurate 
dimensional measurements between specific features 
of the sample. It is observed that there are still quite 
some problems in the currently available edge 
thresholding techniques. The measurement results are 
dependent of the used thresholding method, and these 
results are furthermore heavily dependent on the 
objects’ material. 
In order to overcome this problem it has been decided 
that samples of well characterized dimensions should 
be made of the same materials as the mould inserts.  
These calibration objects are scanned together with the 
mould tool inserts. The obtained measurements on 
these calibration objects are compared with the 
reference measurements obtained by other means (a 
CMM). This allowed compensating for the edge offset 
and therefore improving the CT measurements of the 
mould insert (provided the same scan conditions and 
thresholding techniques were used). 



 
Figure 9: CAD compare of the cooling channel 

 
Figure 10: Measurements of the cooling channel 

3.3. Micro-EDM 

It has been observed that the number of positive 
discharge and erosion time vary with the open voltage 
“U” for both with and without diode in the loop. In the 
normal micro-EDM (without diode) case, when the 
open voltage increase from 100V to 120V the positive 
pulse number (total discharge per unit time) decrease a 
bit but the negative pulse number (multi-discharge) 
increase; and from 120V to 160V, both the positive and 
negative pulse numbers decrease gradually, but at 
different slope. All the aspects together lead to an 
increase of the negative to positive pulse number ratio 
as illustrated in Figure 11.  
When the diode connected in the discharge loop in 
series (dashed line in Figure 11), there will be no multi-
discharge and the discharge duration time becomes 
shorter which leads to immediate recharge of the 
discharge capacitor. The material erosion per 
discharge is limited and this results in small gap 
distance of the electrodes and easy ionization of the 
plasma channel. As a result, the normal discharge 
number increases a lot and the total machining time 
increases. Compared with the case without a diode, the 
sparking pulse number per unity time increase 
dramatically. 
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Figure 11: Pulse per unity time and multi-discharge ratio 

In a combination with a special feature in the CAM tool 
implemented to realize the efficient machining of the 
feature on the SARIX® machine, a new machining 
strategy allows to optimize the tool path length and 
therefore the processing time. With this functionality, 
the sharp corners of radius of 25µm with aspect ratio of 
30 can be processed in the last operation in the milling 
process. A reduction of machining time of 20% has 
been obtained through less tool control. The realized 
mould insert for the µPIM component is shown in Figure 

12. 

 

Figure 12: µPIM tool insert produced by EDM and parts 

4. Conclusions 

Experiments have shown that conformal cooling 
channels can be successfully produced with channel 
diameters down to 0.4 mm by the SLM process. This 
has been validated for two mould materials: AlSi10Mg 
and Maraging steel 18Ni300. Proof-of-technology 
mould inserts have been successfully produced in both 
materials, indicating the possibility to produce open 
cooling channels by SLM. Computed tomography has 
been applied to check the quality of the SLMed parts 
visually and by quantifying the cooling channels. 
Calibration artefacts were hereby produced to improve 
the measurement accuracy. Micro-EDM milling 
technologies are capable of producing precision small 
mould insert features as a final step in the propose 
process chain.  
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