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Abstract

SelectiveLaser Melting(SLM) is an Additive Manufacturing technique which
allows producinghreedimensional metallic parts from powder material, using a fayer
by-layer fashionTypical applications of this technology are parts with high geometrical
complexity or internal features such as biomedical implants or casting molds with
conformal cooling channels. In orderbreak through in industries with very high quality
standards (such as aerospace industrieshnportant issue to be addressed is quality
monitoring and control during the actual building proce@siline quality control can
significantly increase the robustness of the procesnhblingto check the quality of the
building process in the earliest possible stage, such that everdoakygtive actios can
be taken during the process. This is in contrast withine and a posteriorguality
control which does not allow taking corrective measures if the quality of thdqestot
meet the desired quality standard. The development of a framewodklfoe quality
control ofSelective Laser Melting the subject of this paper. The framework consists of
two complementary systems: a system for visual inspection of powder deposition and a
system foronline and reatime monitoring of the melt pool. A cabination of these two
systems enablde guarantee the quality of SLM parts with high confidence.

Introduction

Selective Laser MeltingSLM) is an Additive Manufacturing technique mainly
used to procesmietallic materials which enables the productiércamplex functional
metallic parts with good mechanical properties. A schematic overview of a typical SLM
machine is shown in figure 1. In the SLM process, a thin layer of metal powder is first
deposited on a build platform by means of a powder coatstgrsy After depositing, the
powderlayeris melted selectively according to a predefined scanning pattern, by means
of a laser source [1]. After scanning a layer, the build platform moves down over a fixed
distance equal to the thickness of one layer (iMS3ypically 20 to 40um) and a new
layer is deposited and scanned. The sequence of depositing and scanning is repeated until
the part(s) is (are) fully built. The SLM process has a large potential for manufacturing a
wide range of applications, due to thknost infinite geometrical freedom, no need to
design or make dedicated tools for production and flexibility for production of
customizedindividual parts. Since material properties of SLM parts are nowadays
comparable to the properties of the correspanbulk material [2, 3], applications of the
process can be found in domains like the medical sector [4], in tool making industries [5
8], machine construction, automotive, etc.
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Figure 1: schematic overview of the SLM process

In recent years the SLMechnology has made an enormous progress in machine
construction, production speed and part quality. However, for a large breakthrough of
SLM in industries with high quality demands, an important issue to be addressed is
online quality control of the press [9]. Online control can increase the robustness by
enabling to check the quality of the building process in the earliest possible stage, such
that eventually corrective actions can be taken during the process. This is in contrast with
off-line and a psteriori quality control which does not alldaking corrective measures
if the quality of the part does not meet the desired quality standard. Furthermore, during
an df-line analysis it is not always possibler expensive to checkthe whole partfor
instance inner structurgg a nondestructive way.

The development of a framework for online quality controlSelective Laser
Melting is subject of this paper. First section 2 will discuss the global methodology for
online quality control of SLM. S#ion 3 will discuss the LMQ machine of KUEPMA
as a prototype SLM machine with integrated quality control modules. It will become
clear that the global framework makes use of several subsystems, of whichlltive w
presented in this paperecion 4 wil thereforediscuss a visual inspection system to
monitor the deposition of powder and section 5 presents a system for online monitoring
of the melt pool. Throughout the paper it will be shown that these systems can detect a
wide range of processing probis in SLM.

Methodology

Figure 2 schematically shows the methodology for this research. Central in the
scheme is the actual melting process, which is in theory influenced by more than 50
parameters [10]. These parameters can be divided in two donvgius: parameters
which are parameters that can bdjuated by the machine operator, abdundary
condition parameterswhich are parameters that are determined by extexqairements
or conditions, for instance the choice of material depends mainly apgiieation (e.g.
use of Ti6Al-4V for medical implants).The input parameters can be classified into
atmosphere paramete(s.g. oxygen content ithe process chambepowder deposition



parameterde.g. layer thickness) argtanning parameter&.g. lagr power, laser focus
setting, scan velocity). The boundary conditions parametars be subdivided in
parameters of thenaterial the geometryto be processed and tineachineparameters
(e.g. type of laser sourcd)he input parametsrinfluence the meltig processesulting in

an dfect on the resultingart quality. If one of the input parameters varies, in theory this
influences the actual meltimgocess. For instance, a larger layer thickness with the other
process parameters kept constaayses aitferent melt pool behavior, and the density
of the produced part will decrease, ortlie oxygen content in the process chamber
increases, the resulting material will become niwittle.
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Figure 2: methodology for online quality control of the SLMgexss

The influence of parameter variations can be seen in the melt pool behavior, but
in order to achieve a robust system for online quality control of the process it is not
sufficient to only monitor the melt pool. If an input parameter variation tsffédwe
melting process and it is detected by a melt pool sensor (for instance a raise in oxygen
content in the process chamber leads to a more elongated melt pool which can be
detected using a camera), in most cases it is too late to take appropriateambioms. It
is thus important, besides monitoring the melt pool, to also monitor and control the input
parametergshemselves A good online quality control system therefore should monitor
and control the process atmosphere, the powder deposition anélthool itself.

Monitoring of the melt pool can be used further to give feedback to the process
input parameters'his can be done in two ways: using engineering process control (EPC)
algorithms, suchas PIDcontrol, to control in redime the scanng parameters (laser
power and scan velocity)r using methods from statistical process control (SPC) to
detect 0abnor marel6poot @tput,avhich are kkelyitcbe tased by a
disturbance. Closed loop control will not Hescussed furthein this work, but can be
found in other publications [11, 12| this paper, online control of powder deposition
and monitoring of the melt pool will bdiscussed.



The LM-OQ machine of KUL-PMA

Since the start of research concerning of AM procesisesiniversity of Leuven
(KUL) has been developing prototype machines for layered manufacturing. KUL owns
an inhouse developed SLM machine, which enables flexible testing of new software and
hardware configurations. Figure 3 shows thihause developed mhine for SLM. This
machine is controlled using an industrial P}s$t&m from National Instruments.

Figure 3: in-house developedLM machine dK.U.Luver(KUL)

Figure 4(b) shows such industrial PXI system. The system mainly consists of
reattime CRJ, which communicates with two hardware boards having an embedded
Field ProgrammableGate Array (FPGA). An FPGA chip is a programmable silicon chip
consisting of unconnected gates (sigeire 4(a)). The use of FPGA enables the user to
define andre-define the functionality of a chip: the user defines the chip behavior in
software after whicliledicated compilers translate the software into a certain connection
of the gates. An FPGA chip is typically usedapplications where custom hardware is
needed or whethere is reconfiguration required afteaployment of the chip. The LI}
machine makes use of three FPGA chigee LM-Q machine is the platform at which all
hardware developments discussed furthéhéntext have been done.
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Figure 4: (a) emample of an FPGA chip (source: XILINX). (b) PXI system (National
Instruments) used as central contsystenfor the LMQ machine.



Visual inspection of powder deposition

The distribution of the powder particles in each deposited layer should be as even
as possiblesince the smoothness of the powder bed is directly reflected in the resulting
surface roughness, asown in figure 5. Figure 5(a) shows an image of the build platform
after scanning a layer. Clestripes are visible in the powder bed, dusdweral damages
in or severe wear of the coatém. figure 5(b), showing an image of thept surface of
final part, the e#ct of these stripes dhe resulting surface roughness is clearly visible.
As stated above, it is important to detect thes#ations before laser melting of the layer.

Figure 5: (éiféfr\itp‘);ézs:iih"tlhe'powde‘r bed due to damaged coater blade; (b) Image of the
part after production. The resultingughness is highly influenced by the stripes in the
powder bed during processing.

Deteroration of the smoothness of the powder bed is mainly caused by three
reasons: partsurling up (rising higher than the powder surface) due to the high thermal
stresses in SLMdamage or wear of the coater blade due to the scratching of the parts at
the cater blade (causingtripes in the powder bed parallel to the movement of the
coater) and short of feed powdéuch that after coating not all zones of the build
platform are homogeneously covered with npawder). With a visual camera and a
good choice billumination of the powder bed, these defects be detected very well
using straightforward image processing algorithms. In this pegpan exampldetection
of wearand local damage of the coater blade will be discussed

Hardware set-up

The experimptal setup consists of a visual camera wititusinglens to monitor
the build platform. Furthermore three light sources are present, such that light can be
projected on theowder bed coming from threeffdirent positions with respect to the
build platfam. Figure 6shows a schematic overview of the-apt showing the position
of the camera and the three ligltturces. The direction from the coater blade movement
is horizontally over the platform. Durirgganning of a layer, the coateris the case o
the LM-Q machine- at the left side of the builglatform and directly after scanning it
moves from left to right. Then the feed platform moupsand the build platform moves
down. The coater movement from right to left then depositaghepowder laye
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Figure 6: Principle of the visual imection system for monitoring
of the powder layer top surface.

As shown in figure 6, the aimed field of view is the build platform and therefore
to minimize the perspective error in the image, the optical akisamera must be as
close as possible to tleenter line of the build platform. With a camera having a static
position with respect to the buifgatform this is however not possible, since the optical
path of the laser beam crosses the bpiltform cenér. A proper solution is to use
calibration algorithms to correct for the perspectwer. This solution i€hosersince a
simple calibration algorithm is able to correct for thstortion as will be shown below.
With the three light sources, the bupthtform can be illuminated from three directions:
front light (perpendicular to the coater movement), side light (parallel with the coater
movement)and top light (perpendicular to the building platform). Theskéedint
directions are needed tietect dfferent problems, since some defects are only visible
using illumination from a certaidirection. This is mainly due to the creation of shadow
lines around defects, only visible withumination from a certain direction.

Case study: detection of wear and local damage of the coater blade

In this case study it will be shown that with the visual inspection system two types
of coater defects can be easily detectedar of the coater blade, which leads to small
scratches in the powder bed but all over theger bed, andbcal damageof the coater
blade, which leads to locally but deep scratches in the powdeinbadier to detect wear
and damagef the coater blask, front illumination is used sinceearand damagef the
coater blade will cause horizontadesin the powder begparallel with the movement of
the coater bladepand thus produce horizonttladow lines in the image.

In order to detecthese coaterflaws a so call ed o6l ine profil
line profile isdefined as thaverageof five vertical lines in the image of a powder bed
(as shown in figures 7(a) anda, seethe white lines on the left in the image)hese
lines are taken at the left, since the camera sees the build cylinder on tlsedieghit the
image, and thereferthe part of the image on the left is netBsturbed for instanceby



parts visble outside of the powder beBigure 7(b) showssuchline profile of an Gdeab
powder beddeposited witha new coaterThe mearvalue of the line profile igsbout120
(uni t s a@reyevalu®mndthe standard deviatioof the line profileis 5.75 This line
profile is used as theference profildor comparisorwith the profilesof other layers

Figure 8(a) demonstrates a powder lagleposited with avorn and damage
coaterand fgure 8(b) shows theorresponding line profilewhen compared with the
Gdeabline profile of figure 7(b)two observations can be made. Fitstan be seen that
the mean is statistically equ@h both cases 120pput thestandard deviatn of the line
prdfile in figure 8(b)is about two times larger (Iin the case of the damaged coater
versus 5.75 in case of the new coat&hestandard deviation of the mean line profde
likely to beagood indicator for generalear of the coatdslade, since wear of the coater
causes mangmallershadow lines irthe image of the powder beSecondjn figure §a)
at different location morg@rofound shadow lineare visible. Theseshadow lines are
caused by larger but local damage of the coateleblandarereflectedin the line profile
by high peaks or valleys, séigure 8(b) The location of eventual local damage of the
coater carbe detectedvherethe line profilecrossesertain critical bordex(indicated by
the greenines in the figures &and 8), which are typically chosen to b timesthe
expectedstandard deviatiorfin this case 5.75) above or belaf the expected mean
value (in this case 120).

The choice of theacceptancdimits dependon the desired tolerances and desired
part prgerties (concerning allowed surface roughness &tiedsevaluesfurthermoreare
strongly influenced bythe camera setting&.g. exposure timgkhe illumination(e.qg.
type of light source or luminosity)he materiahndpowder type  éherdfore for e
material and every machine a calibration step is needed in order to tune the parameters of
the control system.

By detecting this kind of | ayer oO0defects
appropriate measures can be talaring the coating phade improve the quality of the
layer. These defects caalso certainlybe detected using melt pool sens(gee next
section) during the scanning phaseit when detected during the scanning phtse
quality of the part will already be affectedeversiby.
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Figure 7: (a) Image of ideally depositpowder bedffont illumination); (b) Line profile
of the ideal powder bed with mean 120 and standard deviation $h&.red line

represents the expected average and the green linesatadhe allowed tolerances for
detection of coatedlamage
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Figure 8: (a) Image of deposited powder bed with worn coater bladeg usont
illumination; (b) Line profile with mean 120 and standard deviation 10he high
standad deviation indicates thatvear of the coater is present. Furthermoreetline
profile crossesthe green lines at five places, which indicates that codsenageis
present at five locations (one crossing and corresponding line stripe in the image is
indicated as an example).



Melt pool monitoring

This section discusses a melt pool monitoring system for SLM and three case
studies which prove that such system can monitor and detect undesired process behavior
leading to decreas# the quality in SLM.

Figure 9: Desigh of the optical monitoring system for SLM [13]

Figure 9 shows the optical sap of the LMQ together with the prototypeamera
monitoring system [13]The principle working of the monitoring system is as follows.
The laser light is defleate by means of a senreflective mirror towards a galvano
scanner witHocusinglens. Thisfocusinglens isa so called-ff lens. The laser source of

the LM-machine of KUL is an Ytterbium (YWijber with a wavelength of 1064nm. The
radiation from the melt pool is transmitted throutje £ d lens,scan headnd semi
reflective mirror towards &eam splitterwhich separates thediation towards a planar
photodiode and a higepeed CMOS camera. With the law of Plaitckan be seen that

the radiation energy at the melting point of metals (roughly around 1580Kghest in

the near infrared region, around 100@. However, the reflectivity of a typicakemt
reflective mirror coated for 1000 nm in a band around the central wavelength is nearly
100 percent. Therefore the melt pool radiation can only be captured in a range of
wavelengths at aertain spectral distae from the wavelength of the laser beam, which

is 1064 nm for the Yliber laser used in the sep. Therefore the upper bound of the
wavelength range to be captureg the sensors ishosenas 950 nm. The lower bound
needs to be higher then 700 nm beeausible light (from e.g. illumination in the
process chamber) is not of interest for thisugeandwill cause unwanted measurements.
Nevertheless, the lower bound is stiiosensomewhatigher (780 nm). The-fd lens,
necessary for focusing the laser beam on a flat surface, indobasmaticaberrations

for wavelengths others than 1064 nm. For this reason the bandwfidtte captured
radiation energy cannot be too large: 780 nm to 950 nm is a gooebffduween the
different demands. Finally a beam splitter separates the radiated light towards a planar



photodiode and a higepeed CMOS camera. Both photodiode and camera are sensitive
to wavelengths in the range of 4000 nm.

High-speed image processing on FPGA

The fast dynamics of the SLM process demands very fast image processing (order
of magnitudel0 kHz). If the laser beam moves at a speed of 1000 mm/s, image rates of
10 kHz imply thatan image is taken every 1Q@n. This high speed can only be achieved
when processing the dati@m the camera directly in hardware, using a chip to process
the images. The FPGA performirtige image processing is embedded onRlexRIO
card with Camera Link front end. The piddta can enter the FPGA per 10 at 75 MHz.
Onthe FPGA then the individual pixel data candeeessed. The power of FPGA can be
optimally used when the image processing algorithm lsansplit in several sub
algorithms which can run in parallel. FPGA has further the advantagalgwaithms
running onit can still be adapted, which is especially during the research phase.

In order to obtain useable information from the melt pool images, an image
processing algorithrmust derive the information from the image, namely the melt pool
area and the melt pml lengthto-width ratio. With these two parameters enough
information can be obtainetbr reattime feedback control to the melt pool input
parameters, the laser power and skhan velocity. For redlme feedback control based
on melt pool information &m the camergyrocessing must be done in rgiahe and due
to the fast dynamics of the SLM process, pinecessing rate must be at least around 10
kHz. The best suitable image processing algorithm for this application makes use of the
well known image proessing algorithm of calculating the moments of an image. These
momentscan be used in order to find the bestfiipse which closely resembles the melt
pool. The longaxis of theellipse A is then the melt pool length, the short axis B is the
melt poolwidth area of thellipseand the area of thalipseis the melt pool area.

500

Photodiode signal
Melt pool area

450

aof o
350
300
250 -

200

150 06

100 Length to width ratio

1 04rf

50 F . . - Aoz bk

0

0 0.I01 0.102 0.I03 0.64 0.;)5 0.66 D‘IOT 0 0.2)1 0.;)2 D,E]S O.;M OA‘DS
Time [s] Time [s]
Figure 10: (a) Measured photodiode signal and melt pool area during perpendicular
scanning of the square overhatgample rate10 kHz); (b) Determined lengtio-width
ratio.



Following sections will discuss three case studies which show how the system can be
used to monitor the SLM process in order to detect process deviations leading to
undesired quality.

Monitoring of balling during scanning of an overhang structure

In order to study the transition between scanning on a solid substrate and the
overhang zone, figure 10(a) shows, in function of time, the melt pool area and the
photodiode signal during transition from solid to overhang and vice versa. Figure 10(b)
shows br the same recording the length to width ratio of the melt pool (based on the
same series of camera images). When the laser beam is passing the square overhang, it
can be seen from figure 10(b) that the length to width ratio increases significantly at the
overhang zone. The variations in the melt pool area signal are due to the Rayleigh
instabilities. When the melt pool length grows too large it will split up in separate
droplets which cool down faster such that the total melt pool will decrease. Thaelthe
pool will grow large again and the whole cycle will be repeated. Due to the overheating
and the occurrence of balling at the overhang zones [14], the surface roughness of
downfacing surfaces is typically very high. Moreover, the material is not ctethyple
dense in these zones and mostly large deformations occur due to thermal stress [15]. It is
clear that the processing parameters should be altered to process these structures with an
acceptable quality. One option is réiahe feedback control to thergress input
parameters in order to stabilize the melt pool in these situations. In [11], the photodiode
was used as feedback control sensor, but due to the fact that it still observes light from the
past, only small improvement could be achieved. Futuoek viherefore comprises
MIMO control based on the melt pool area and lesigtvidth ratio in order to control
the laser power and scan velocity.

Photodiode signal
Melt pool area

Figure 11: (a) Melt pool area and photodiode signal measured in-treed during
scanning of the scaffdlat 10 kHz. (b)Resulting blob formation at the-turn of the
scaffold.



