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Abstract

Additive Manufacturing by Laser Powder Bed is well-established in several sectors as a manu-

facturing method of metallic components. However, it has some limitations due to some quality

and repeatability concerns for critical applications with high fatigue and damage tolerance require-

ments. The complexity of the process and its multi-physical nature make it di�cult to anticipate

the presence of defects and leads to some unexpected defects. Therefore, Oerlikon AM GmbH is

assessing in-process monitoring solutions in order to analyse in real-time the process, identify the

sources of variability and for the �ne tuning of the Key Process Variables.

Investigations by Optical Microscopy or Computed Tomography scan were performed on several

test samples and were compared with the metrics obtained with PRINTRITE3D® developed by

SigmaLabs Inc. Initial results showed that the system is able to highlight laser/material interaction

variation across the build platform and to detect some discrepancies such as voids and lack of

fusions.
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I. INTRODUCTION

Several publications present the various numbers of parameters and how they a�ect the

interaction between the laser and the powder bed in additive manufacturing. The parame-

ters are very numerous and can a�ect many aspects of the process such as lack of fusions and

localised voids [1, 2]. The quality of the powder, the local density of the powder bed, the

consistency and spatial uniformity of the gas protection and its velocity, the conditions of

the laser optical chain could impact the size and the quantity of voids. These discrepancies,

clearly identi�ed by several authors [3, 4], are limiting the application of Additive Manufac-

turing to the processing of parts for critical applications. Knowing that a component is the

results of thousand of melted tracks, it is therefore extremely complex to be able to predict

the quality of the processed components. This is the reason why the process monitoring

systems were identi�ed as a potential solution to guarantee quality by avoiding systematic

usage of extensive Non-Destructive Techniques [5].

One of the systems currently assessed by Oerlikon AM Gmbh is the monitoring system

developed by Sigma Labs Inc. The PrintRite3D (In-process quality metrics) is based on pho-

todetectors placed in the laser optical path and the signals are postprocessed and analysed

to provide indication of the laser/material interaction and material response [6].

The system is composed of three photodiodes (Figure 1):

1. A large spectrum photodiode collects the light emitted by the interaction area. The

derived signal called TED (Thermal Emission Density) is a convolution of the input

process parameters and material response.

2. Two photodiodes collect the light emitted with two di�erent wavelengths (λ1and λ2).

The derived signal called TEP (Thermal Emission Planck) gives information on the

relative temperature of the interaction area.

If it was demonstrated that real time in-process monitoring could detect input variations

and major discrepancies, the response of the system to the appearance of small disturbances

is not well documented. This knowledge is very important in order to have a better under-

standing of the process and to obtain a characteristic signature of the discrepancies obtained

during the manufacturing of components. Two typical case studies are used to obtain a �rst

classi�cation of the signals obtained for the observation of the intrinsic variability of the
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Laser Powder Bed process and when process conditions are observed.

Figure 1: Illustration of the Sigma Labs system (Left: Optical diagram, Right: Photodetectors

arrangement)

II. CASE STUDY 1

A. Build Layout

A test build was performed with several samples on an 400 Watts Laser Powder Bed

machine with Ti6Al4V powder. Two of the parts were processed with the same set of

operating parameters at di�erent location, on the left side of the platform of the machine.

The part 1 is marked in blue and the part 7 in red (Figure 2).

Figure 2: Assessed build con�guration. The part in blue (1) and part in red (7) were processed

with the same parameters
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Figure 3: Defects in the parts 1 and 7

Metallographic longitudinal cross-sections of the parts were executed in order to observe

internal discrepancies. An optical microscope with an X100 magni�cation was used to

capture the complete cross-sections and defect analysis was carried out using ImageJ software

[7]. After thresholding, the particle analysis tool is used to isolate the defects, extract their

diameter and their position.

B. Results

Even though parts 1 and 7 were manufactured with the same conditions, it appeared that

the defects found in the part 1 mainly consists of defects below 50 microns voids (Figure 3

a) but the amount and size of defects in part 7 are bigger (Figure 3 c).

The observation of metallographic cross-sections shows that the 2 parts have an areal

density equal or greater than 99.9% (The part 1 as areal density of 99,994% and 99,89% for

the part 7). However, some large voids with entrapped powder could be found in the part
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Figure 4: Feret diameter of the defects and their position in the parts

7 (Figure 3 b and d). The di�erences between the two samples are con�rmed by counting

the defects per layer (Figure 4). Only one defect above 50 microns was found on the cross-

section for the part 1 when 26 defects have a Feret diameter between 50 and 148 microns for

the part 7. These defects above 50 microns are randomly spread in the height of the part 7

and the biggest defects are located at the top of the part (Layers 559/583).

The SigmaLabs In-Process Quality Assurance (IPQA) provides several solutions to iden-

tify areas with discrepancies. The In-Process Quality Metrics (IPQM) such as TED, TEP

and their local variations, respectively TEDSIGMA and TEPSIGMA, can give some �rst

indications.

As the TED was designed to translate the energy brought to the material, an analysis

of this signal can provide an indication of an unexpected change in machine parameters

such as power, speed or hatch distance. On the �gure 5a, the TED values per layer can

be distinguished between the two coupons. Nevertheless, the relative gap between the two

curves is about 1% and considering the accuracy of the system, it is not possible to guaranty

that this tiny di�erence is due to a process parameters disparity.

Like the TED values, the TEP signal (Figure 5b) are slightly di�erent, however the

di�erences, on average, are less than 1% and this can potentially be due to many factors.

The TEP signal of the part 7 shows a greater amplitude of local variations and the Kurtosis

of the TEP metric for the part 7 is equal to 1.0 while it is about 0.5 for the other part.
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Figure 5: IPQM values for the sample 1 and 7 (a: the TED values , b: the TEP values)

By taking a closer look at the TEP signal distribution around the average value, outliers

are clearly observed. The signal seems more disturbed and de�nitely less regular. This

observation is con�rmed by a detection of "outliers" by applying the Thompson Tau test

(Figure 7b). For part 7, several points are above the rejection values and could be considered

as outliers. Regarding the part 1, only few values obtained during the �rst layers are above

the critical values. It means that the part 7 exhibits several layers with perturbations.

As these local perturbations are not observed on the TED signals, the disturbances of the

process conditions are not due to the process inputs.

Figure 6: Outliers analysis for the TEP signals

These outliers can then be observed on the false color images provided by the PrintRite
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Figure 7: 16 bits Gray level data provided by the IPQA

3D interface. Extreme values can be identi�ed by �ltering the 16-bit encoded grayscale

images of the various metrics (Figure 7).

The TEP signal is clearly di�erent for the two parts and the variations in the signal are

most likely due to various disturbances during manufacture, the local heterogeneities of the

powder bed due to the presence of debris.

There is a clear a correlation between the number of defects observed during metallurgical

investigations and the exceedances of the TEP signals (Figure 8). However, it is not possible

to directly associate a particular defect with an indication obtained using the IPQA. This

can be explained by several aspects.

This limitation could be explained by:

1. Even by applying the �ltering options o�ered by PrintRite3D, the formation of defects

is a particularly complex phenomenon, all the more so when they are small. The

successive remelting of the layers to a depth evaluated at the equivalent of 3 layers

constantly modi�es the size and morphology of defects such as lack of fusion and gas

pores.

2. Cross-section analysis do not give a complete picture of the defects in a room. In

addition, the location of the cut is known on a piecemeal basis.
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Figure 8: Local normalized TEP compared to defects location for the part 1 and 7

3. Finally, we must also consider the complexity of the physical phenomena involved

in terms of laser-material interaction, the signal-to-noise ratio of the system and the

spatial and temporal resolution of the system.

In order to determine the root cause of these anomalies, an analysis of the pictures of the

powder bed after each recoating operation was carried out. Indeed, the observation of the

quality of the powder bed can provide information on any anomalies that occurred during

the recoating operation. A local analysis of the gray levels, the speci�c patterns can provide

information on certain events such as lack of powder or contact with the recoater blade and

the part. Thus, the local heterogeneities are translated as a homogeneity index. When equal

to zero, this index indicates that the layer of powder has no visible discontinuity and can

therefore be estimated as locally homogeneous (Figure 9a and 8b).

Figure 9: Heterogeneity index observed for the part 1 and 7

However, in this case study, this quick relative analysis of the TEP signal and a local

8



analysis of the outliers could enable the identi�cation of a component out of speci�cations

if statistical limits are established. In order to be able to de�ne clear Statistical Process

Control (SPC) limits for the analysis of the TEP values, further analysis will be needed and

the establishment of a Receiver Operating Characteristic curve will be required.

For this �rst case, it appears that small process disturbances can be observed using a

process control system. These unexpected disturbances can partially explain the variability

problems of the LPB process and help in their mitigation by modifying for example the

robustness of the process (adjustment of the fusion parameters, improvement of the shielding

gas �ow rate).

III. CASE STUDY 2

A. Build Layout

The second case simulates what can be encountered during the process development

phases. The de�nition of the suitable process parameters is an extensive task and requires

several destructive inspection methods to verify whether the part contains defects which

can have a detrimental e�ect on the mechanical properties. In-process monitoring could

be an interesting method to have a non-destructive and quantitative way to evaluate a

set of parameters in order to accelerate the development of operating parameters while

reducing costs. It is also important to ensure the Laser Powder Bed machine is operating

correctly and the input parameters are maintained in the process window established during

the quali�cation stages of the process. In order to assess the detectability of parameters

variation and sample location, cylindrical parts were built with various process parameters

and various conditions, CT-scanned and round tensile test bars were machined to have an

overview of mechanical properties.

Eleven coupons were dedicated for this study (in red, Figure 10) and the laser power(P ),

the scanning speed (Ss) and the hatch distance (Hd) were used as variables, the objective

being to assess the sensitivity of the monitoring system to the variation of the Energy density

(Ev) , de�ned as Ev =
P

Ss.Hd.Lt
and reported (Table I).

The coupons were built on a 400W Laser Powder Bed machine with Ti6Al4V powder

with a 60 microns layer thicknesses (Lt) then heat treated at 720°C during 2 hours under
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Figure 10: Layout of the tensile test coupons

argon. The As-built coupons were inspected by X-ray tomography in order to observe the

defect population with a resolution of 15mm voxel then they were machined in order to obtain

ASTM E8M compliant tensile bars with a gage diameter of 5mm. The tensile tests were

carried out with a strain rate of 0.005 / min up to 0.2% of plastic strain then the strain

was set at 0.08 /min until failure. Three parts were built as reference with the paramaters

proposed by the machine supplier.

Part ID P [W ] Ss [
mm
s ] Hd [mm] Ev [ J

mm3 ]

P41 320 1500 0.16 22.2

P42 320 1500 0.12 29.6

P43 360 1500 0.16 25.0

P44 360 1500 0.12 33.3

P45 320 1000 0.16 33.3

P46 320 1000 0.12 44.4

P47 360 1000 0.16 37.5

P48 360 1000 0.12 50.0

REF (3 replicates) 340 1250 0.12 37.8

Table I: Process parameters variation matrix
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B. Results

The CT scanning inspection reveals that the parts built with a density of energy above

33.3 J
mm3have a density close to 100%. The reference samples are dense (Table II) but few

defects about 200 microns can be found. It can be noticed that the parts with the lower

TED and TEP values have the lowest density. The parts 41 and 43 have the lowest densities.

These samples show many lack of fusions and many inter tracks defects. The hatch distance

is too large in view of the relatively low supplied energy.

Part ID Average TED Average TEP Relative density from CT scanning [%]

P41 8.91 22.18 99.36

P42 11.71 28.62 99.97

P43 10.13 22.42 98.62

P44 13.26 28.85 99.99

P45 13.31 31.95 99.99

P46 17.41 41.49 99.99

P47 14.83 32.22 99.99

P48 19.33 41.77 99.99

REF 14.09 31.10 99.99

Table II: Overview of the results from CT scanning and PrinteRite 3D data

The CT scan analyzes also show that the parts obtained with the highest energy densities

(> 40 J
mm3 ) have a relatively low number of defects. No particular pattern appears and the

defects are distributed randomly in the analysed volume (Figure 11).

From the data obtained by CT scanning, it is possible to observe the size and distribution

of the defects by layers (Figure 12). For each layer, each defect is represented by a point

according to their diameter. It can be observed that part 41 exhibits the greatest number of

defects and the defects of largest diameter. By observing now the distribution of the defects

according to their size. The parts presenting the greatest number of defects see their stastic

defect size distributions widen and the higher tail of the distribution increases which means

a greater representation of the larger defects (> 350 microns).

As example, for parts 42 and 48, the kurtosis of the distributions of defects is lower and
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Figure 11: Overview of the defects observed by CT scanning

the number of large defects is limited or even non-existent.

Figure 12: Defects distributions in the parts 41; 42; 43 and 48

Regarding the signals available, as assumed, the TED signal is strictly proportional to

the energy density, the coe�cient of correlation (R2) between the two variables is very close

to 1 (Figure 11) and the lack of �t is neglectable. For the TEP signal, the good correlation
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Figure 13: TED and TEP values according the density of energy

is still observed (Figure 13) but there are therefore more lurking factors for the dependent

variable. In order to see a correlation between the IPQMs and the defects, it is therefore

necessary to observe the values of TED and TEP at the level of the layers.

The representation of the TEP signal by part can provide information on the statistical

distribution of this measurand and quickly identify the number of outliers by a qualitative

observation (Figure 14). A cross-section of the grey level values of the TEP signal reveals

many disparities between the samples. Knowing that there is a strong correlation between

the energy density and the value of the TEP signal, the only average value does not give

enough information on the defect population. The observed noise can give more information

on the presence of outliers.

As observed previously with the short cylinders, it appears that the presence of outliers

of the TEP signal is linked to the density of defects. When there are many defects, the

statistical distribution of TEP values is a�ected. By recovering the value of the TEP signal

for each pixel for all the layers of the samples (Figure 15), it is possible to have an overview
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Figure 14: Transversal cut of the grey values TEP signal

of the TEP values per part. This can provide information on the statistical distribution of

this measurand and quickly identify the number of outliers by qualitatively observing the

lower and higher tail of each distribution.

The histograms for the samples made with the lowest energy density values present a

speci�c statistical distribution, while the other samples have a data distribution with only

one mode (Figure 15 a,b,c,d). It appears that the TEP signals of part 41 and 43, obtained

with the lowest values of energy densities have many layers with weak modes of the TEP

signal and this leads to a modi�ed lower tail of the distributions. This phenomenon must

be put in parallel with the observations made on the distribution of defects (Figure 12).

The lower tail of the distributions changes by increasing the energy density. The dis-

tribution passes from an almost bimodal distribution to a distribution closer to a normal

distribution which results in a reduction in the Kurtosis of the distribution and by increas-

ing the energy density (cf. part 42), the higher tail thickens which results in the increase

of zone with high value of the signal TEP. If the link between low energy density and ma-

terial density is clearly identi�ed, an analysis of the distribution of the TEP signal values

reveals the determination of outliers - and therefore of defects - quicker. Thus it is possible

to evaluate, for example, the creation of a zone of lack of fusion, of swelling or of keyhole.

The analysis of the mode of the TEP signal therefore makes it possible to discriminate the

samples presenting layers with outliers. For the part 48, produced with the highest energy

density, exhibits several layers with very important modes of TEP signal.

This con�rms that a local analysis by gray levels, by applying a thresholding on the
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Figure 15: Distribution of the mode of TEP per layer for various the parts

values obtained, makes it possible to identify potential anomalies. Indeed, by considering all

the variables, the signal obtained should follow a normal distribution. The "hot" or "cold"

points therefore appear as outliers. As a result, the thresholding of the IPQM peformed at

the part level enable the detection of the defects (Figure 16).

Figure 16: PrintRite 3D post-build outliers analysis
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In terms of mechanical behaviour, the parts produced with the lowest energy densities

have the lowest characteristics, regarding elongation. These relatively poor performances

can be explained by the high density of defects observed by tomography [8-9]. It can be

assumed that the parts exhibiting acceptable tensile properties have a distribution of the

TEP signal values close to a normal distribution. Whereas parts with low elongation (and

therefore more defects) have a multimodal signal distribution. This means a higher number

of pixels with a relatively low or high TEP values (Figure 18).

Figure 17: In�uence of the density of energy on the yield stress and the elongation

Figure 18: Relative density and MeanTEP value according to the coupons elongation

16



IV. CONCLUSION

It appears that the analysis of outliers and the statistical distribution of the TEP signal

makes it possible to identify potential defective parts quickly. Printrite3D allows a quick

selection of non-compliant parts which might require a targeted inspection, thereby the

inspection ressources can be more e�ectively used.

Analysis of outliers and the observations of the lower and upper tails of the distributions

of the data can be used to highlight unusual interaction between the laser and the powder

bed. If the system cannot be a complete substitute of conventionnal NDT methods, it could

be used as a cheap and quick way to discriminate discrepancies at the layer level.

It was demonstrated that IPQA/IQPM solution could be a Laser Powder Bed machines

agnostic system to detect issues during the process and implemented as a real time process

monitoring system. Furthermore, a statistical process control system can be built around

the analysis of signals in serial production by detection of unexpected events for preventive

maintenance purpose or process input drifts.
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