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Evaluation of Quality Signatures™ using
In-Situ Process Control during Additive
Manufacturing with Aluminum Alloy
AlSi10Mg – Part 2
Introduction
This document reports on the second in a series of experiments to demonstrate the capabilities of Sigma
Labs, Inc. (Sigma) PrintRite3D INSPECT® software to determine the effect of intentional changes in an
independent process input variable (laser power) on dependent or response data mined in-situ on a layer
to layer and part to part basis. To accomplish this Sigma conducted a series of two (2) separate builds.
The results of the first build are reported on elsewhere in Report No. BY6-2017-015 IR Rev2, dated
November 27, 2017, titled, “Evaluation of Quality Signatures™ using In-Situ Process Control during
Additive Manufacturing with Aluminum Alloy AlSi10Mg” (Ref. 1). Except for some metallurgical
analysis reported on for selected specimens herein, the reader is referred to the previously issued report.
The first experiment was designed to establish a correlation between in-process dependent data mined
from in-situ sensor raw traces signals, independent process input variables for example laser power, and
post-inspection dependent data measured during destructive metallographic testing for porosity of as-built
specimens. The second experiment was designed to establish a correlation between in-process dependent
data mined from in-situ sensor raw trace signals, independent process input variables for example laser
power, and post-inspection dependent data measured during destructive mechanical testing, for example
ultimate tensile strength of as-built specimens.

Materials
The metal used for these experiments was Aluminum Alloy AlSi10Mg. It had a powder particle size
distribution (PSD) of 15-50µm. The material was supplied by Valimet, Inc. of Stockton, CA., USA.

Machine
All builds were performed using a standard Electro-Optical Systems (EOS) M290 additive manufacturing
machine outfitted with Sigma’s PrintRite3D SENSORPAK® hardware and sensors, and Sigma’s
PrinRite3D INSPECT® software.

This document contains confidential and proprietary information of Sigma Labs Inc and is protected by patent, copyright, trade secret and
other State and Federal laws. Its receipt or possession does not convey any rights to reproduce, disclose its contents, or to manufacture, use or
sell anything it may describe. Reproduction, disclosure, or use without specific written authorization of Sigma Labs Inc is strictly forbidden.

Page 5 of 26

Sensors
Four (4) in-situ sensors were used during these experiments. The sensor types comprised non-contact,
non-imaging optical sensors as well as non-contact thermal sensors. One (1) sensor was a photodetector
placed in a fixed, or Eulerian frame of reference and positioned above the build plate. Its field of view
(FOV) was of the entire build plate. A second photodetector was placed in moving, or Lagrangian frame
of reference within the optics train. Its FOV was restricted to a narrow region immediately surrounding
the melt pool. The third sensor was a high-speed, single wave length pyrometer, placed in a fixed frame
of reference above the build plate and focused onto a 10mm, right circular cylinder, aka, a Process
Control Specimen (PCS). Its FOV was 1mm. The fourth sensor collects X and Y command signals from
the scan head controller and is used to visualize in-process dependent data or In-Process Quality Metric™
(IPQM®) data in a 3D point cloud. All sensor data was collected by a high-speed data acquisition system
running at 50 kHz per channel, aka PrintRite3D SENSORPAK® and was subsequently analyzed by
Sigma’s proprietary, multivariate classifier PrintRite3D INSPECT® software.

Experimental Approach
Experiment No. 1: Variations in Laser Power using Stacked Columns
For this experiment, right circular cylinders 10mm in diameter, and 10mm tall were built using the
configuration shown in Figure 1. A total of nine (9) cylinders were built with one directly beneath the
fixed pyrometer. The configuration was intentionally designed to space the specimens across the build
plate and allow for determination of spatial and temporal variation that may exist due to machine or
sensor variability.
9
7
8

6
5
3

4
2

1

Figure 1: CAD Image of the Build Configuration used for Experiment 1. Specimens numbers listed above each specimen. The
PCS cylinder is positioned in the front, right corner of the build plate, Specimen No. 2. Individual parametric build
segments are numbered starting at 1 directly against the build plate.
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Processing Conditions
The starting or control parameters were provided by EOS and are suitable for lasing Al metal powder.
Table 1 lists the control parameters and the ten (10) different sets of processing parameters used. Layer
thickness was held constant at 30μm. Each build segment contained 333 layers. Chamber atmosphere
was Argon (Ar). Build plate preheat temperature was 170°C.
Table 1: Build 1 Independent Process Input Variables

Segment
ID

Power Variation
(%)

Laser Power
(W)

Scan Speed
(mm/s)

Hatch Spacing
(mm)

GED
(J/mm2)

1

0

370

1300

0.19

1.49

2

-5

351.5

1300

0.19

1.42

3

-10

333

1300

0.19

1.35

4

-15

314.5

1300

0.19

1.27

5

-20

296

1300

0.19

1.19

6

-25

277.5

1300

0.19

1.12

7

-30

259

1300

0.19

1.05

8

-35

240.5

1300

0.19

0.97

9

-40

222

1300

0.19

0.89

10

-45

203.5

1300

0.19

0.82

11

-50

185

1300

0.19

0.75

Experiment No. 2: Variations in Laser Power using Radially Spaced Cylinders
For this experiment 33 specimens were built, each 14mm in diameter by 101.6mm tall. The same
independent process input variables used during Experiment 1 were used during this trial. The difference
was that there were no stacked columns built but instead each column was built using one set of
independent process input variables and replicated three (3) times. The independent process input
variables were randomly assigned to the specimens. One process control specimen (Part 34), 10mm
diameter was built directly under the fixed pyrometer using the control parameter.
Figures 2 and 3 are CAD images of the specimen layout for Experiment 2. Note the concentric circle
design of equally spaced 33 test specimens and the PCS specimen in the lower right corner of the figure.
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Figure 2: CAD Image of the Specimen Layout for Experiment 2. The location of the PCS cylinder in the lower right or front
right corner of the build plate. Note that the specimens are equally spaced radially from the center of the build
plate in three (3) concentric circles.

Figure 3: CAD Image Isometric View of the Specimen Layout for Experiment No. 2.
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Processing Conditions
The starting or control parameters were provided by EOS and are suitable for lasing Al powder. Table 2
lists the control parameters and the ten (10) different sets of processing parameters used. Layer thickness
was held constant at 30μm. The initial 150 layers for each specimen were deposited using the same set of
independent process input variables as were used to deposit the PCS specimen No. 34. The remaining
3383 layers were built with the same processing condition in the Z direction as listed in Table 2. Chamber
atmosphere was Ar. Build plate preheat temperature was 170°C. The PCS Specimen No. 34 was built
using the control parameter set conditions. Specimen Nos. 5, 9, 18 and 34 were also made using control
parameters.
Table 2: Experiment No. 2 Parametric Variations

Specimen
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Power Variation
(%)
-30
-20
-25
-25
0
-45
-5
-35
0
-15
-45
-10
-10
-25
-15
-30
-40
0
-35
-5
-40
-20
-50
-50
-15
-40
-10
-5
-30
-50
-20
-35
-45
0

Laser Power
(W)
259
296
277.5
277.5
370
203.5
351.5
240.5
370
314.5
203.5
333
333
277.5
314.5
259
222
370
240.5
351.5
222
296
185
185
314.5
222
333
351.5
259
185
296
240.5
203.5
370

Scan Speed
(mm/s)
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300
1300

Hatch Spacing
(mm)
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19
0.19

GED
(J/mm2)
1.049
1.198
1.123
1.123
1.498
0.824
1.423
0.974
1.498
1.273
0.824
1.348
1.348
1.123
1.273
1.049
0.899
1.498
0.974
1.423
0.899
1.198
0.749
0.749
1.273
0.899
1.348
1.423
1.049
0.749
1.198
0.974
0.824
1.498
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Computed Tomography
Selected specimens were subjected to post-inspection, nondestructive computed tomography (CT). A
Wenzel Exact Model No. M200HE, SN: SG11010 CT machine was used to conduct full, volumetric
analysis of select specimens. Specific machine settings were 225V; 8.0A; and an integration time of 0.6s.

Results
Experiment No. 1: Variations in Laser Power using Stacked Columns
For brevity, only a minor overview of the results will be presented. Here again, the reader is referred to
the formal report for Part 1 experiments.
As a separate verification that Sigma’s proprietary TED™ metrics correlated with changes in laser power,
Figure 4 is a trend plot of TED™ as a function of laser power with visualization of process control
specimen. It indicated that changes in Sigma’s TED™ metrics correlated with variations in laser power.
An R2 value of 0.9948 for the trendline indicated that the TED™ data is represented very well by a linear
model.

Figure 4: Trend Plot of TED™ as a function of Laser Power. With Visualization of only the Process Control Specimen annotated
with Sigma’s proprietary TED™ IPQM® and Corresponding Changes to the Independent Process Input Variable,
e.g., Laser Power.
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Metallography
SEM Microscopy
The as-built specimens were submitted for post-inspection metallographic examination of porosity and
discontinuity levels. The cut plan included sections (perpendicular to the X-axis) from each specimen and
the specimens were examined in the as-polished condition in a scanning electron microscope (SEM).
Figure 5 contains SEM micrographs from Specimen No. 1, Section Nos. 4, 7, 10 and 11. It is
immediately obvious that sections made with lower laser power settings contain lack of fusion (LOF)
voids approximately 80 to 100μm because of an insufficient input energy density required to melt or
completely consolidate the powder particles. Further evidence corroborates low energy input conditions
by the presence of unmelted spherical particles present inside the LOF voids. The trapped particles are
approximately on the order of the average powder diameter.
a

b

c

d

e

f

Figure 5. SEM Micrographs of As-polished Cross Sections taken axially along the Z-direction or build height: (a) Specimen No.
1, Section No. 2; (b) Specimen No. 1, Section No. 5; (c) Specimen No. 1, Section No. 8; (d) Specimen No. 1, Section
No.2; (e) Specimen.

Energy-Dispersive X-ray Analysis
Energy-dispersive X-ray analysis (EDAX) was conducted on selected specimens. EDAX is an analytical
or microanalysis technique used for the elemental analysis or chemical characterization of a specimen or
constitutive particle. It relies on an interaction of some source of X-ray excitation and a specimen.
Analysis was performed on selected specimens and embedded particles and example results are shown in
Figure 6.
Figures 6a and 6b are SEM micrographs that contain particles that appear to be coherent with the
surrounding matrix material. EDAX analysis of these particles is shown in Figures 6d and 6e and appear
to indicate that the matrix material and the particle are of similar chemical composition typical of the base
Al alloy composition supplied by Valimet, Inc. Figure 6c is an SEM micrograph that contains an
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incoherent particle within the surrounding matrix material. Figure 6f contains the EDAX analysis of the
particle shown in Figure 6c. The analysis appears to indicate that the particle is an Al oxide most likely
an Al2O3 type oxide.
a

d

b

c

e

f

Figure 6. SEM micrographs (a), (b) and (c) and associated EDAX analyses (d), (e) and (F) of a selected specimen and
associated embedded particles, respectively.

Experiment No. 2: Variations in Laser Power using Radially Spaced Cylinders
Photographs of Builds
Figures 7 and 8 are photographs of the as-deposited Experiment 2 build plate. The build was started and
ran continuously without interruption until the full specimen height was achieved.
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Figure 7: Photograph of Experiment No. 2 Build Plate - Top Down or Plan View. Note the Process Control Specimen is in the
Front Right Corner of the Build Plate.

Figure 8: Photograph of Experiment No. 2 Build Plate - Isometric View. Note the Process Control Specimen is in the Front
Right Corner of the Build Plate.
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Data Analysis – Process Control Specimen
Univariate Trend Plots – Melt Pool Level
The trend plots in Figures 9 and 10 were generated using Sigma’s PrintRite3D INSPECT® software and
algorithms. The control data set used for the analysis was Column No. 34, Layers 50-150 for all 33 test
specimens.
Figure 9 shows the IPQM® process (Melt Pool) for Experiment 2 Process Control Specimen. Unlike
Experiment 1 there are not any parametric changes to laser power for the Process Control Specimen, and
the parametric changes for all other specimens were on a per part basis as compared to a layer/build
segment basis.
As previous described in the results for Experiment 1, Figure 9 comprises three (3) trend plots of
dependent in-process data that individually allowed the melt pool to be tracked according to its peak
temperature, heating rate, and cooling rate for a given layer. Recall that each data point represented a
single laser scan for a given layer.
In all three trend plots the dependent in-process data appeared to be normally distributed. Of interest is
that there is little to no variance in the peak temperature, heating rate and cooling rate as the build
increased in the Z direction because the independent process input variable of laser power was held
constant. Of further note were the apparent initial few data points present at the start of the build (red
box) in the peak temperature trend plot that fell below the lower control limit. These data points are as
expected because the build plate acted as a 3D heat sink until the build reached a sufficient Z height to not
substantially influence the melt pool energy balance.
A final note about the Melt Pool trend plots in Figure 9. The Y-axes were labeled “Corrected” because
the proprietary algorithms used by Sigma incorporated emissivity correction factors for the given
material.
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Figure 9: Dependent In-process Data at the Melt Pool Level Collected from the Pyrometer focused on Process Control
Specimen.

Univariate Trend Plots – Layer Level
As previously discussed in the results section for Stacked Columns, it was also possible to mine the inprocess pyrometer raw trace at a slower time scale for additional dependent in-process data and infer
information about the bulk materials response to the energy input such as defects associated with lack of
fusion (LOF) or spherical porosity associated with keyholing.
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In Figure 10, there were similar trend plots generated as those in Figure 18, but this time displayed using
thermal history information rolled up for the entire part from scan and layer level information. It is
important to note that the layer level trend plots exhibit similar trends to those generated at a scan level.
For example, there was a constant peak temperature, heating rate and cooling rate preceded by a few
initial data points at the start of the build (red box) until the melt pool temperature equilibrated.
Lastly, as previously stated these trend plots were not emissivity corrected, hence they were labeled
“Uncorrected”.
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Figure 10: Dependent In-process Data at the Bulk Material Level Collected from the Pyrometer focused on Process Control
Specimen.

Multivariate Trend Plot – Melt Pool Level
As previously demonstrated for the Stack Colum build, it is convenient to represent multiple univariate
trend plots in one (1) trend plot while maintaining data continuity without the loss of process sensitivity
or data integrity. Therefore, Sigma used a proprietary multivariate analytics software engine to represent
such trend plots. In Figure 11, a MVSPC trend plot combined the results for all univariate trend plots for
melt pool information from Figure 18, i.e., peak temperature, heating rate and cooling rate. Recall that
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this combined dependent in-process data was termed In-Process Quality Metric™ or IPQM®. The Y-axis
for the MVSPC trend plot in Figure 11 is also on a log scale because when a data point is flagged as an
outlier it may in fact be a significant outlier and far from the normal distribution, hence it is convenient to
display such data on a semi-log trend plot. For the MVSPC trend plot in Figure 20 there is only one
control limit (blue dashed line) and it was arbitrarily set at 95% confidence limit.
For the melt pool MVSPC trend plot in Figure 11 there was a constant IPQM® value, which correlated
with the uniform dependent in-process data by part observed in the univariate trend plots in Figure 18.
Also, as a confirmation of data continuity, data points at the start of the build also show an equilibration
trend. Lastly, there was a constant peak temperature, heating rate and cooling rate preceded by a few
initial data points at the start of the build (red box) until the melt pool temperature equilibrated.

Figure 11. Multivariate Trend Plot of Melt Pool Level IPQM® Pyrometer Data Collected from the Process Control Specimen.

Multivariate Trend Plot – Layer Level
Figure12 is also a MVSPC trend plot which combined the results for all univariate trend plots for layer
level information from Figure 10, i.e., peak temperature, heating rate and cooling rate. For the layer level
MVSPC trend plot in Figure 12 it was observed that there was a constant trend in the IPQM® values
similar to the trends observed in the univariate trend plots in Figure 10. The red points correspond to out
of control process variation that triggered a pre-determined 95% confidence limit.
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Figure 12: Multivariate Trend Plot of Layer Level IPQM® Pyrometer Data Collected from the Process Control Specimen.

Data Analysis – All Specimens
3D Point Cloud – Part Level
As previous discussed in the results section for stacked columns built in Experiment 1, Figure123 is a 3D
point cloud visualization of Sigma’s proprietary In-Process Quality Metric™ known as TED™ or
Thermal Emission Density™. Each vertical column has a different TED™ value assigned to it and
correlates with intentional changes to independent process input variables, e.g., changes in laser power
level. Distinct groups of 3 replicate columns for each parameter change in laser power can be observed.
The specimen placement was randomized to ensure random assignment of treatments. This way any
possible biases that could have arisen in the experiment were eliminated.
The PCS specimen in Figure 13 (blue arrow) exhibits a dark red color as expected because the maximum
laser power level was 370W which is the upper bound for the M290’s 400W laser power supply. So,
again as expected all other specimens (except Specimens Nos. 5, 9 and 18) have a lower TED value in
response to calculated lower GED values as compared to the PCS specimen (1.498 J/mm2).
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Figure 13: Experiment No. 2 Thermal IPQM® TED™ Point Cloud. Three replicates were run at each Laser Power Setting.

As a separate verification that Sigma’s proprietary TED™ metrics correlated with changes in laser power,
Figure 14 is a trend plot of the mean TED™ value per part as a function of laser power. It indicates that
measured changes in Sigma’s TED™ metric values correlated with laser power variations. An R2 value of
0.9942 for the trend model indicated that the TED™ data is represented very well by a linear model.
Recall that three (3) replicate columns were built at each laser power setting.
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Figure 14: Trend Plot of Average TED™ Value per Part as a function of Laser Power. Three (3) replicate columns were built at
each laser power setting.

Computed Tomography
Results from computed tomography are shown in Figure 15. Only results from Specimen Nos. 5 and 13
are reported. The initial results appear to be inconclusive perhaps because the LOF pores were too small
to be detect at the 80μm resolution threshold of the equipment used. Future inspection experiments are
planned which will be performed using a bigger machine with higher resolution capability.

a

b

c

Figure 15. CT Images of selected specimens a) Specimen No. 5 overall view; b) Specimen No. 5 cross sectional view; and,
c) Specimen No. 13 cross sectional view.
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Mechanical and Physical Property Testing
Sigma had the as-built specimens submitted for post process examination of mechanical and physical
properties. Each specimen was machined into tensile specimens and tested at room temperature in the asbuilt condition. Table 4 lists the results for tensile strength, the 0.2 percent offset yield strength, percent
elongation as well as the reduction in area. The first two are strength parameters and the last two are
measures of ductility.
Also present in Table 4 are the results of density measurements using the Archimedes’ immersion
method.
Table 3: Mechanical and Physical Property Results for Experiment No. 2..

Figure 16 is a plot of ultimate tensile strength (UTS) versus the average IPQM® TED™ value for each
part. Sigma’s proprietary thermal metric was measured and calculated for each part made during
Experiment No. 2. The main take away is it that there appears to be a strong correlation between UTS
and Sigma’s thermal IPQM® TED™ metric values. As UTS increases, there is corresponding increase in
Sigma’s IPQM® TED™ metric.
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Figure 16. Plot of Ultimate Tensile Strength versus Average IPQM® TED™ Metric for each Part made during Experiment No. 2.

Figure 17 is a plot of UTS versus laser power. Here again, there appears to be a strong correlation
between increasing UTS values and a corresponding increase in Sigma’s IPQM® TED™ metric. The
same trend was observed in Figure 14 where there was a strong linear correlation between laser power
and Sigma’s IPQM® TED™ metric.
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Figure 17: Plot of Ultimate Tensile Strength vs. Laser Power. Three replicates were run at each Laser Power Setting.

Figure 18 is a plot of part density measured for each specimen versus the average thermal IPQM® TED™
metric for that part. Of particular interest is that Sigma’s IPQM® TED™ metric values appear to strongly
correlate with changes in part density.

This document contains confidential and proprietary information of Sigma Labs Inc and is protected by patent, copyright, trade secret and
other State and Federal laws. Its receipt or possession does not convey any rights to reproduce, disclose its contents, or to manufacture, use or
sell anything it may describe. Reproduction, disclosure, or use without specific written authorization of Sigma Labs Inc is strictly forbidden.

Page 24 of 26

Figure 18: Plot of Density vs. IPQM® or Average TED® per Part. Three replicates were run at each Laser Power Setting.

Summary
Experiment 1: Metallographic studies using SEM on as-built specimens revealed that low energy inputs
resulted in the presence of LOF pores as expected. As input energy increased, the percentage of LOF
pores decreased and there was a corresponding increase in the in-process output metric TED™. Also,
EDAX analysis revealed incoherent particles within the matrix material and they appear to be Al oxide
particles most likely an Al2O3 type oxide.
Experiment 2: Mechanical property studies involving tensile testing revealed that there was a strong
correlation between process input energy, mechanical property data and in-process output metric TED™.
Lastly, physical property studies using part density measurements indicated that there was also a strong
correlation between post-inspection property measurements and in-process output metric TED™.
Using Sigma’s proprietary TED™ IPQM® for each scan an average value was calculated for the part.
Each value was then plotted as a function of ultimate tensile strength and density. It was apparent that the
strong correlations between in-process output metric TED™ data and post-inspection quality metric data
of density and ultimate tensile strength allows for use of an in-process quality metric like TED for process
monitoring and control.
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