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ABSTRACT

Certification of additive manufactured metal parts requires nondestructive evaluation (NDE) to ensure build quality. NDE
can be performed during the build process or post build. For large parts with complex geometries, post build NDE can be
challenging. In-situ NDE potentially provides a way to perform the inspection layer by layer. This work explores the use
of a high speed near infrared (NIR) camera that is focused in-line with a laser to obtain high spatial and temporal resolution
thermal imagery of the melt pool and associated cooling areas. The thermal data is obtained during a laser melting process
using a Ti-6Al1-4V plate and of particular interest is the detection of keyhole porosity. Keyhole porosity can result from
non-optimal build conditions, such as excessive laser power at a given laser scanning speed, that creates an entrapped
bubble. The NIR measured melt pool and cooling areas are processed to detect keyhole porosity. The results are compared
to X-ray computed tomography (CT) for validation. Keyhole pores buried deep were not detectable with this technique,
however, some larger subsurface elongated pores and some open surface pores did show some promise for detectability.

Keywords: additive manufacturing, keyhole porosity, in-situ near infrared imaging, laser co-axial near infrared
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1. INTRODUCTION

Additively manufactured (AM) metal parts, built using laser powder bed fusion, is growing in aerospace applications. The
advantages are that complex shapes and intricate internal geometries can be rapidly built. If these structures are to be used
in primary load applications, they must be certified. The certification process will involve build quality assessment using
nondestructive evaluation (NDE). NDE can be applied both during the build process (in-situ inspection) and post build
(ex-situ inspection). Both inspection methodologies are required, however, in-situ inspection offers some advantages such
as the potential to detect defects during the build layer by layer. If a significant defect is detected the build can be stopped
to avoid wasting material and time. If repairable defects are detected, then processing measures can be employed to correct
the defects and continue the build. In-situ NDE can therefore provide a capability that can reduce both build time and cost
while ensuring improved part quality.

Defects such as lack of fusion and keyhole porosity are understood to have a strong correlation with processing conditions
[1,2]. These defects can influence the mechanical performance of the AM built part [3]. In this work, we describe a
Configurable Additive Testbed (CAT) system used for laser powder bed fusion AM. The CAT system is a custom
developed AM system that is comprised of an enclosed environmental chamber which has been modified to conduct laser
powder bed fusion (LPBF) experiments [4,5]. The CAT is used to test various process parameters and materials and can
be custom configured with a variety of sensors for in-situ NDE. We study the use of two high-speed, high-resolution
cameras configured to image in the near infrared (NIR) band.

The NIR cameras are positioned in-line optically with the laser, and therefore the camera field of view follows the laser.
The NIR cameras allow for high resolution imaging of the melt pool and surround areas. The thermal data is obtained
during a laser melting process on a Ti-6Al-4V plate and of particular interest is the detection of keyhole porosity.
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Keyhole porosity is a stochastic event and can result from certain build conditions, such as excessive laser power at a
given. laser scanning speed and laser beam focus that creates a depression zone producing an entrapped bubble [6-9]. The
NIR measured melt pool and cooling areas are processed to detect keyhole porosity. The results are compared to X-ray
computed tomography (CT) results for validation.

2. ADDITIVE MANUFACTURING AND MEASUREMENT SYSTEM DESCRIPTION
2.1 Configurable Additive Testbed (CAT)

The CAT system is comprised of an enclosed environmental chamber that has been modified to conduct LPBF experiments
with a variety of sensors and multiple view port windows for various camera configurations. Shown in Figures 1(a) and
1(b) are a picture of the CAT system and drawing respectively. The CAT is configured with an environmental chamber
such that the builds are conducted with <10 ppm O, measured using a PureAire! trace oxygen analyzer. The crossflow
velocity is measured to be 90 mm/s. A SCANLAB GmbH IntelliScan III 20! galvanometer head is driven by a SCANLAB
RTC61! control board and an IPG Photonics! modulated continuous emission 1070 nm Gaussian laser with a maximum
power of 1 kW to conduct the welds. A Jenoptik F-Theta! lens with a 255 mm working distance is used for a near uniform
laser spot diameter of 40 um across a 25.4 x 25.4 mm build area. The in-line (coaxial to the laser heat source) camera
sensor setups are shown in Figure 2. The setup shows beam splitter #2 which splits the light for the two NIR cameras.
Camera #1 is configured with a 725 nm bandpass filter with full width half max (FWHM) band pass from 700 to 750 nm.
Camera #2 is configured with a 900 nm bandpass filter with FWHM band pass from 875 to 925 nm. Both camera fields
of view follow the laser path using the SCANLAB GmbH' camera adapter that consists of a focusing objective (configured
with 1070 nm notch filters) and a beam splitter #1. This coaxial method is used to obtain the highest resolution imagery
of the melt process. The beam splitter #1 also separates the 1070 nm laser beam from NIR wavelengths that are measured
by the cameras. The in-line cameras used are the Photron Fastcam Nova S6'. These cameras have a CMOS sensor, a 20
x 20 um pixel pitch, a 1024 x 1024 pixel array, a dynamic range of 12 bits, and a maximum frame rate of 6,400 Hz at full
pixel resolution. The fields of view of the cameras are configured to capture 512 x 512 pixels and therefore a 10,000 Hz
frame rate is used. The camera integration time was set to 10 us. The cameras are triggered simultaneously in concert
with the mirror position and therefore the exact position of the laser is known within the camera imagery. The spectral
sensitivity of the camera is shown in Figure 3a and Figure 3b shows the camera’s filtered responses. As shown in Figure
3b camera #1 (725 nm filter) has over double the sensitivity as compared to camera #2 (900 nm filter).
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Figure 1: CAT system setup (a) picture of system and (b) drawing of test setup.

2.2 Estimation of Effective NIR Camera Radiance versus Blackbody Temperature

The coaxial NIR cameras estimated effective radiance were calculated using equation 1 slightly modified from Palmer
[10]. It is important to note that other optical components within the optical path, such as the beam splitters #1 and #2,

!'Specific vendor and manufacturer names are used only to accurately describe the test hardware or software. The use of
vendor and manufacturer names does not constitute an official endorsement, either expressed or implied, by the National
Aeronautics and Space Administration nor does it imply that the specified equipment or software is the best available.
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Figure 2: In-line NIR camera setup.
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Figure 3: Overall camera spectral response and filtered responses.

mirror coatings, and focusing optics are not considered for these calculations. The sensor’s response is included in equation
(1) by linear interpolation of the sensor’s relative response (Figure 3a) over the filter’s wavelength band. The filters for
the NIR cameras are modeled as “top hat” functions with 100% transmission in the passband.

Effective Band Radiance = 1k Z * sensor(A) * filter(A) = dA (1)
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For equation (1), A is the wavelength variable, 1, and A, is the wavelength bounds from 700 to 750 nm for camera #1 and
875 to 925 nm for camera #2. T is temperature in degrees Celsius. The effective in-band radiance is divided by 2 to
account for the light split at beam splitter #2. The constants c; and ¢, values are 3.74177107 x 10?° watts nm*/cm and
1.4387752 x 10" nm/Kelvin respectively. The index of refraction value in air is n = 1.00028. From equation (1) the
blackbody temperature versus the effective radiance is calculated over a range of 800 to 2000 degrees Celsius as shown in
Figure 4. As can be seen in Figure 4 there is more radiance energy for a given temperature from camera #1 as compared
to camera number #2 for temperatures greater than 1650 degrees Celsius. Also, there is slightly more variation in the
radiance values for camera #2 for temperatures less than 1650 degrees Celsius. This is expected since longer wavelengths
allow for more sensitivity to relatively lower temperatures. For higher temperature measurements, camera #1 would be
expected to have more sensitivity since the wavelength filter is in a shorter spectral band as compared to camera #2. For
in-situ NDE applications during AM, it is beneficial to have more temperature sensitivity below the melt temperature for
a given metal. The solidus temperature for Ti-6Al-4V is 1605 degrees Celsius [11]. Temperature sensitivity below this
value is desired for in-situ thermal NDE and therefore it was expected that camera #2 would provide more signal at the
lower temperatures. This was not the case as is discussed in the following section.
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Figure 4: The blackbody temperature vs. in-band effective radiance response of the CAT NIR cameras.

3. MEASUREMENT RESULTS
3.1 CAT NIR Imaging of Ti-6Al1-4V Plate

The laser was scanned at various powers and velocities to produce melting at the surface on a Ti-6Al-4V and thus creating
the autogenous welds. Each weld line was approximately 1 cm in length. The processed plate top-down image with 270
total weld lines is shown in Figure 5. Also shown in Figure 5 are the main types of pore defects detected with X-ray CT
(20-micron resolution per voxel). The X-ray CT images are averaged vertical slices taken along a given weld line. The
pore defects consist of open pores, closed elongated pores, and small deep keyhole pores. The open pores at the end of
the autogenous welds are rapidly solidified melt pools from the laser shut off. The closed elongated pores are produced
by melt pool collapse and gas entrapment when the laser is shut off. The deep keyhole pores that occur along the
autogenous welds are the result of unstable keyholes that are collapsing with gas entrapment while the laser is on.
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Figure 5: Top-down photograph of Ti-6Al-4V test plate showing the autogenous welds along with X-ray CT images of different pore
defects.

The in-line NIR cameras were used to obtain imagery of the heating produced by the laser. Areas such as the metal melt
pool and the transient cool down were observed using the NIR cameras. Shown in Figure 6a and 6b are representative
images from the NIR cameras from both wave bands 700 — 750 nm and 875 — 925 nm respectively for a given weld with
laser velocity of 1575 mm/sec and laser power of 366 watts. To simplify comparison, the NIR imagery were oriented in
the same direction of laser travel. It is interesting to note the 700 — 750 nm band image had a significantly higher pixel
intensity count as compared to the 875 — 925 nm NIR camera. This is most likely due to in-line optical path optics such
as the mirrors, splitters, and focusing optics which suppressed the light in the longer waveband. Based on these findings,
the NIR imagery from the shorter wavelength band (700 — 750 nm) camera #1 were analyzed further.
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Figure 6: Example NIR camera imagery from camera #1(a) and camera #2(b) with corresponding line plots over the melt pool center.

3.2 NIR Camera Data Reconstruction

The NIR cameras are aligned co-axially with the laser and therefore the field of view followed the laser. The scanning
velocity is recorded for a given laser spot position and acquired camera image. The camera resolution has been measured
using a calibration target and was determined to be 7 microns/pixel. The camera imagery can then be reconstructed, for a
known velocity, to produce a series of images that captures the laser generated melt pool along the entire scan track by
overlaying each acquired image sequentially over a larger image which defines the scan track [12]. Each image represents
the temperature versus time history. This allows aligning the maximum temperature for each pixel and this is shown in
Figure 7. For each pixel the thermal decay can be measured and conventional thermal NDE algorithms can then be used
to detect changes in the way the surface cools down. The camera frame rate is 10 kHz and therefore each reconstructed
image represents a 0.0001 second time step. Defects can then be detected if the underlying substructure affects the surface
cool down. For the timescales in this study, it is expected that near surface underlying defects would affect the cool down
during melt pool solidification.
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Figure 7: Reconstructed NIR camera #1 melt pool imaging for a given weld line with laser power = 366 watts, laser speed = 1575
mm/sec and camera frame rate of 10,000 Hz.

3.3 IR Camera Data Processing for Defect Detection

Principal component analysis (PCA) was used to detect defects in the reconstructed NIR thermal data [13]. PCA was
used previously to analyze the thermal histories for keyhole porosity detection, however, the features detected did not
correlate well with properties of interest in their study [14]. To facilitate comparison in this study, a fixed eigenvector
approach was used wherein the covariance matrix for each data set (n) is averaged to produce a fixed eigenvector that is
used to process all the data (N total data sets) [15]. The covariance matrix is computed for each data set by defining a



data matrix 4,, where the time variations are along the columns and the spatial image pixel points are row-wise. The
matrix 4, is normalized by dividing by the maximum value and offset corrected by subtracting the mean along the time
dimension. The covariance matrix, is defined as the 4,”4,. The covariance matrix, is now a square matrix of number of
images used for processing and can then be averaged for all the total number of data sets (N). The averaged covariance
matrix can then be decomposed using singular value decomposition to calculate the fixed eigenvectors.

N covariance matrix, __ N AnAn
n=1 v = In- 2)
The PCA inspection image is calculated by dot product multiplication of the selected fixed eigenvector times the
temperature responses for each data set (data matrix 4,), pixel by pixel. The 1% eigenvector was used and appeared to
provide good results over the 2™ eigenvector which produced more noisy images due to the limited time steps processed.

4. DATA ANALYSIS RESULTS
4.1 Fixed Eigenvector Imagery

A total of 25 weld lines were processed using the fixed eigenvector approach. The number of images selected for
processing were 15 and this represents a time window of 0.0015 seconds. This time window includes the maximum
temperature and subsequent cool down. This is sufficient time to capture the transition of molten metal to a solid-state.
Any differences in how this transition occurs will allow for detection of defects since it is expected that solidification rates
will be dependent on underlying structure [12]. A summary of the 25 weld line inspections is shown in Table 1 with
highlighted lines representing false PCA indications or no PCA indication of shallow or open pore detected with X-ray
CT. The deep keyhole pores (approximately deeper than 200 microns) were not detectable with this technique and
therefore those weld line inspections were not highlighted. Representative PCA inspection results are shown in Figures 8
— 11 for weld #260 revealing a detected shallow elongated pore at end, weld #130 revealing a deep elongated pore not

Table 1: Summary of inspection results for 25 weld lines, highlighted welds represent PCA false indication
or no PCA indication of shallow or open pore detected with X-ray CT.

Weld Laser Power | Laser Speed 500- PCA Detected X-ray CT Porosity Inspection
Number | (watts) 700 (mm/sec) Anomaly

il

Small Indication at
End

Open Pore at End

244 598 No Indication Small Deep Keyhole Pores
269 406 Indication at End Open Pore at End
285 598 No Indication Deep Small Pore at End
325 598 Indication at End Open Pore at End
366 598 No Indication Small Deep Keyhole Pores
243 407 598 No Indication Small Deep Keyhole Pores
150 326 796 Small indication Buried Shallow Pore at End
L- 326 992 Indication at end Small Deep Keyhole Pores, Nothing at End
L- 367 795 No Indication Open Pore at End
m 367 992 Indication at End Buried Shallow Pore at End
407 794 No Indication Deep Pore at End
407 794 Indication at end Small Deep Keyhole Pores, No Pore at End
238 408 992 No Indication Small Deep Keyhole Pores
203 1772 No Indication No Pores
203 1773 Indication at end Open Pore at End
I_- 326 1381 No Indication Open Pore at End
I_- 365 1379 Small Indication at End  No Pores
366 1575 Indication at End Open Pore at End
219 366 1575 Indication at End Open Pore at End
199 366 1381 Indication at End Open Pore at End
_ 367 1578 Indication at Beginning No Pores
and End
406 1768 Indication at end Small Pore at End
m 407 1186 Indication at end Shallow Elongated Pore at End
L2 208 1187 Indication at End No Pores



detected, weld #169 revealing a detected open pore at the end, and weld #79 revealing small deeply buried keyhole pores
(buried around 500 microns and deeper) not detected respectively. In Figures 8 — 11, the PCA images were displayed with
a pixel intensity plot range of 0.8 — 1.15 and the PCA image threshold adjusted image was displayed using pixel intensity
plot range values of 1.5 times the standard deviation plus the mean to 2.5 times the standard deviation plus the mean. All
pixel intensity values below this range were colored green and all values above this range were colored red. The mean
and standard deviation values were obtained by averaging 20 horizontal lines within the center of each PCA image. Those
values are displayed in the middle line plots within Figures 8 — 11.
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Figure 8: Weld #260 laser power = 407 watts, laser speed = 1186, mm/sec, shallow pore at end detected.
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Figure 9: Weld #130 laser power = 285 watts, laser speed = 598, mm/sec, deep pore at end not detected.
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Figure 11: Weld #79 laser power = 244 watts, laser speed = 598, mm/sec, small keyhole pores not detected

5. CONCLUSIONS

As shown in Figure 11, small keyhole pores buried around 500 microns and deeper were not detectable using this in-situ
inspection technique. Qualitatively some open pores or large pores buried near the surface (less than 200 microns) were
detected, however, a thorough statistical analysis on more data sets will be required to establish feasibility and probability
of detection since there were false indications as highlighted in Table 1. This technique perhaps may be more suited for
lack of fusion porosity detection which can produce larger near surface pores. Also, efforts towards an automated data
registration and comparison of the in-situ thermal measurements to the X-ray CT would be highly valuable since it is
anticipated that processing of large data sets would be required for an AM build with many layers. Lastly, future
investigation of modeling efforts will be necessary to further validate and optimize the inspection. Nevertheless, this
inspection technique appears to have some potential for in-situ inspection during the AM building process.
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