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Abstract

Melt pool monitoring, microstructure, and mechanical property data are becoming
increasingly available and important in additive manufacturing (AM). These data along with data
analytics tools can be used to ensure the part’s quality and accelerate the qualification process. A
major impediment to correlating these types of data is that they are obtained in different local
coordinate systems. To establish the required process-microstructure-property relationships, these
data must also be aligned with other build data such as build commands. This paper proposes an
innovative data registration procedure to correlate and organize these different types of data.

1. Introduction

In recent Additive Manufacturing (AM) research efforts, the focus has been on 1)
understanding the material-process-structure-property relationships [1, 2], 2) aligning multi-
modal data into a common reference coordinate system [3, 4], 3) providing the metadata on the
needed context information about sensors for identifying relationships among the different
sensor data [5], and 4) using those relationships to improve process control and part quality [6].
Successfully executing these tasks relies on a variety of microstructure measurement methods
including scanning electron microscopy (SEM), Electron Backscattering Diffraction (EBSD)
SEM, Energy Dispersive Scattering (EDS), and X-ray Diffraction Spectroscopy (XDS). These
methods and their various data outputs can be used to study both microstructure and residual
stress of parts of AM parts.

A systematic organization of the microstructure measurement data is needed for
downstream applications, such as data analysis, process control, and part qualification. For
example, controlling AM processes for an equiaxed grain structure can improve component
quality [7]. Utilizing microstructure data in addition to mechanical test data has the potential to
accelerate both material and part qualification processes, while reducing the need for AM builds
and test specimens [8]. A critical aspect of microstructure and mechanical test data organization
involves registering the data. The benefits of registering data are associated with the FAIR
principles for scientific data management and stewardship [9]. F is for finding data based on
unique identifiers. A is for accessing that data with defined protocols that include the known
times, locations, and approvals. 1 is for interoperability by using shared terminology in machine-
interpretable format. R is for reusing existing data in future applications. For AM, the benefits of
using these principles are improved data alignment, data fusion, and defect tracing.

In this paper, the “data” was collected from AM processes, several different types of
microstructure characterization, and tensile tests. Collectively, this data provides critical inputs to
process-structure-property relationship analysis of parts fabricated using a Laser-based Powder
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Bed Fusion of Metals (PBF-LB/M) [10]. To perform this analysis, however, it is important to
align the melt pool monitoring data with a cross-section microstructural data of AM parts and
with mechanical test measurements. Specifically, the data alignment of melt pool data and
fracture surface with microstructure on the fracture was not available. The resulting alignment
can be used to better understand the relationships between microstructural morphology and
composition and mechanical properties. The resulted structure-property relationship can be used
to control the process and qualify the fabricated parts.

Section 2 reviews currently available research results that correlate process data,
microstructural data, and property data. The imbedded techniques for data alignment are also
reviewed. Potential gaps are then identified. Section 3 describes the common coordinate system
used for AM data alignment and registration. Section 4 proposes a data alignment method for
microstructural data. Section 5 proposes a data alignment method for tensile test data. Section 6
discusses the methods from the application point of view. Section 7 concludes the methods with
possible future work.

2. Status of Microstructure and Tensile Test Data

This section reviews available research activities that need to relate microstructure images with
process parameters and mechanical properties for exploring the relationships among process,
structure, and property in laser-based additive manufacturing for metals. Potential gaps are then
identified for developing a formal methodology to related data from different sensors.

2.1 Review of Research on Microstructure and Tensile Test Data Correlations

As noted above, there is a critical need to align and correlate microstructure data with in-
process data to analyze the causes and the consequences of part quality problems [11]. Sames et
al. [12] provided examples of this need to correlate microstructural features including defects,
pores, and cracks to the scanning strategies in the AM process. Francois et al. [13] modeled the
grain growth direction and melt pool heating and cooling to show that grain orientation and size
are related to the melt pool moving direction. King et al. [14] also proposed simulation models to
show the relationships among process, material, and property. The authors argued that estimating
experimental correlations using measurements of physical phenomena is difficult. More
correlations among melt pool, microstructure, residual stress, and mechanical property are
discussed as follows.

2.1.1 Melt Pool and Microstructure Data Alignment

Many research results about melt pool, solidification, and microstructural evolutions have
become available. Lee et al [15] described the significant effects of melt pool flow on the
temperature gradient and solidification rate, which impact the grain growth, size, and orientation.
The paper shows that the melt pool travel direction and heat gradient determine the formation of
columnar and cellular grains. Chadwick et al. [16] showed a Rosenthal-based simulation of
nucleation and grain growth in the temperature gradient driven by the moving laser beam. Zhang
et al. [17] used a different melt pool modeling technique to study melt-pool temperature
distribution and the cooling rate at the melt pool boundaries and their effects on microstructural
evolution. Grain growth, grain sizes, grain shapes, and grain orientations were simulated and

410



showed the relative positions and orientations of grain structures to melt pool and its moving
direction. A report from Argonne National Laboratory [18] describes relationships between the
Metal Additive Manufacturing (MAM) process and the microstructure of the material. Modeling
and simulation for prediction of initial microstructures to describe geometrical relationships of
melt pool and microstructural evolution are also reported in [19].

There are studies on the correlations among process, microstructure, and property for laser-
based additive manufacturing for metals, e.g., Gu et al. [20]. This study includes powder melting,
microstructural evolution, grain structures, and mechanical properties. Specifically, Gu et al. [21]
studied microstructures within the melt pool in the LPBF process. In the study, grain growth
direction, grain size, and grain shape are shown relative to the scan direction and build direction
in the powder bed. Cellular dendrite, columnar dendrite, equiaxed grain are predicted in the cross-
section and the longitudinal cross-section of the melt pool. Sahoo et al. [22] proposed a model to
simulate the thermal profile of a melt pool in the scan direction. There were two purposes. The
first was to correlate the phase profile of the metal at different solidification times. The second was
to predict grain growth including the growth rate and microstructure evolution in the solidification
process. Zinoviev et al. [23] used a Goldak double ellipsoid in a local coordinate system to define
the melt-pool shape including its dimensions and moving direction. The authors simulate and
measure the grain structures originated from the polycrystalline substrate. The substrate, melt pool,
and crystal orientation needed to be correlated, but some details on the correlations were
unavailable. Knapp et al. [24] simulated melt-pool geometry and graphically overlaid it on optical
images of columnar grains. This overlapping allows the researchers to compare grain-growth
direction to the solidification of flowing metal liquid in the melt pool. This comparison is made in
both cross-section in the moving direction and cross-section perpendicular to the moving direction.

Shi et al. [25] related the microstructural evolution to both the melt-pool shape and the
laser-beam shape. The purpose is to control grain growth, size, and orientation and thereby
optimize mechanical properties. The melt pool temperature, size, shape, and moving speed are
closely related to microstructures in traverse, longitudinal, and horizontal directions relative to the
melt-pool shape and laser-moving direction. Kelly et al. [26] studied the macrostructure and
microstructure in a laser-deposited part relative to process parameters including layer thickness
and laser-beam dimensions. The microstructures were observed using an optical microscope.
However, in the study, the image coordinate system and the microscope coordinate system were
not explicitly correlated.

Gu et al. [27] studied the effects of the energy density of the laser beam and scanning speed
on the microstructure and the porosity on melting stainless-steel powders. The build direction,
laser scanning path, and energy-density readings were defined on the build plate coordinate system.
The microstructure images, however, are on the coordinate system local to the scanning electron
microscope (SEM). The observed pores, unmelted powders, and contaminates on the SEM images
are qualitatively related to the energy density readings in the build-plate coordinate system.

2.1.2 Scanning Strateqy and Microstructure Data Alignment
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Stoudt et al. [28] used the build-plate coordinate system to align microstructural-data
coordinate system and process-data coordinate system. The authors oriented different images from
SEM, Electron Backscattering Diffraction (EBSD) microscopy, Energy Dispersive Spectroscopy
(EDS) to study the grain size, grain orientation, inclusions, and grain shape in different portions
of the test part. This is needed because of different temperature gradients and cooling rates. Zitelli
et al. [29] reviewed the microstructures and process-related defects in LPBF for fabricating
stainless steel. The authors studied samples that were built in different orientations in the build
plate coordinate system. Optical micrographs showed the microstructure of the samples in the
build direction. Different grain sizes, orientations, and shapes are observed using EBSD. These
microstructures are compared with respect to different laser scanning strategies. Different samples
are then put under a tensile test, which showed different mechanical properties. Pham et al. [30]
investigated the role of side branching during grain growth in the solidification process. The
direction and length in side-branching play an important role that determines the grain shape and
size. The authors tried to align side-branching directions with respect to the build direction and
melt-pool moving direction. The investigation showed that different, layer-by-layer, scanning
strategies can greatly influence the side branching and, thus, alter the microstructure in the
fabricated part.

Koepf et al. [31] introduced a method to correlate microstructural images with scanning
strategies. Grain growth directions on individual layers were correlated using a melting and
remelting simulation, which was created to study the effects of scanning strategy to
microstructures. Arisoy et al. [32] also related scan strategy, process parameters, to microstructure
with correlations of melt pool, grain structure, and process parameters. Chen et al. [33] compared
a phase-field modeling method with direct, real-time observations using synchrotron X-ray
radiography. In their study, the authors used a graph-based technique to correlate grain growth
direction, shape, and size with the melt-pool shape, cooling direction, and thermal gradients.
Watring et al. [34] reported the effects of build orientation coupled with laser-energy density on
the microstructure and mechanical properties of Inconel 718 parts created using an LPBF process.
The build directions of different coupons were correlated with the lack-of-fusion defects in the
coupons, the crystal structures, and the mechanical properties. Hanzl et al. [35] investigated the
influence of process parameters on the mechanical properties of AM built by the LPBF process.
The authors described part orientations relative to the build plate, melting directions, scanning
direction, and layer thickness to the mechanical properties including tensile strengths and
elongations. Benzing et al. [36] tracked defects and microstructural heterogeneities in tensile
coupons. The authors (1) correlated the coupon orientation relative to the build plate coordinate
system, (2) located the defects observed in images of the fracture surface, and (3) correlated
fracture, microstructure, to the scanning and melting during processing.

2.1.3 Melt Pool and Fracture Data Alignment

Qiu et al. [37] related the role of melt pool in influencing the porosity development in the
LPBF process. The authors identified pores in SEM images on a local Coordinate System (CS).
The melt-pool size, shape, and moving direction are in another local CS. The author correlates the
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two using a thermal, fluid-flow simulation with melt-pool images taken with a high-speed camera.
The images are in another local CS based on the camera CS. Vastola et al. [38] developed a model
to predict porosity in LPBF in the keyholing region. The authors tried to relate porosity in the
model with the melt-pool model that predicts keyholing effects. All the coordinates are in the
simulation CS. Zheng et al. [39] proposed a method for porosity formation based on the moving
melt pool during the scan in LPBF. In the paper, the authors showed the correlation between the
SEM image of microstructure and the simulated melt-pool geometry. The purpose was to study
the formation of different microstructures based on different energy densities according to laser
power and scan speed.

Kruth et al. [40] conducted experiments to better understand the influence of scanning
strategies on microstructure and impacts of the microstructure on mechanical properties of the
coupons in LPBF/LB-M. The resulting correlations of melt-pool shape and size, grain sizes and
orientations, and mechanical property tests were estimated. The need of using a common reference
CS was obvious and could have helped in aligning the datasets. Bartlett et al. [41] correlated the
residual stress from measurements with process variables including layer thickness, stiffness of
the part, and stiffness of the base. The scanning paths were correlated with the developed in-plane
residual stress of a scanned layer. Bauereiss et al. [42] observed defect development, formation,
and propagation during a PBF/LB-M process. The melt pool was observed in the build-plate CS;
but defect formation and propagation were observed in microscope CS. The pores and crack
development and the melt pool moving direction are in two separate CSs. They were graphically
overlaid. Lewandowski et al. [43] reviewed tensile and hardness tests on many coupons that were
built in different orientations. The paper emphasized the importance of microstructures, fractures,
and properties correlations on the geometric alignment.

2.2 Gaps in Process, Microstructure, and Property Data Correlations

From the literature review above, we find the process data, microstructure data, and
mechanical property data are primarily overlaid graphically using the build plate CS. Studies that
focus on nominal process parameters, average microstructure properties, and mechanical tests can
simply use the build plate CS as the center of aligning related data. Correlating melt pool or
individual laser track data, e.g., melt pool monitoring data, to microstructure and fracture surfaces
is more complicated. A formal method to align melt pool, scanned track, coupon, sample, specimen,
and fracture are not well correlated geometrically. Consequently, tracing defects found in the
samples to process parameters, such as laser power, scan speed, scan pattern, and layer thickness
is difficult. Specifically, there are following barriers in data correlations. The authors identified the
following three barriers to data correlations.

(1) Melt pool geometry and other local CSs are not well correlated to the build platform CS.

(2) The test-coupon CS is not correlated with the build platform CS even though standards
exist for this, e.g., ISO/ASTM 52921 [44].

(3) Few methods exist to locate the fracture surface relative to the coupon CS.
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A proposed data alignment procedure to remove these barriers is described in the following three
sections.

3. Build Plate Coordinate System and Melt Pool Data Alignment

A melt pool is generated after the laser beam melts the powders. As shown in Figure 1, the
central pixel of the laser spot in the image is used as the reference point in the alignment. The laser
spot center in the coaxial-camera CS can be estimated using the intensity gradient of the melt pool
shown in the image. The laser spot center on the scan path is in the scanning laser CS.

The relative orientation between the image (“from”) and the layer (“To”) can be computed
using an appropriate image calibration method. An image calibration artifact with black-and-white
grids may be used to measure the relative orientation difference between the orientation in the
coaxial-camera coordinate system and the orientation in the laser scanning coordinate system. To
align the artifact to the build platform, one edge of the black-and-white-grid artifact must be
aligned with one edge of the build platform. More detailed information can be found in [3].

The build platform CS can be used as the primary reference coordinate system in the layer-
by-layer scanning process. Figure 1 shows the coordinate system on the build platform [44]. A
staring camera is used to take an image of the build platform, as shown in Figure 2. The image is
the X-Y plane, and the Z direction is perpendicular to the X-Y plane. The Z-X plane can be
established by the mid-plane of the front plane and rear plane. How to detect edges is described
below on edge-fitting. For fitting the two edges, both lines must be parallel. The Y-Z plane can
be established by the mid-plane of both the left plane and right plane and must be perpendicular
to both X-Y and Z-X planes. The intersection of the three planes is the origin.

Z  Rear plane

i'V
Left plane origin (0,0,0)" X

Build platform
Front plane

Right plane

Front of machine

Figure 1 Build platform coordinate system
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If a rectangular part occupies a small region on the build platform, as shown in the upper right
corner of Figure 2, the field of view of the staring camera is only a subarea of the build platform.
Note that the image of the part is distorted due to the spherical lens and its thickness. To establish
a local CS (Xiocal, Yiocal) is thus needed. The same method as above can be applied. Note that X,
and Xiocal are parallel to each other, and Y and Yiocal are parallel to each other since the two CSs
are created by the same laser beam. The build platform CS is established from the build-plate shape.
The laser CS is established from the build platform CS. Finally, a local CS is established from the
laser beam CS.

YIocal b part

Laser beam coordinates X
local
YL (Ofo)local
Y Local coordinates
XL
(OIO)L
(0,0) X

Build platform coordinates

Build Platform

Figure 2 Staring camera and build platform coordinate systems

4. Microstructural Data Alignment

This section describes a method for establishing a specimen Coordinate System (CS)
relative to the Build Plate CS. The section also describes possible microstructural data sources.
Then, a method to establish related CSs is introduced.

Possible microstructural data sources include microscopes and spectroscopes. Optical
microscopy (OM) is commonly used in microstructural analysis. OM images can provide
information on the melt pool depth in both longitudinal and traverse directions, melt pool/track
cross-section, grain morphology, and distribution of porosity. Scanning electron microscopy (SEM)
is frequently used to predict some or all primary phases, grain size, aspect ratio, dendritic vs.
equiaxed microstructure, and elemental segregation within the thick and thin features of an AM
part. These microstructures are determined by the temperature gradient and cooling rate, which are
determined by melt pool characteristics. SEM images can be observed from different view angles,
such as transverse or longitudinal views of the part. Electron backscatter diffraction (EBSD) SEM
can provide detailed information on grain size, grain orientation, inclusions, and defects in grain
boundaries. Energy dispersive spectroscopy (EDS) provides elemental analysis of the material in
microstructural analysis. Powder X-Ray Diffraction (PXRD) is used to identify the phases and
phase fractions within the specimens, including the most common precipitates. PXRD allows us
to evaluate phase composition, crystallite size, strain, and defects. PXRD also allows time-resolved
studies [45]. Powder X-ray diffraction measurements and subsequent analysis can be used to
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identify the phases and phase fractions within the specimens, including the most common
precipitates. Ultra-small-angle X-ray scattering (USAXS) instrument uses ultra-small-angle X-ray
scattering to obtain information about a sample’s microstructure over a larger size range from
micrometers to below one nanometer. The pinhole small-angle X-ray scattering (SAXS) technique
is used to study the small length scales in the nanometer range. The wide-angle scattering (X-ray
diffraction) technique is used to obtain the phase information, including the most common
precipitates. This work focuses only on OM, SEM, and EBSD SEM.

This work focuses on optical and electron microscopy including electron backscatter
diffraction (EBSD). Grain structures can be observed by two means. First, a sample is cut from
the part fabricated for microstructural analysis. No mechanical testing is involved. Second, an
observation is made after a mechanical test (e.g., tensile or fatigue). The microstructure can be
observed using a microscope to take images of microstructural features in the fracture, such as
pores, cracks, unmelted powders, and soots. Using SEM, grain structure including size, orientation,
and phase can be analyzed from SEM images. A coupon is used for destructive evaluation. It is
fabricated in the Laser CS (Xv, YL, Z.). See Figure 3. A sample is cut from the coupon and has its
own CS based on the design. The local coupon CS is (Xc, Yc, Zc). It is used to reference the
specimen. After the cut, local sample CS is (Xs, Ys, Zs). Images can be taken using a microscope.
Since microstructures are very small comparing to the average melt pool size, the center of the
viewing area can represent the location of the microstructure. The orientation is in the direction of
Zs. The transformation between CS (Xs, Ys, Zs) and CS (Xc, Yc, Zc), as well as that between CS
(Xc, Yc, Zc) and CS (X, Y, Zv) has to be obtained first. Then, the location and orientation of the
microstructure can be transformed to the Laser CS for relating to melt pools and layers in the build.
Hence, issues found from analyzing the images including melting, melt pool formation, cooling,
and solidification can then be traced back to the in-process monitoring.
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Figure 3 Microstructural Sample Coordinate System

5. Test Coupon Fracture Coordinate System and Build Plate Coordinate System

This section describes a method for relating both the coupon CS to the build plate CS and
the fractured surface CS to the coupon CS. For imaging a fracture cross-section, a microscope is
used (see Figure 4). The microstructures include pores, ruptures, soots, unmelted powders, and
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Figure 4 Property test data coordinate systems

striations. Typically, coupons that are used as tensile-test specimens are fabricated at the same time
with the part in the same build. The properties of a coupon are like those of the part. During
mechanical testing, specimens are deformed with elongation, fracture, and distortion. To trace the
defects to the process, we need to relate fracture surface and point features on the surface to the
original shape. Figure 4 (A) shows a specimen directly fabricated from an AM process, where the
specimen is also a coupon, in the CS (Xc, Yc, Zc), as shown in Figure 4 (A). Because of the
deformation, location marks are placed on the coupon. Location marks in the Xc direction indicate
the original X in the coupon CS. Similarly, location marks in the Yc direction indicate the original
Y location in the coupon CS. Lastly, location marks in the Zc direction indicate the original Z
location in the coupon CS.

After the coupon is fractured, the fractured portions are elongated because the applied force
exceeds the yield strength. The marks preserve the original positions. The fracture surface can then
be related to the coupon CS in the Xc direction, as shown in Figure 4 (B). The features on the
fractured surface can also be related to the X and Y coordinates (Xc, Yc¢) in the coupon CS, as
shown in Figure 4 (C).

6. Discussion

In this paper, we present methods to align data generated from AM in-process monitoring,
ex-situ microstructure inspections, and mechanical tests based on a common coordinate system
defined in ISO/ASTM 52921 — the built-platform coordinate system. The laser marks, which are
used to reference the origin and orientation of the laser-beam coordinate systems on the build
platform, can create uncertainty due to the variations in the laser power intensity and the
galvanometer positioning. These variations can affect the laser-mark image quality.
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For microstructure data alignment, a microscopic image is first aligned with the sample CS,
which is in the build plate CS. We used only SEM images since they can be located and oriented
relative to the local CS of the specimen. Other images from XRD, EPS, and ultrasmall-, small-,
and wide-angle X-ray scattering are more complicated and in the very small scale, i.e., micrometer
to nanometer scale. They can be dealt with later when needs are present. SEM specimens for
microstructural data analysis are cut and polished. Because of the precision of the cut, the location
and orientation of the specimen relative to the sample CS can be easily measured and reported
from the instrument that is used to prepare the sample and specimen.

Further, we propose a method to align the mechanical-test coupon CS with the build plate
CS. Location marks in Figure 6 are usually made manually. Manual operations can introduce
uncertainty in the marks of the coupon. Tools including fixtures can be designed and manufactured
to better mark the original positions of the test coupon with higher precision.

Overall, the various methods introduced in this paper can align data collected from
different sensors, microscopic instruments, and tested coupons. With data alignment, features in
microstructural data, such as voids, unmelted particles, cracks, inclusions, grain orientation, and
grain size can be traced to process parameters including melt pool size for root cause analysis.
Challenges remain in meeting industry needs to use various cases in different materials, process
parameters, and design models [46].

7. Conclusions and Future work

This paper proposes a procedure for correlating microstructural data with both process data
and property data. Microstructural images, which are collected using an EBSD SEM instrument,
are necessary to predict mechanical properties in the part. A method to correlate microstructural
data with property data has been described. Microstructure images are in the specimen local CS,
which is in the sample CS. We also propose a method to relate mechanical property data in the
coupon CS to the build plate CS.

The paper also describes a method to correlate microstructural data with AM process data.
Process parameter data, including laser power, beam size, and scanning speed influence
microstructure including grain size, grain orientation, and phases are in the build plat CS. The
proposed method is to align process data in the built-platform CS to microstructural data in the
specimen CS. The test specimens are part of the sample and is placed in the local sample CS. The
Sample is in the laser CS. The Laser CS is related to the build plate CS using two mutually
perpendicular, thin-laser marks. To this end, process data, microstructural data, and mechanical
property data are all in a common build-platform CS. Grain locations and orientations are thus
aligned with process data and property data.

Further research activities are suggested as follows. First, any correlation of the laser CS
to the build plate CS should be further investigated using a smaller laser beam to make finer and
more precise marks to locate the laser CS on the build plate. Second, we propose setting fiduciary
marks in SEM images for the purpose of aligning microstructural data in the sample to
microstructural data in the sample CS. Lastly, it is a good idea to try to improve the method to
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determine the fracture surface’s location and orientation in the coupon so that features shown in
the fracture can be better located in the coupon CS.

Disclaimer

Certain commercial equipment, instruments, or materials identified in this paper are not
intended to imply recommendation or endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the materials or equipment identified are necessarily
the best available for the purpose. Any opinions, findings, conclusions, or recommendations
expressed in this material are those of the authors and do not necessarily reflect the views of NIST
or any other supporting U.S. government or corporate organizations. Further, this material is
declared a work of the U.S. Government and is not subject to copyright protection in the United
States of America.
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