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Abstract. Additive manufacturing (AM) is a technology that first emerged in 1987 with stereolithography (SL) of plastic
materials from 3D Systems. It saw light use for rapid prototyping and very low volume production for a number of years.
However, in the past few years AM of metallic materials has become a practical fabrication technology, use is rapidly
increasing and is projected to continue with double digit growth in coming years. The promise and flexibility shown by
AM has spurred efforts to begin standardization of this type of process. This paper provides an assessment of the state of
the art for in-situ process monitoring of AM processes with an emphasis on the production of metallic components. It is
seen that with the implementation of proper process control there is potential to create reliable and reproducible materials
and geometries previously unachievable using metal removal based means of production. A reliable methodology for
detection and control of microstructure and defects would be of great value in terms of enabling broader AM utilization.

INTRODUCTION
Additive manufacturing (AM) is a technology that first emerged in 1987 with stereolithography (SL) of plastic
materials from 3D Systems. It saw light use for rapid prototyping and very low volume production for a number of
years. However, in the past few years AM of metallic materials has become a practical fabrication technology, use is
rapidly increasing and is projected to continue with double digit growth in coming years. Equipment and raw material
sales continue to rise as more capital is invested in bringing both the basic technology and applications to commercial
fruition. The main obstacles at present include relatively high unit costs for parts fabricated using AM due to expensive
raw materials (powders) and the systems, part-part and machine-machine consistency and reject rates for finished
parts. Improving these cost related parameters and ensuring adequate finished part performance requires improved
process and quality control during the manufacturing process. Inspection after completion of a part, which tend to
have complex and difficult to inspect geometry, results intractable challenges for nondestructive evaluation (NDE)
and high reject rates [1].
A lack of an adequate understanding of the additive manufacturing process and in-process monitoring can result
in mechanical properties that not only vary depending on the machine employed for fabrication, but also on part
geometry and the dynamics of the build process. Variations have been found to exist across nearly all material
properties of concern for critical components including hardness, phase (in metals), strain to failure, roughness,
density, and material microstructure [2, 3, 4]. These parameters also vary with the build direction, layer build height
(thickness), processing parameters (including raster speed and power), powder characteristics, and it seems many
more process variables! This realization led to attempts to strictly control and quantify the process and its parameters,
starting from raw material to final product [5,6], however challenges remain.
The promise and flexibility shown by AM has spurred efforts to begin standardization of this type of process. This
standardization has proved difficult due to there being several technologies that can be utilized to build AM parts. For
example, powder bed technologies use fine alloy powders, applied in layers and build parts to a final, near net shape.
The binding can be achieved by a number of methods, including high power lasers and electron beams [7]. These heat
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sources generally operate in inert/vacuum environments by either partially (sintered) or completely melting the powder
into finished material form. If sintered, the process is then followed by curing at high temperature and pressure. While
a complete discussion of AM processes is outside the scope of this review, AM parts generally present the same
challenges and issues, regardless of the specific detailed process employed. For simple shapes it has been shown that
inspection processes for powder metallurgy fabricated parts are similar to those used for parts formed using other
processes and the NDT used is often sufficient to detect and characterize defects considered to be significant [8,9,10].
The definition of a defect and its size that is considered significant however is of course application specific.
In looking at many AM parts the obstacles to adequate inspection include the complex production procedures, the
resulting in-homogeneous mechanical properties, and typically geometric complexity of the components [11].
Classical NDE techniques examining finished parts work well for parts fabricated using more traditional lower cost
production methods, such as casting and forging, in which geometries and microstructure complexity are at least
analyzable, and in many cases there is significant experience and materials and inspection requirements are well
understood. In AM, part rejection is costly in terms of nearly all aspects of the process, including loss of raw materials,
energy used, and machine time. This fact has led many to seek in-situ on-line process monitoring to initially give
insight into what forms the bounds for the processing regime for a given material to give a good part, and eventually
to a enable full process control with a closed-loop system incorporating NDE.
In concept, in-situ monitoring can potentially yield information regarding structure and flaws/anomalies
throughout the build process, and as such an approach is potentially a tractable means of NDE implementation, but it
is not without its own difficulties. The fabrication environments for metal based AM involve elevated temperature,
inert or vacuum enclosure, and can be very noisy. These environmental considerations, and desire for non-contact
methods, have led many to seek process monitoring with optical methods that can isolate hardware and electronics
from these environments. Industrial movers in this area are exemplified by EOS Gmbh Electro Optical Systems’ recent
partnership with MTU Aero Engines (Germany) to develop an optical tomography monitoring system, Arcam's
LayerQamTM a proprietary, patented system, and Concept Laser Gmbh's Laser CUSINGTM system with meltpool
monitoring [12,13,14].
This paper provides an assessment of the state of the art for in-situ process monitoring of AM processes with an
emphasis on the production of metallic components. It is seen that with the implementation of proper process control
there is potential to create reliable and reproducible materials and geometries previously unachievable using metal
removal based means of production. A reliable methodology for detection and control of microstructure and defects
would be of great value in terms of enabling broader AM utilization [15].

TERMINOLOGY
Additive manufacturing is a broad term, where use has until recently led to some confusion in both the commercial
and academic literature. For the purposes of this document, terminology is used which follows ASTM F2792 – 12a
and key terms and definitions summarized here are taken directly from the standard with added acronyms used where
they were not given [16].
x additive manufacturing (AM), n— a process of joining materials to make objects from 3D model data, usually
layer upon layer, as opposed to subtractive manufacturing methodologies. Synonyms: additive fabrication,
additive processes, additive techniques, additive layer manufacturing, layer manufacturing, and freeform
fabrication
x powder bed fusion (PBF), n— an additive manufacturing process in which thermal energy selectively fuses
regions of a powder bed
x directed energy deposition (DED), n— an additive manufacturing process in which focused thermal energy is
used to fuse materials by melting as they are being deposited. “Focused thermal energy” means that an energy
source (e.g., laser, electron beam, or plasma arc) is focused to melt the materials being deposited
x additive systems, n—machines used for additive manufacturing
x laser sintering (LS), n— a powder bed fusion process used to produce objects from powdered materials using
one or more lasers to selectively fuse or melt the particles at the surface, layer by layer, in an enclosed chamber.
Most LS machines partially or fully melt the materials they process. The word “sintering” is a historical term and
a misnomer, as the process typically involves full or partial melting, as opposed to traditional powdered metal sintering
using a mold and heat and/or pressure, to give compaction.
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These terms will be used to describe the processes discussed in this document. Other terms will be defined when
used, and company associated terms and acronyms such as DMLS® and SLS® will be avoided unless discussing
items directly related to commercial innovation.

TECHNIQUES
There are many techniques that are available for AM of both polymeric and metallic components. The methods of
potential interest to the Center for metal AM are briefly discussed.
Powder bed fusion (PBF) is a technique which selectively fuses regions of powder using directed energy. The
source of this energy has some implications for the monitoring and detection modalities adopted, but generally
speaking achieve the same end result. These sources include focused, high-power lasers, electron beams (e-beams),
and plasma arcs. PBF is analogous to a lithography process in which final part dimensions are achieved by fabrication
in a layer by layer manner. Powder is often applied via an arm that sweeps over the build plate from a powder reservoir,
depositing a thin, ideally uniform layer. The powder layer is then selectively melted and fused to previous layers and
the process is repeated. PBF processes are operated at high temperatures (below melting) and inert or vacuum
environments are needed to minimize oxidation and are necessary for some heat sources.
Directed energy deposition (DED) systems apply a similar, lithography style process differing only in the method
of supplying the material to be deposited. These generally include powder jets that direct material into the path of the
energy source and the powder is melted and deposited. It is most easily visualized as a spraying process with a
concurrent melting step.
Wire-fed additive manufacturing is a method where the feedstock is wire, and this is melted and deposited in a
line/layer-wise fashion. It enables high deposition rates and minimal material waste. The process must be performed
in high vacuum for systems using electron beam energy sources. Other systems employ what is effectively a wire in
gauge welder with precision power and positional monitoring.
Regardless of the method employed, AM parts often produce surface roughness which is relatively greater than
that found with forged or even cast parts. In addition the localized high energy sources produce high thermal gradients
which, when combined with geometry and process structure, influence part cooling and hence the resulting stress and
microstructure. These varied cooling rates can cause high residual stresses and non-uniform material microstructure.
A summary of systems, both commercially available and those under development is given in Table 1.

STATE OF THE ART
Numerous organizations have invested, some heavily, in additive manufacturing as it is seen as a transformational
and disruptive technology. DARPA was involved in AM development from the beginning. It was associated with the
initial patent application and its engagement continues with ongoing research and development funding. Emphasis is
placed on increasing throughput, expanding the build envelope, process control, and providing design tools [17]. In
the USA a number of other Federal agencies have been involved in AM’s development, including the National Science
Foundation (NSF), National Institute of Standards and Technology (NIST), and the Office of Naval Research (ONR)
[18]. There are also parallel efforts in a number of other countries.

RAW MATERIAL CHARACTERIZATION
Raw material characterization for PBF systems consists of measuring chemical content and particle size
distribution. Various methods used for such characterization include optical methods, laser diffraction, X-Ray CT, XRay diffraction, scanning electron microscopy, and many more have been considered [6]. This aspect of the process
is quite well developed and many commercial systems now offer online laser diffraction systems to monitor powder
particle size distributions. An area that could use additional development is the detection and quantification of porosity
in the metal powders. It has been shown that large volumes (5%-60%) of some particles consist of entrapped gas
bubbles that would not be detected by an optical system [19].
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TABLE 1. Summary of commercial methods including source, environment, pros/cons.
Method

Heat Source

Environment

Advantages

Disadvantages

POWDER BED
ARCAM Electron
Beam Melting
EOS Direct Metal
Laser Sintering
Concept Laser
Laser Cusing
MTT Selective
Laser Melting
Phenix Systems
Selective Laser
Sintering
LASER POWDER
INJECTION
Optomec Laser
Engineered Net
Shaping
POM Direct Metal
Deposition
Accufusion Laser
Consolidation
FREE FORM
FABRICATION
(FFF)
Sciaky Electron
Beam FFF
MER Plasma
Transferred Arc
Selective FFF
Honeywell Ion
Fusion Formation
Rolls Royce Shaped
Metal Deposition

---

--Vacuum, 700-1000
C

---

---

RS, MP, BR

SR, PM

EWI Hot WireGTAW
Ultrasonic Additive
Manufacturing
(UAM)

Up to 3.5 kW EB
200 or 400 W WYb Laser

Inert

SR

BR, RS, AN, PHT

200 W Fiber Laser

Inert

SR

Marking and
Cutting

100 to 400 W WYb Fiber Laser

Inert w/ Vacuum
Purging

OS, DA

---

200 W W Yb-Fiber
Laser

Inert or Vacuum

DA

---

---

---

---

---

0.5, 1, or 2 kW
IPG-Fiber Laser

Inert

R

---

1kW -5kW fiber or
diode laser

Inert Shielding

---

---

Laser

Inert

SR

---

---

---

---

60 kW/60 kV EB
welder

Vacuum

BR, SR, BV

---

PTA Torch

Inert Shielding

BV, BR

---

Plasma Arc

Inert Shielding

BV, BR

PM

---

---

---

---

BV, BR

---

---

BR, BV, RS, MP

---

Gas tungsten arc
welding (GTAW)
Hot wire gas
tungsten arc
welding (HTGTAW)
Very High Power
UAM (VHP-UAM)

RS=residual stress, MP=material properties(compared to wrought), BR=build rate, SR=surface roughness, PM=post-machining,
PHT=post-heat treating, AN=anisotropy, OS=open system, DA=dimensional accuracy, R=repair of existing components,
BV=build volume
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OPTICAL TECHNIQUES
Metrology to assess net-shape is also an important consideration given potential part warping due to large residual
stresses. Classical methods for QA/QC have been performed on finished AM parts, including optical dimensional
tracking techniques [20].
The topic of process monitoring in AM has seen renewed interest for the reasons stated previously. Many of the
current methods and systems use optical or infrared cameras to image the building process. Optical tomography has a
primary use in the imaging and study of semi-transparent materials, such as biological materials. Optical tomography,
as it is mentioned in this context, is rather a tracking of features in the plane of an opaque material. Melting processes
generally produce enough visible light to monitor the shape of the melt pool due to sufficient energy being radiated in
the visible spectrum [21]. This allows for the indirect monitoring of temperature based on the visible light emission
from the surface. Calibrating then gives a measurement of true temperature that can then be mapped spatially and
temporally over the volume of the part as shown in Fig. 1.

FIGURE 1. Optical tomography is an imaging tool that provides high resolution radiation data from the melting process and
depicts areas with deviations in geometry and temperature [Reprinted with permission from C. Volker, AIP Conference
Proceedings, Vol. 1650, No. 177, pp. 171-176, (2015), Copyright 2015, American Institute of Physics].

In a powder metal – additive part the temperature history is obviously dependent upon diffusion of heat into the
item after melting and this can be used to measure indirectly disturbances of the diffusion process with depth in a very
similar fashion to that which is achieved with infrared imaging cameras.
The optical and thermal data can then be quantified, either in an integral value over time, or used in the physical
characterization of the melt pool [22]. Plotting of whatever metric in space can give a region whose cooling is
differentiated from the bulk is likely able to localize areas of concern [23, 24]. These regions of concern can then be
linked through mechanical testing to defects, such as porosity or regions with a lack of fusion and these can be
relatively easily visualized using custom software or commercially available computed tomography (CT) software
[25, 26]. This process is depicted in Fig. 2.

FIGURE 2. Data processing steps to create a 3D quality report from thermographic data [Reprinted with Permission
from H. Krauss, T. Zeunger, M. F. Zaeh, AIP Conference Proceedings, Vol. 1650, No. 177, pp. 177-183, (2015).
Copyright 2015, American Institute of Physics].

Mapping of this data has also been used to adjust the parameters of the build process to provide more uniform
temperatures at the end of the build. This method has been shown to be able to detect defects on the order of 100
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microns in size by comparison with X-Ray CT data [21]. Often, this is sufficient if the part is to be post processed
using hot isostatic pressing (HIP) to consolidate voids left by the AM process.

OTHER TECHNIQUES
Various alternate methods of NDE, such as scanning laser ultrasonic measurements or spatially resolved acoustic
spectroscopy have been performed ex-situ on representative defects [27, 28, 29]. These have been applied with some
success but have not yet been integrated into process control, at least not in what is available in the open literature.
None of the known methods utilize the heat source as a concurrent source for acoustic energy generation. This method
has also been incorporated in-situ by attaching ultrasonic laser sources and receivers on the same stage as the heat
source, but are not performed during the build [30]. An excellent review which considers mostly optical and thermal
methods and complications commonly encountered due to non-uniform or unpredictable emissivity is given by Krauss
et al [31].
An overview of the state of non-destructive evaluation (NDE) tools for the characterization of materials from
powder to part in metal powder processing is provided by Bond et al [32]. It shows that there are abundant needs for
quality assurance/quality control (QA/QC) to be employed to add value to many types of powder metallurgy parts.
Possible types of properties or characteristics that may be measured by the nondestructive or non-interacting methods
for process or product (inspection) evaluation are identified for stages in powder metallurgy processing include initial
shape forming steps that may be the root cause of defects which can be potentially be detected before additional
processing cost is expended. NDE for adding value to materials from metal powder processing.

SUMMARY
Additive manufactured components present a unique combination of challenges for nondestructive evaluation.
Classical approaches to inspection, such as those used for castings or forged parts, can and are used currently to
optimize system and material parameters on a particular combination of additive machine and alloy. Complex part
shapes and high performance alloy utilization drive the development of AM systems and methods. These types of
parts are typically difficult to inspect once produced. Development of in-situ characterization techniques largely
circumvents the geometric considerations and is worthy of further investigation. Standardization of characterization
techniques for AM parts would also allow for objective comparison of AM processes and performance.
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