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Lack of assurance of quality with additively manufactured (AM) parts is a key technological barrier that prevents
manufacturers from adopting AM technologies, especially for high-value applications where component failure
cannot be tolerated. Developments in process control have allowed significant enhancement of AM techniques
and marked improvements in surface roughness and material properties, along with a reduction in inter-build
variation and the occurrence of embeddedmaterial discontinuities. As a result, the exploitation of AM processes
continues to accelerate. Unlike established subtractive processes, where in-process monitoring is now common-
place, factory-ready AM processes have not yet incorporated monitoring technologies that allow discontinuities
to be detected in process. Researchers have investigated new forms of instrumentation and adaptive approaches
which, when integrated, will allow further enhancement to the assurance that can be offered when producing
AM components. The state-of-the-art with respect to inspection methodologies compatible with AM processes
is explored here. Their suitability for the inspection and identification of typical material discontinuities and fail-
ure modes is discussed with the intention of identifying new avenues for research and proposing approaches to
integration into future generations of AM systems.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Additive manufacturing (AM) has matured rapidly in recent years
due to development of AM processes and materials and a greatly in-
creased understanding of the underlying design philosophies. As a
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result of these developments, commercial exploitation of AM has been
seized by industrialists across many manufacturing sectors. This rapid
uptake of AM is evidenced annually in the Wohlers Report; an annual
compendium of commercial activity relating to AM. In the latest issue,
the 2014 AM services market was reported to have grown by 38.9%
from2013, to reach $2.015 billion [1]. The interest, therefore, in technol-
ogies falling under the blanket term of AM persists and underpinning
technologies which facilitate the accelerated improvement of these is
becoming an important research area in its own right.

While current AM machine tools are greatly improved from early
versions, many of the same problems identified by early researchers in
the 1980s (porosity, cracking, thermal management issues, material
supply issues) persist. This is largely attributable to a lack of in-
process monitoring and closed loop control algorithms used to manage
machine operation. This AM monitoring deficit is somewhat at odds
with the advances commonly reported in the more established area of
conventional machining, where the methodologies across platforms
are near standardised and machine makers share approaches to com-
mon problems (see [2] for a review on machine tool controllers).
Martin's review on machine tool condition monitoring and diagnostics,
while dated, highlights thematurity of machine tools which are capable
of assessing and adapting their performance based on feedback collect-
ed from sensors [2]. The capability of in-situ process monitoring and in-
situ metrology for AM technologies remains low and is the subject of
significant ongoing research activity.

The use of Failure Mode and Effect Analysis (FMEA) tools by large
manufacturers highlights the lengths that will be taken to ensure all as-
pects within the manufacturing space are controlled. Undertaking
FMEA for a process relies on practitioners collecting process data relat-
ing to previous sources of error and phenomena that can potentially
lead to failure. In order to achieve a greater understanding of the pro-
cess, process data capture and analysis must be undertaken. Early at-
tempts to apply this FMEA approach to AM [3], serve to show the
importance of gathering data in process fromwhich predictive part per-
formance can be inferred.

Process or condition monitoring within conventional machine tools
depends upon force, position and acoustic sensing. Data gathered here
in-process is now commonly processed in real-time to affect an ‘on-
the-fly’ response in machining strategy. In order to achieve a similar ca-
pability in AM systems, a new range of sensors (or repurposing of
existing sensor technology) andmeans of incorporating them into addi-
tive tools will be required. The temporal opportunity and the environ-
ment in which parts must be interrogated in-situ present significant
challenges to researchers in this field. However, several researchers
have tackled these challengeswith some success and have produced de-
monstrable technologies, capable of acquiring useful data for informing
process capability without the need for ex-situ analysis.

Several AM reviewpapers have been produced by leaders in thefield
which extol the merits and the state-of-the-art of systems, materials,
design and usage. Early reviews were undertaken by Kruth who pub-
lished an overview of machine tool progress in 1991 [4]. Widely
regarded for his work in materials, applications and machine develop-
ment for AM processes, Kruth et al. have published reviews in many of
these areas. Highlighting the need for this review, the fundamental
mechanisms of “defect” or material discontinuity formation within
powder bed processes have been identified previously by Kruth et al.
[5]. In addition, key reviews have been published in the area of applica-
tions and opportunities for AM techniques; these have centred around
biomedical [6,7] aerospace [8], tooling [9] and general manufacturing
[10]. Part quality and homogeneity (inter-build, inter-batch, inter-
machine) are often identified as shortfalls of AM in these reviews
hence there is a need to conduct research to address this.

Several papers published recently in this journal also highlight the
challenges for AM, regarding quality control. Sercombe et al. investigat-
ed failure mechanisms within laser powder bed fusion components,
concluding that an improvement in build quality is required to
minimise localised stresses and reduce component failure at these
sites [11]. Cooper et al. recognised that the increased design complexity
allowed by manufacture by AM, necessitates non-destructive evalua-
tion of internal component geometries [12]. Qiu et al. bring our atten-
tion to lack-of-fusion porosity, common at inter-layer boundaries [13].
In each of these cases, an in-situ monitoring method could be imple-
mented. This paper builds on a review previously carried out [14] and
draws together research in the area of in-situ analysis for AM processes,
highlighting the key technologies for process control inmetal based AM
systems.

2. AM terminology

AM is defined in the American Society for Testing and Materials
(ASTM) standard F2792 as “the process of joiningmaterials tomake ob-
jects from 3-D model data, usually layer upon layer, as opposed to sub-
tractive manufacturing technologies” [15]. Historically, a number of
terms have been used to refer to the various AM processes with each
manufacturer adopting its own term; in some cases a registered trade-
mark. In this review, the naming convention agreed in the aforemen-
tioned standard will be employed. For reference, terms are outlined in
Table 1, adapted from the ASTM classifications [16]. A comprehensive
introduction to AM technologies is available from Gibson et al. [17].

3. The industrial pull for in-situ measurement

A2012 report issued by theUKAM special interest group (SIG) titled
“Shaping our national competency in additive manufacturing” high-
lights a lack of robust AM processes as a key barrier to the adoption of
AM in the UK. A critical factor to this deficiency is the limited control
and monitoring of processes, in-situ [16]. In-situ data acquisition, in
order to enable closed-loop control and detection of material disconti-
nuities, was similarly highlighted as a key barrier to implementation
and as a priority area for research and development in the US National
Institute of Standards and Technology 2013 “Measurement science
roadmap for metal-based additive manufacturing” [18].

In the UK, a steering group has since been assembled comprising
representatives from prominent users of AM in the private and public
sectors [19]. This steering group is responsible for establishing a UK na-
tional strategy for AM. A positioning paper has been published initially
discussing the challenges for industrial exploitation of AM. Amongst
these, the need for in-processmonitoring and control is again highlight-
ed [20].

A summary of the in-situmonitoring and closed-loop feedbackmod-
ules currently available from prominent AMmachine manufacturers is
shown in Table 2. As can be seen, many manufacturers now offer addi-
tional modules which can be added onto the basic AM machine, al-
though in many cases, the data generated is stored but not analysed in
real-time for closed-loop feedback.

4. Standardisation of AM

The specification standards landscape regarding non-destructive
testing (NDT) for AM is currently convoluted, although urgent need
for AM standards has catalysed the co-operation between the Interna-
tional Organization for Standardization (ISO) and ASTM for the first
time with the formation of joint groups between ISO TC261 and ASTM
F42. This collaboration will enable the joint development of AM
standards in the areas of ‘Terminology’, ‘Standard test artefacts’, ‘Re-
quirements for purchased AM parts’, ‘Design guidelines’, ‘Standard
Specification for Extrusion Based Additive Manufacturing of Plastic Ma-
terials’, ‘Standard practice for metal PBF to meet rigid quality require-
ments’, ‘Specific design guidelines on PBF’, ‘Qualification’, ‘Quality
assurance and post processing of PBF metallic parts’ and more impor-
tantly in this case, ‘Non-destructive testing for AM parts’ [21].



Table 1
AM terminology.

ASTM classification Term used in this article Commercial name Machine manufacturer

Powder bed fusion (PBF) Laser-PBF Direct metal laser sintering (DMLS) EOS
LaserCUSING Concept Laser
Selective laser melting (SLM) Matsuura
Direct metal production (DMP) Phenix (3D systems)
Selective laser melting (SLM) Renishaw
Selective laser melting (SLM) Realizer
Laser metal fusion (LMF) Sisma Group
Selective laser melting (SLM) SLM Solutions

Electron beam-PBF Electron beam melting (EBM) ARCAM
Directed energy deposition (DED) Powder-DED Direct metal deposition (DMD) POM

Laser engineer net shaping (LENS) Optomec
Laser consolidation Accufusion
Laser deposition Irepa Laser
Laser deposition Trumpf
Laser deposition Huffman

Wire-DED Electron beam direct melting (EBDM) Sciaky
Shape metal deposition (SMD) Other
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The standardisation process is on-going although the following stan-
dards documents have been released in the UK by British Standards In-
stitute (BSI), in close co-operation with ISO and ASTM:

• BS ISO/ASTM 52921:2013 — Standard terminology for additive
manufacturing. Coordinate systems and test methodologies [22].

• BS ISO/ASTM 52915:2013 — Standard specification for additive
manufacturing file format (AMF) Version 1.1 [23].

• BS ISO 17296-4:2014 — Additive manufacturing. General principles.
Overview of data processing [24].

• BS ISO 17296-3:2014 — Additive manufacturing. General principles.
Main characteristics and corresponding test methods [25].

• BS ISO 17296-2:2015 — Additive manufacturing. General principles.
Overview of process categories and feedstock [26].

5. Review of in-situ methods

The following sections detail the work carried out to date on in-situ
inspection of metal AM processes, covering first PBF and then DED pro-
cesses. Finally, other NDT processes, that are yet to be trialled in-situ,
but that have been identified as being potentially suitable for in-situ in-
spection, are reviewed. For each section, a brief introduction is given to
the process and the measurement environment as well as the type of
material discontinuities that commonly occur during processing. An
overview of research in the area is then given and discussed.

5.1. Powder bed fusion

Powder bed fusion (PBF) includes processes which utilise a laser or
electron beam energy source. The two technologies are inherently sim-
ilar in their operation, repeatedly spreading a layer of loose powder on
the build platform which is then melted and fused with the previous
Table 2
In-situ measurement ‘modules’ available from AMmachine manufacturers and measurement

AM process Machine manufacturer ‘Module’ name Failure m

EB-PBF Arcam LayerQam™ Porosity
L-PBF B6 Sigma, Inc. (specialist) PrintRite3D® INSPECT™ Unknown

Concept Laser QM melt pool Melt pool
EOS N/A Unknown

DED DEMCON LCC 100 Melt pool
DM3D Technology DMD closed-loop

feedback system
Melt pool
build heig

Laser Depth LD-600 Depth me
Promotec PD 2000 Melt pool

PM 7000 Melt pool
Stratonics ThermaViz system Melt pool
layer [27], before the platform is lowered and the cycle repeated. The
different energy sources necessitate different operating atmospheres.
In the case of the laser systems, an inert atmosphere, usually nitrogen
or argon, is required. The electron beam process requires a near vacuum
[28], as the mean free path of electrons is very short; an added bonus is
that there is no oxygen to cause oxidisation. During melting, a partial
pressure of helium gas is introduced at approximately 10×10-2 mbar
and directed at the build area, in order to enhance heat transfer and
cooling of the component [29]. Reviews of both the laser-PBF [30] and
electron beam-PBF processes [31] have been carried out and provide
further detail of the process variants.

PBF processes have a great number of input parameters which affect
the quality of the final product. For the laser-PBF process, Van Elsen lists
over fifty [32] and experimental studies have been widely undertaken
to assess the effects of energy density, traverse speed and hatch spacing.
These input parameters are linked with optimisation of build quality in
order to reduce observablematerial discontinuities. Awide range ofma-
terial discontinuities are known to occur during AM processing, the
most common of which (termed pores) are voids that are situated in
the bulk of the fused material either in between layers (elongated
pores [33]) or within the layer (gas pores [34]). Attar et al. reported
that gas pores form in laser-PBF due to partially un-melted powders
with low laser power but with constant energy input. It was shown
that lower laser had a drastic impact on pore formation. Conversely,
over-melting can lead to increased turbulence within the meltpool
and excessive evaporation, resulting in the formation of gas pores with-
in the bulk material [35]. Tammas-Williams et al. built TI6Al4V struc-
tures by electron beam-PBF and used X-ray computed tomography
(XCT) to show that the formation of voids corresponds directly to the
hatching/scanning regime and processing parameters used [36]. Simi-
larly, Antonysamy et al. have investigated grain structure and texture
development of Ti6Al4V parts produced with electron beam-PBF and
specialists.

ode monitored Parameter altered Equipment

N/A Camera
N/A Thermocouple and high-speed camera

monitoring Laser Power High-speed CMOS-camera
N/A Camera

monitoring Laser Power Camera
monitoring and
ht

Laser Power Dual-colour pyrometer and three
high-speed CCD cameras

asurement Laser Power Inline coherent imaging
monitoring N/A CMOS-camera
monitoring N/A 1D photo detector
temperature Laser Power Two-wavelength imaging pyrometer
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concluded that the skin scan (as part of the scan strategy) produces dis-
tinctly different grain structures compared to the bulk of the material
[37], which can also lead to the formation of the types of material dis-
continuities discussed above.

Othermaterial discontinuities have been observed in laser-PBFman-
ufacture; Attar et al. reported on elongated porosities as well as un-
melted particles in the manufacture of commercially pure titanium
powder [34]. It was shown that the processing parameters, such as in-
sufficient laser power and hence unbalanced viscosity of the liquid
pool, were the main reasons for the formation of these discontinuities.
‘Balling up’ of the powder has been observed in a high laser power envi-
ronment, where the powdered material forms spheres that exceed the
layer thickness, due to a presence of oxygen (N0.1%) in the build cham-
ber leading to oxidation. Subsequent layers amplify this discontinuity
due to the resulting powder layers being non-uniform. This behaviour
has been seen in stainless steel, iron and nickel based powders, shown
in Table 3 [38,39]. Li et al. have shown that an increase of the oxygen
content in the laser-PBF apparatus to 10% resulted in oxidation of the
powder upon solidifying [38]. Gu et al. showed that similar balling of
stainless steel powders can be observed in a low power environment,
where the laser power is insufficient to melt the powder fully [39]. Par-
tial re-melting of the surface has successfully been used in combating
balling of the laser-PBF processed components. Residual stresses have
also been observed in laser-PBF components; the chosen hatching re-
gime plays a major role in the residual stress development of a part,
with resulting stresses concentrated perpendicular to the scan direction
[40]. Amethod to reduce residual stress in parts produced is to compen-
sate for the stark temperature gradient by heating the build platform
[41]. Furthermore, it has been shown that a change in scan strategy af-
fects the cracking behaviour arising from these stresses, by altering
the cooling rate behaviour [42]. The material discontinuities discussed
above are summarised in Table 3.
Table 3
Summary of PBF discontinuities.

Material discon. Photo Description

(Gas) pores

[33,36]

Entrapped gas pores within the bulk of
Material dependent.

(Elongated) pores

[33,36,43]

Lack of fusion pores in between layers

Balling

[38,39,44–47]

Molten material is not a flat layer, but i
large spherically shaped particles on th

Unfused powder

[46]

The melt pool varies in size and unfuse

Cracking

[40,48]

Cracks can be within the component o
a disconnection of the part from the ba
Manynon-destructive, in-situmonitoringmethods for laser-PBF and
electron beam-PBF have been explored. Thermographic and visual
monitoring methods are common, but some more novel testing tech-
niques have also been investigated. This research is summarised here,
covering first laser-PBF and then electron beam-PBF studies. A useful
overview of terminology used to describe sensors for process monitor-
ing is given by Purtonen et al. in their paper covering the monitoring
and adaptive control of laser processes [49] and as such, will not be de-
tailed here.

5.1.1. Laser-PBF
Much of the early work looking at in-situ inspection of laser PBF has

utilised an in-line camera based set-up, including that of Berumen et al.
[50]. Electromagnetic radiation emitted by themeltpool was transmitted
through the scanhead and a semi-transparentmirror used to transmit an
image to a high speed camera and a photodiode, as shown schematically
in Fig. 1(a). The camera measured the dimensions of the meltpool and
the photodiode measured the mean radiation emitted. In this instance,
solely the active laser-PBF build area was monitored, allowing a resolu-
tion of 10 μm per pixel and limiting the image data requirement to
636 MB/s at 16,666 frames/s (from 75.1 GB/s with image capture of the
full bed). Investigations showed that temperature gradients across the
build area could be identified by the photodiode sensor alone, although
for full control, a camera with high temporal and local resolution of the
meltpool is optimal; an example output is also shown in Fig. 1(b).
Closed-loop feedback could be added to stabilise the meltpool and
keep the temperatures within a pre-defined window (a priori knowl-
edge is required); this approach reduces the occurrence of over-melted
zones and resulting gas pores. This method has been patented and is ex-
clusively licenced by machine manufacturer Concept Laser [51].

Subsequently, Clijsters et al. went on to develop a system that in-
cludes a data processing algorithm to identify additional material
Typical sizes

the material. ~9.9 μm (electron beam-PBF) 5–20 μm (laser-PBF)

of the AM process. 50–500 μm

nstead creates
e surface.

Part dependent — theoretically up to the length of the part.

d powder is present. Satellite powder clumps: 100–150 μm.

r more commonly,
seplate is seen.

Parts on bed: residual stress in the range of materials yield
strength.
Parts removed from bed: deformation may occur
without heat treatment or further processing.



Fig. 1. (a) Schematic showing arrangement of photodiode and camera and (b) an example output from the camera system showing varying intensity values (right) achieved by Berumen
et al. [50].

Fig. 2. Showing experimental set-up of high-speed camera used by Furumoto et al. [53].
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discontinuities caused by process failure and monitors the whole pow-
der bed [35]. Themelt poolmonitoring system remained integrated into
the optical setup of a bespoke laser-PBF machine, allowing the position
of the laser relative to the powder bed to be logged in tandem with the
melt pool data, creating a map. Radiation was again transmitted back
through an f-θ lens, scan head and semi-reflective mirror to a beam-
splitter that splits the beam towards a planar photodiode and a high
speed CMOS camera, sensitive in the wavelength range of 400 nm to
900 nm. The upper bound of wavelength captured was set to 950 nm
to avoid sensing the laser (1064 nm) and the lower bound set to
780 nm, above the threshold for visible light. The system returned a
map of each layer with dark zones representing areas of reduced signal
magnitude, due to lower thermal resistance. Algorithms are still to be
developed that allow the information to be extracted from themaps au-
tomatically [52]. This camera based system, coupled with high speed
image processing at a sample rate of 10 kHz to 20 kHz, has since been
shown to be capable of interrogating the whole build, rather than just
the melt pool itself, and can distinguish between areas of fused powder
and pores. The melt pool analysis systems make use of field program-
mable gate array chips which enable real-time processing of melt pool
images. Monitoring of ‘balling’, overheating and porosity has been
trialled. The system output has been compared with XCT scans for com-
mon AM alloys, Ti6Al4V, AlSi10Mg and NiTi, and large pores (1 mm di-
ameter) have been identified using thresholding [35]. Further work is
required to allow for automated detection of process failures.

A simpler, off-line approach was trialled by Furumoto et al. who as-
sembled a Photron FASTCAM SA5 model 1300K C2 high-speed camera
onto a bespoke laser-PBFmachine [53]. The camera was assembled ver-
tically above the powder bed in order to monitor the consolidation of
the metal powder during irradiation. The effect of altering powder
layer thickness was successfully investigated by interpretation of cam-
era images captured at a frame rate of 10,000 fps (10 μs sampling
time), illuminated by a metal halide lamp. The experimental set-up
can be seen in Fig. 2.

Furomoto et al. have also investigated the consolidation mechanism
of metal powders during processing by implementing a two-colour py-
rometry system onto the machine, and using this in combination with
the above set-up [54,55]. The pyrometer was used successfully to relate
the consolidation phenomena with the surface temperature and to un-
derstand the solidification process of themolten powder. This workwas
not carried out with a view to controlling melt pool behaviour during
processing through monitoring the surface temperature and as such,
real-time interpretation of the data was not possible.

Pyrometry is well suited to in-situ process temperature measure-
ment, as direct body contact with the object being measured is not re-
quired. Temperature measurement accuracy is typically ±5 °C,
although for absolute temperature measurements, the emissivity
value for the object in question must be known. Due to the simplicity
of the device, pyrometry has been used to monitor laser-PBF melt pool
characteristics (recording and analysing melt pool temperatures) by a
number of research groups. Pavlov et al. have investigated the use of a
two wavelength pyrometer (registering surface thermal radiation) in-
line with the optical unit of a laser-PBF Phenix PM-100 [56]. The
image in Fig. 3(a) shows 1) the laser spot size (70 μm diameter) and
2) the pyrometer field of view (560 μm diameter). Trials were carried
out to assess the ability of the system to monitor hatch distance varia-
tion for various powder layer thicknesses and the variation of powder
layer thickness. The pyrometer signals were found to differ depending
on the melting strategy implemented, as this affected the powder con-
solidation, melting and solidification and hence the resulting structure
and porosity. An example output from the pyrometer is shown in
Fig. 3 (b) and an image of the corresponding build layer in (c). From
the recorded data, the achieved hatch distance was grouped as low
(b105 μm), high (N120 μm)or in a transition zonebetween. Layer thick-
ness was found to affect the readings due to the heat accumulation in
the previously melted layer.

Following on from the work detailed above by Pavlov et al.,
Doubenskia et al. integrated a visual control system onto the Phenix
PM-100, in order to monitor the deposition of the powder layer and to
verify the position of the laser beam [57]. Illumination of the powder
bed was provided by a light emitting diode (LED) ring light system,



Fig. 3. (a) Image showing pyrometer field of view, (b) an example pyrometry signal and (c) an image of the corresponding layer from Pavlov et al. [56].

436 S.K. Everton et al. / Materials and Design 95 (2016) 431–445
with awavelength of 440 nm. This illumination schemewas designed to
ensure that the intensity of the LED scattered radiation exceeded all
other emittance, except in the laser impact zone. The pyrometry system
was upgraded to include two InGaAs photodiodes which gave a greater
field of view (1120 μm diameter), although only relative temperature
readings could be recorded without accurate emissivity values. Islam
et al. have also explored pyrometry in combinationwith a visual inspec-
tion system, although in order to investigate the causes of balling, rather
than tomonitor the process in real time [58]. A pyrometerwith a greatly
increasedfield of view (15mmdiameter)wasutilisedwith a diode laser
illumination selected to illuminate the bed for photography. Within the
nitrogen-filled build chamber, a sheet of shielding float glass was re-
quired to protect the processing optics and inspection system; focussing
the camera and pyrometer through the glass window resulted in errors
which had to be accounted for through preliminary testing. Balling was
found to be reduced to a minimum at heat inputs in the range
1400 J mm−3 to 1700 J mm−3 and cooling rates were not found to
have any effect on balling phenomenon; the system will next be used
to assess the effect of altering scanning speeds on balling.

Whilst pyrometry-based systems have been proven capable of pro-
ducing useful images of the melt pool area, in order to aid understand-
ing of the material melting and solidification process, there are no
examples of pyrometry being utilised for closed-loop inspection. This
is perhaps due to the limited data capture rate of pyrometers. Use of
an infrared (IR) camera offers an alternative non-contact thermal mea-
surement, at a greater capture rate and with greater accuracy. An IR
camera has been usedbyKrauss et al. to investigate the limits for detect-
ing pores and other irregularities caused by insufficient heat dissipation
during laser-PBF processing [59]. This was done through observation
of the temperature distribution of an EOSINT M270 powder bed, pro-
cessing Inconel 718, using an IR camera at a long wave infrared
(LWIR) wavelength band and 50 Hz sampling rate. An uncooled
microbolometer detector Infratec Variocam hr head was mounted at
Fig. 4. (a) Schematic of equipment set-up and (b) thermogram of the heat aff
45° to the build platform, outside the germanium shielding glass in
the machine window, as shown in Fig. 4(a). This arrangement allowed
for a field of view of 160 mm × 120 mm, approximately 30% of the
total build area. The inspection equipment could not be set-up inside
the build chamber due to accessibility restrictions. The study aimed to
identify deviations during the build process caused by drifts in process
parameters or random process errors, along with detection of internal
cavities and artificial flaws. It was concluded that, so long as deviations
occurred at a timescale greater than 20 ms, it was possible to detect
them by comparing different measurement values to predefined refer-
ence values. Circularity and aspect ratio could be used to detect devia-
tions and drifts in the scanning unit. Additionally, material
discontinuities down to 100 μm could be detected. An example thermo-
gram of the heat-affected zone in a sample with an artificial flaw is
shown in Fig. 4(b). This externally mounted, fixed camera approach
does not allow for inspection across the whole build area, although it
is claimed that no additional illumination of the build area is needed.
Shielding glass was again implemented to protect the camera from op-
tical damage during laser processing and mounting the equipment ex-
ternally removes any concern over optic cleanliness. It is worth noting
that if integrating an IR system within an AM machine, protection
from the high levels of dust or smoke produced would need to be con-
sidered as contamination can make IR equipment less accurate.

High speed cameras have been implemented for melt pool monitor-
ing, but they can also for detection of errors andmaterial discontinuities
on a powder bed level, as Craeghs et al. have explored [60]. A camera
was utilised to monitor the powder bed for inconsistencies caused by
parts ‘curling up’, as a result of stresses within the build. These areas
of raised material can damage or wear the recoater blade, interrupting
the subsequent distribution of the powder layer. As seen in Fig. 5(a),
the camera was mounted at an angle to powder bed axis and a simple
calibration algorithm used to eliminate perspective distortion. Multiple
light sources were required to provide illumination perpendicular and
ected zone in a sample with an artificial flaw created by Kraus et al. [59].
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parallel to the recoater, and perpendicular to the build platform. Detec-
tion of this shortfall in powder distribution prior to processing is desir-
able, as appropriatemeasures can be taken to rectify the powder supply
before any material discontinuities are created. An example image
showing imperfections caused in the powder bed by a damaged
recoater blade is shown in Fig. 5 (b).

In 2009, Kleszczynski et al. proposed a coaxial assembly for imaging
of the melt pool [61]. The following year, however, the set-up had been
altered to an externally mounted arrangement for monitoring an
EOSINT M270, using a high speed camera. This approach was favoured
as amodification of the operating systemof the AMmachinewas not re-
quired. A SVCam-hr29050, SVS-VISTEK monochrome CCD camera sys-
tem was focussed through the observation window, as shown in
Fig. 6, and a Hartblei Macro 4/120 TS Superrotator was implemented
to reduce perspective distortion of the build plane. A field of view of
130 mm × 114 mm was achieved, covering the small build platform
used for this study. It is acknowledged that increasing the field of view
to monitor the entire 250 mm × 250 mm build platform leads to a re-
duction in spatial resolution.

Perspective distortion was corrected using four-point homography
estimation and warping with bicubic interpolation. Resolution of two
40 μm black lines, 40 μm apart on a white background was achieved at
500 mm. Diffuse lighting using matt reflectors on the back of the ma-
chine and recoater blade were found to be adequate in avoiding satura-
tion of the camera's CCD sensor. For each layer, two images were taken
— one after powder deposition and another after melting. These images
were found to show voids in the powder bed, powder degradation (by
comparison) and also areas where curling of unsupported structures
had occurred; these elevated areas can also be identified as shown in
Fig. 7(a), with detail shown in Fig. 7(b). All work was carried out man-
ually without any integration with the EOSINT M270 itself, although
coupling of the processmonitoring system and the process control soft-
ware was identified as desirable [62]. Subsequently, processing soft-
ware has been developed to identify elevated regions across the
powder bed. In order to speed up the identification process and reduce
the computational load, the input CAD model is used to create a region
of interest around the part, for analysis [63].

To summarise, early work in developing an in-situ monitoring sys-
tem for laser-PBF concentrated on monitoring of the melt pool using
in-line cameras, in combination with photodiodes and some closed-
loop control of melt pool temperature was achieved. Less complex,
off-line systems, which do not require machine integration, have been
used to study melt pool behaviour further and have allowed a devel-
oped understanding of the balling phenomenon. Pyrometric techniques
have proven popular, but the limitedfield of view anddata capture rates
have restricted the development of a closed-loop system. IR systems
have shown good potential for in-situ inspection of laser-PBF process-
ing, but have yet to be integrated into a machine. Melt pool monitoring,
Fig. 5. (a) Visual inspection system principle and (b) example ima
along with detection of material discontinuities such as (artificial)
pores, has been carried out. Imaging of the wider powder bed using
high speed cameras has enabled imperfections in the powder bed due
to recoater damage and areas of over-processing causing part curling
to be identified, although the analysis task is largely a manual activity
and again, closed-loop feedback is yet to be achieved.

5.1.2. Electron beam-PBF
Although the laser and electron beam-PBF processes follow approx-

imately the same process steps, the different equipment and processing
conditions provide a number of additional challenges for in-situ process
inspection. For example, the electron magnetic coils used to deflect the
electron beam during electron beam-PBF processing prohibit a co-axial
arrangement being implemented [28] and evaporation and condensa-
tion ofmetal from themelt pool can lead tometallisation of themachine
viewingwindow [64]. Processing is carried out in a vacuum, limiting the
integration of inspection equipment inside the machine. Pyrometry
basedmethods are rendered unsuitable due to the fast, transient nature
of the electron-beamenergy source. Instead, IR devices have been large-
ly favoured for monitoring of electron beam-PBF processes.

Schwerdtfeger et al. equipped an Arcam A2 electron beam-PBF sys-
tem with a FLIR Systems A320 IR camera with a processing resolution
of 320 × 240 pixels [28]. The camera was positioned alongside the elec-
tron beam gun at a 15° angle to the bed, shielded by a zinc–selenide
(ZnSe) window to protect the equipment from metallisation. A snap-
shot was taken after melting, before the following powder layer was
raked across and when correlated with the build height, this image
was compared to an optical image of a ground sample. The resolution
of the IR image was limited, but a correlation with voids physically
found was seen — indicating that areas of higher heat radiation corre-
spond to material flaws. Image quality was improved by subsequent
sharpening and altering of the contrast of the image. This visual imaging
set-up allowed an understanding of how flaws are transferred from
layer to layer as the build progresses to be developed, although an auto-
mated process would be required to progress from detection to repair
through implementation of a closed loop system. Price et al. at the
used a similar system to determine the repeatability of temperature
measurements, build height effect on temperature profiles, transmis-
sion losses due to metallisation of sacrificial glass, molten pool emissiv-
ity, molten pool dimensions and overhanging structure thermal effects
[65]. Future work will include the validation of process models to pre-
dict thermal characteristics during processing.

Rodriguez et al. incorporated an IR camera into anArcamA2 electron
beam-PBF machine, shown in Fig. 8(a), in order to analyse surface tem-
perature profiles for each build layer [66]. Additionally, this information
was then used tomodify the build settings for the following layer. A FLIR
Systems SC645 IR camera was selected to be integrated into the Arcam
A2 based on its high resolution (640 × 480 pixels) and measurement
ge of deposited powder bed generated by Craeghs et al. [60].



Fig. 6. (a) CCD camera set-up external to EOS M270 and (b) lighting schematic selected by Kleszczynski et al. [62].
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temperature range to 2000 °C. A good number ofmachinemodifications
were required to install the IR camera,which included replacing the sys-
tems previous camerawith ZnSe glass, installing a protective flap,which
acts as a shutter, protecting the ZnSewindow, and installing a pneumat-
ic actuator to activate the shutterflap. The control systemwas alsomod-
ified in collaboration with Arcam to trigger the shutter and image
capture. ThermaCAM Researcher was used to analyse the images man-
ually, measuring the emitted radiation from the surface (emission
from an object, reflected emission from ambient sources and emission
from the atmosphere) and converting this to a relative temperature
reading. Material discontinuities caused by “over-melting” during pro-
cessing could be identified from the generated IR image, shown in
Fig. 8(b).

Subsequently, Mireles et al. set out to develop an automated feed-
back control method to maintain uniform build temperatures [67].
Rather than simply recording, archiving and then processing the im-
ages, a virtual instrument was created to perform automatic control of
electron beam-PBF technology, achieve parameter modification (useful
for grain size control), to attempt temperature stabilisation and to de-
tect porosity. Parameter changes implemented to stabilise temperature
resulted in part porosity, but this could be successfully detected. An im-
proved virtual instrument has since been developed to allow for auto-
matic control of machine parameters, using layer information to
change parameters as required. Parts were detected and an average
temperature stored along with data regarding part porosity, which
was monitored. This stored information was useful for post-build part
analysis. Further work will aim to directly access the Arcam system to
avoid any delays in prompting a parameter change after the simulated
user- input [68].
Fig. 7. Image taken using described high resolution imaging system (left
To conclude this section, three instances of monitoring electron
beam-PBF systems using IR cameras have been found. At present, mate-
rial discontinuities caused by over-melting can be identified and the
general location fed back to the controller. However, further work is re-
quired before this information can be acted upon in a closed-loop man-
ner. A control system has, however, been developed to allow control of
the temperature across the powder bed and as a result, thematerial mi-
crostructure can be influenced.

5.2. Directed Energy Deposition

The DED processes are similar to the PBF processing in some ways;
much of the pre-processing work is common across all processes, such
as slicing of the model into layers before being built into a physical
part. A key difference is that for DED processes, the focused energy
beam is not melting a powder onto a bed, but rather delivering a pow-
der [69] or wire into a molten pool on the substrate surface [70,71].
Co-ordinated movement of the energy source and material injection
mechanism completes the layers in order to create a part. As such, no
post-process separation of the part from the powder bed is necessary.
Further information about the process, commonly occurring material
discontinuities and in-situ methods trialled so far, is given below.

5.2.1. Powder-DED
The powder-DED processwas patented in 1996 by Jeantette et al. for

the Sandia Corporation [72]. Atwood et al. (1998)have reported that the
LENS™ process can produce parts with a dimensional accuracy of
0.05 mm in lateral directions and even better dimensional accuracy in
the vertical direction, depending on layer height [73]. This powder-
) enlarged to show area of curling (right) by Kleszczynski et al. [62].



Fig. 8. (a) Showing Arcam A2 build chamber with new component location and IR-camera and (b) an image taken using IR camerawithmaterial discontinuities highlighted by Rodriguez
et al. [66].
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DED process has applications for complex 3D shapes as well as in-
service repair operationswith high strength and high ductility [74]. Ma-
terials research for LENS™ has shown that high quality parts can be pro-
duced with low-alloy steels, stainless steels [75], nickel-based alloys
[76] and titanium alloys [77]. Powder-DED processes, such as LENS™,
are investigated in particular due to its wide application range. Vision
systems are particularly suitable because of ease of access, automation
and reliability.

Predominantly, in-situ inspection methods have been implemented
to improve the geometrical accuracy of components built by powder-
DED. Two commonmaterial discontinuities that limit thematerial qual-
ity are porosity and cracks. There are two forms of porosity: trapped gas
and porosity caused by lack of fusion between layers — this is likely
caused by insufficient energy density in the meltpool. Gas porosity is
thought to occur due to high powder flow rate, causing shielding gas
to become entrapped within the melt pool. Cracking is likely caused
due to differences inmaterial thermal expansion coefficients or because
of powder contamination [78]. Process windows for material systems
have been developed and recent advances in the field allow multiple
materials to be delivered [79]. The use of multiple materials adds a fur-
ther complication to identifying discontinuities where material constit-
uents have vastly different mechanical and optical properties.

Wang et al. investigated the thermal behaviour of stainless steel 410
during powder-DED processing, both numerically and experimentally,
using pyrometry and a vision based system [80]. Data was captured by
a two-wavelength pyrometer, positioned outside a LENS 850 machine
and directed through the thin film in the viewport, as shown in Fig. 9.
The Si-based digital CCD camera captured a field of view 22
mm × 25 mm, recording an image every 2 s. Bandwidths of 700 nm to
800 nm and 800mm to 900 nmwere selected. The pyrometer recorded
in the temperature range of 1450 °C to 1860 °C. It was shown that a
Fig. 9. (a) Schematic of digital CCD camera focussed through viewport for thermal beha
near-infrared filter was needed to minimise the noise factors such as
metallic vapour, a heated air zone above the molten pool and airborne
metallic powder; laser radiation was also found to distort the images.
The numerical analysis showed good capability for predicting melt
pool size and temperature distribution. The thermal model was used
to evaluate in-process measurements. Rather than for the purpose of
implementing a closed-loop control system, this research was geared
towards developing an improved understanding of the process.

Hua et al. have since shown that pyrometry data can be used to cor-
relate melt pool size and layer thickness during powder-DED in such a
way that this data can be used for closed-loop control [81]. In order to
determine the effect of powder feed rates and laser power on melt
pool uniformity, it was shown by Yu et al., through pyrometrymeasure-
ments, that the solidification time of themeltpool can change drastically
[82]. A similar approach has been taken by Medrano Téllez, who used
pyrometry to control bead geometry (height and width) of wire-DED
in a closed-loop fashion [83]. Pyrometry has also been used by Nassar
et al. to aid in development of a closed-loop build strategy controller
for a LENS™ system. The system collects temperature data which is
used to select a location for the next deposition path, avoiding areas
above a pre-set temperature threshold. The system results in more uni-
form material characteristics and properties although does increase
build time by a third [84].

Griffiths et al. were amongst the first to investigate the use of IR im-
aging for in-situ measurement of powder-DED [85]. An IR camera was
used to assess the relative temperatures seenwhen processing stainless
steel 316 using the LENS™ process. A 320 × 244 pixel CCD array record-
ing elementwith spectral range from 3.6 mm to 5mmwas used to take
images of the meltpool, which were also compared with images taken
using a high speed camera, and temperatureswere obtained using stan-
dard pyrometry techniques. As emissivity data for powder-DED
viour analysis of SS410 and (b) photograph of set-up selected by Wang et al. [80].
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manufactured components was not known, all temperatures calculated
were relative. Output images show the melt pool and surrounding
zones heated by conduction. A thermal profile was plotted relative to
themaximum temperature seen at the weld pool. Hu and Kovacevic in-
stead utilised a near-infrared (NIR) camera in combination with a pow-
der delivery rate sensor for melt pool monitoring during powder DED
processing [86]. A co-axial IR imaging camera with 800 frames/s
framerate was used to take grey-scale images of the melt pool area
with a 128 × 128 pixel resolution. An appropriate filter was used to pro-
tect the camera from damage by the processing laser. A greater than
700 nm IR filter was also implemented to improve the image quality.
A linked PC performed the image processing and control steps outlined
in Fig. 10(a). Temperature distribution in the meltpool was assessed
from the IR image (Fig. 10(b)) using grey level isotherms (Fig. 10(c)).
A closed-loop control system was developed for heat input control,
yielding improvements in geometrical part accuracy using real-time
control, specifically for functionally graded components.

Karnati et al. have also investigatedmonitoring the temperature var-
iation and build height during powder-DED LENS™ production [87].
Two closed-loop feedback systems were integrated to maintain the
amount of energy per deposition and another to measure build height.
A FLIR A615 IR camera with a resolution of 640 × 480 pixels and a spec-
tral range of 8 μmto 14 μmwasused to thermally analyse the deposition
of stainless steel 304. Powermodulationswere found to decay exponen-
tially and stabilise around a range. Peaks were found to correlate with
instances where the laser beam was at the extremes of the geometry.
This stabilisation indicated that an optimum set of parameters can be
developed for any material system and that, through control of the
high temperature region, material properties can be tailored or
homogenised. Following on from this, Barua et al. employed a Canon
EOS 7D SLR camera for melt pool monitoring and discontinuity detec-
tion [78]. The camera system was mounted within the (unspecified)
powder-DED machine, perpendicular to the deposition direction. The
obtained images were analysed and the intensity of light radiating
from the melt pool was used to determine the temperatures, once the
optical system had been calibrated. Material discontinuities such as
holes (0.32 mm diameter) and cracks (0.04 mmwide) were artificially
created in testpieces that were then deposited on. It was found that
the discontinuities could be observed with the camera setup and their
locations could be identified, however, no sizing information could be
delivered. Real-time processing of the images was not possible, due to
a mismatch in the photograph capture frame rate (7 frames/s) and the
interrogation software processing time per image (1 s). Changes in
light intensity, rather than actual temperature change was monitored,
thus temperature calibration was not needed. Tang and Landers have
shown that stabilising melt pool temperature alone in order to produce
uniform trackmorphology to be insufficient [88]. Melt pools of different
Fig. 10. (a) Schematic of equipment set-up, (b) IR image of meltpool
sizes can have the same temperature profile, hence further information
regarding the thermal characteristics of the powder material and sub-
strate materials need to be considered for full control.

Instead of using a pyrometry or IR-based inspection processes,Wang
et al. have utilised acoustic emission testing to identify crack formation
in powder-DED [89]. An acoustic sensor was placed at each end of the
substrate being built on and the signals were recorded with an acoustic
emission detection device. The position of the crack and time of gener-
ation were attained through post-processing of the data, so currently,
this is not a real-time option. However, it was shown that increases in
layer thickness leads to an increase in crack formation due to higher
cooling rate and this method could have potential for closed-loop
control.

The above studies have shown that the use of both pyrometry and IR
cameras allows for in-situ monitoring of powder-DED processing. In
some cases, monitoring methods have been linked with process inputs
to allow for closed-loop control of the process; however, in order for si-
multaneous control of the melt pool temperature and track morpholo-
gy, further a priori knowledge regarding the material and component
is required.

5.2.2. Wire-DED
Although the wire-DED process differs from powder-DED processes

in terms of material delivery, many of the samematerial discontinuities
are found and as such, the same approaches to monitor the process in-
situ can be used. For example, Zalameda et al. opted to use a NIR camera
to ensure weld integrity during wire-DED processing [90]. The camera
was mounted at 60° to the weld pool, in-line with the weld bead and
was calibrated with a black body radiation source. The weld pool area
was imaged successfully, allowing an improved weld to be produced.
The transient section of the weld response curve was also used to ana-
lyse the weld, non-destructively. Although further measurements
were required, this study showed the potential for dual use of an IR im-
aging camera for both closed-loop control and inspection.

Conversely, Liu et al. used an optical emission spectrometer to detect
the emission signal of the plasmaplumegenerated over themolten pool
of Inconel 625 wire deposited using laser hot-wire welding [91]. A cor-
relation between the results of spectroscopic analysis and the clad qual-
ity was determined for properties such as surface appearance, clad
dilution, hardness and microstructure. In addition, a high speed CCD
camera in combination with a green light laser was used to monitor
the melt pool, at a rate of 250 frames/s. The set-up is shown in Fig. 11.
It was found that plasma electron temperature (of the plasma that
formed over themelt pool) could be used as an indicator of clad quality
and stability of the process, as an increase in the standard deviation of
the plasma electron temperature implied an instability, such as an arc
or splatter. Similar works have been carried out for powder-DED
and (c) grey level analysis conducted by Hu and Kovacevic [86].



Fig. 11. Schematic diagram of experimental set-up for laser hot-wire deposition used by
Liu et al. [91].
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processes [92–94], with Nassar et al. suggesting that optical emission
spectrometry is suitable for identifying lack of fusion defects [95].

An alternative approach to in-situ monitoring, utilising a 3D scanner
for laser triangulation, set-up on a modified laser welding system pro-
cessing Ti–6Al–4V, has been trialled by Heralić et al. [96]. The team
have been able to show that the data that can be obtained is useful for
the detection of in-process disturbances. In addition, a control algorithm
was developed to incorporate the a priori 3D layer data and an iterative
learning approach was employed to adjust layer heights, in order to
avoid geometrical inaccuracies. This systemwas focused on geometrical
data and the experimental set-up is shown in Fig. 12.

Again, it is predominantly optical or thermal systems that have been
selected for in-situ inspection of components manufactured by both
DED processes; more novel methods are yet to be trialled. It is clear
that there is a drive towards in-line inspection and the studies have
shown that closed-loop control for certain cases can be achieved. How-
ever, the research has been mainly focussing on in-process feedback in
order to optimise build parameters andhence increasing the accuracy of
the processes from a geometrical point of view. Material properties, mi-
crostructure and material discontinuities have rarely been investigated
using these methods and instead, destructive evaluation is commonly
employed.
5.3. Other potential NDT processes

Building on the more novel methods that have been trialled for in-
situ inspection of the DED process, the following processes have been
identified as having potential for in-situ inspection of PBF and DED pro-
cesses, but are yet to have been integrated on a processing machine.
Fig. 12. Experimental set-up of Laser scanning and CMOS devices on
Instead, neutron diffraction, laser ultrasonic testing and X-ray backscat-
ter technology have been trialled on AM testpieces, post-build.

Watkins et al. highlight the capability of neutron diffraction to non-
destructively determine residual strains and stresses for AM compo-
nents manufactured by wire-DED and laser-PBF in particular [97].
They compare XCT with neutron computed tomography, pointing out
the superior penetration depth of neutrons over X-rays. Both methods
use diffraction theory to describe scattering from single crystals, pow-
ders or polycrystalline solids, but X-ray scattering occurs within a few
micrometres or millimetres, whereas neutrons can penetrate to several
centimetres. Neutron radiographs are produced using a LiF/ZnS scintil-
lator, converting neutrons into light which can then be detected by a
CCD camera. At present, work is limited to be carried out at larger na-
tional and international synchrotron facilities, although portable neu-
tron sources do exist. General information regarding neutron imaging
in the wider sense can be found elsewhere [98–101].

Laser ultrasonics (LU) is another techniquewhich is beingdeveloped
for use on AM components. LU uses lasers to both generate and detect
ultrasonic waves and can be used to detect material discontinuities,
for materials characterisation and to determine material thickness. A
pulsed laser is used to generate an ultrasonic wave and a continuous-
wave laser interferometer detects the small surface displacement
when the wave arrives at the detection point (Fig. 13); surface acoustic
waves (Rayleighwaves), longitudinalwaves (pwaves) and shearwaves
(s waves) can be analysed. LU is non-contact and can be used on curved
or difficult to access areasmaking it suitable for application to AM [102].

Edwards et al. have investigated the transmission and enhancement
of laser generated surface waves with surface breaking angled cracks,
wedge-shaped samples and branched cracks [103]. A pulsed Nd:YAG
laser with 1064 nmwavelength and 10 ns pulse duration was focussed
into a line scanning laser line of 6 mm by 300 μm. A filter was applied,
limiting the generation to a Rayleigh wave with central frequency of
1.67MHz in the thermoelastic regime. An IOS two-wavemixer interfer-
ometerwas used as a detector. The experimentwas alsomodelled using
PZFlex FEM software. Experimental results showed that knowledge of
the internal geometry of the crack is required in order to obtain an accu-
rate depth profile and that branchingnear the surfacemakes ameasure-
mentmore complex. Klein and Sears also used a pulsed Nd:YAG laser at
1064nmwavelength, however, in this instance in the ablation regime. A
Lasson AIR-532-TWM laser ultrasonic receiver was used— operating at
532nm. The focussed areawas100 μmto300 μmand the laser pulse en-
ergy in the range of 10mJ to 30mJ. Simulated cracks in the un-polished
powder-DED sample were detected using a computationally efficient
processing approach which can now be expanded upon to develop an
in-line, real-time system [102]. Klein also has a related patent entitled
“Laser-ultrasonic detection of subsurface defects in processed metals”.
The claims cover detection for voids, pores, bondlines, disbands and
cracks in laser cladded and friction stir processedmetals. Specific wave-
length generators anddetectors are covered, alongwith various analysis
methods such as wavelet analysis [104].
a modified laser welding system selected by Heralić et al. [96].
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Clark et al. have performed a similar LU experiment on a range of
samples produced by laser-PBF, using a Q-switched mode-locked
Nd:YAG laser with wavelength 1064 nm. A 12.2 ns pulse duration re-
sulted in a high frequency Rayleigh wave of 82 MHz which is very sen-
sitive to optical scattering. Consequently, the titanium and nickel based
alloy samples were polished to optimise their acoustic and optical re-
flection properties. The density of the samples was evaluated and the
technique was shown to have promise [105]. Clark et al. had previously
had a European patent granted covering the integration of non-
destructively analysing the properties of a layer with a laser-generated
non-contact ultrasonic wave pattern, detecting the wave and analysing
it with layer-based depositionmanufacture [106]. Eddy current analysis
and closed-loop control of the speed,movement or focus of a laser beam
are also included. As a continuation of this work, a non-destructive laser
ultrasound method named spatially resolved acoustic spectroscopy
(SRAS) has been shown, by Li et al., to give information of crystallo-
graphic orientation of metals (here: Al and Inconel 617) [107]. Specifi-
cally, the SRAS detection method has been used for rapid imaging of
material microstructure and grain orientation on polished Ti64 surfaces
with a knife edge detector (a two photodiode differential signal analysis
sensor) [108]. Due to the surface acoustic waves propagating through
the bulk of the material, it is possible to detect subsurface discontinu-
ities by reflections against grain boundaries and discontinuities in the
bulk of the material. By increasing acquisition speed and the pulsed
laser frequency, the processing time has been reduced by a factor of
80. Since AM samples are rougher than the surface required for mea-
surement using the knife edge detector, the next generation of the
SRAS tool incorporates rough surface measurement capabilities with
the speckle knife edge detector [109].

Ultrasonic testing can be effective for detecting flaws, thickness,
grain size, density/porosity and mechanical properties of materials,
but its use is limited to in-situ inspection of ultrasonic consolidation
(UC) as contact ultrasound cannot function above 500 K [110]. The in-
spection system was integrated into the x-axis motor of a Fabrisonics
machine. A precision linear motor was used for motion in the y-axis
and a stepper motor used for focusing in the z-axis. Isopropyl alcohol
was used as a contact medium for the transducer as it is cheap and
does not have any detrimental effect on the metal being processed.
The contact medium evaporated after measurements were taken. Al-
though the method was found to give adequate results, the measure-
ment system is highly sensitive to surface finish and grain noise. An
alternate method of utilising ultrasonic inspection has been developed
by Reider et al. who have integrated an ultrasonic probe into the base-
plate of a laser-PBFmachine [111]. The system is able to record ultrason-
ic signals with a temporal resolution of 4 ns, taking 1000 scans per
second. Recording data over an 8-h build cycle does result inmany giga-
bytes of data which is currently stored and processed off-line.

X-ray backscatter technology (XBT) is suited to use for inspecting
AM parts as it is not susceptible to surface roughness. Large structures
can be easily tested due to the X-ray source and detector being
Fig. 13. (a) Schematic of laser-based ultrasound and (b) inspection geometry
positioned on the same side of an object; real time imaging allows re-
cursive scanning. Georgeson et al. presented an overview of possible ap-
plications of XBT to the aerospace sector generally, particularly in
corrosion detection, foreign object damage detection, fluid intrusion
and in finding cracks and voids [112]. Highlighted challenges to
adopting XBT include developing standards and procedures, the large
equipment required for high scanning speeds and the limited availabil-
ity of tailored X-ray sources. More specifically to AM, the capability of
XBT to detect cracks below a deposit has been investigated by Naito
et al. [113]. Previously, inspection times for detecting a microcrack
have been unacceptably long; however, using uncollimated X-ray
irradiation, a larger surface area can be inspected at any one time. The
X-ray irradiation equipment comprised a pinhole X-ray image intensifi-
er (X-ray II Toshiba E5889BE-P1K) connected to a Bitran BS-42, 40
megapixel CCD camera and a small, highly intensive X-ray generator
(tube voltage 80 kV and tube current of 4 mA), which was positioned
300 mm from the pinhole at an angle of 10° to 30°. Two types of
0.1 mm pinholes were trialled — one with a single conical hole and a
second with two back-to-back conical holes (hourglass). The intensity
distribution of (back)scattered X-rays from the component was
measured. Cracks showed up as dark areas as they hardly scatter the
X-rays. Artificial slits with greater than 0.05 mm width were detected
by the back-to-back pinholes, although an increased intensity could re-
duce this to 0.025 mm. Testpieces covered with a stainless steel plate
were manufactured. The crack-detectable deposit thickness was
0.7 mm when the crack was 0.025 mm width and 0.5 mm depth – the
deposit is a metal oxide deposit of 1.2 g cm−3. An artificial stress corro-
sion crack below an artificial deposit of iron oxide in a curved testpiece
was also detected.

Although these more novel NDT methods have potential for in-situ
inspection of AM processes, the increased complexity of integration
within the processing environment suggests that camera or thermal
based methods will likely be favoured. However, the simpler methods
are limited to inspection of the top processing surface only. The more
novel methods detailed in this section, although trickier to integrate, fa-
cilitate greater inspection penetration into the material and have the
potential to identify material discontinuities, and assess material char-
acteristics such as microstructure.

6. The underpinning metrology challenge: future direction

Vision-based and thermal metrology solutions go some way to ad-
dressing the quality control issues with AM, but what is needed specif-
ically, is the ability to characterise 3D structures over relatively large
areas (up to several centimetres squared) to very high spatial resolu-
tion. Furthermore, such metrology solutions need to be fast and com-
patible with the production environment.

The AM metrology task is increasingly limited by the fundamentals
of optical interrogation of the surface, such as: the compromise between
spatial resolution and field of view; the loss of effective spatial
using Rayleigh (surface) waves implemented by Klein and Sears [102].
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resolution due to motion blur; or the dynamic range of optical
properties across the inspected region. Such limits imply that faster
“brute-force” measurement of the whole surface presents significant
data management and analysis challenges.

In order to overcome the in-processmetrology challenge, it is essen-
tial to exploit a priori knowledge about the production task, and the na-
ture and functional significance of relevant material discontinuities to
dramatically simplify the measurement task. Development of existing
measurement techniques to simplify integration, hybridisation and in-
crease environmental tolerance will also help. Appropriate preparation
should produce opportunities to simplify themeasurement task and in-
crease throughput. In addition to identification of material discontinu-
ities, it is prudent to consider how product function and price vary
with the severity of the discontinuity, so that the economics of detection
can be quantitatively optimised. If discontinuities across the surface of
interest are correlated somehow and have a cumulative effect, repre-
sentative areas may yield enough information for real-time decision-
making. Alternatively, if a single local discontinuity can have a large
functional effect, 100% inspection might be obligatory, but only in pre-
defined areas such as the track followed by the energy beam.

Smarter measurement planningmethods then follow. One potential
solution to the AMmetrology challenge is the use of hybrid instrumen-
tation, i.e. to detect areas of interestwith a relatively low resolution sen-
sor (for example, camera-based sensors), then to “home-in” on the
areas of interest using a localised, high resolution sensor (see for exam-
ple, [114,115]). Data fusion techniques can then be used to combine the
data from the different sensors [116,117]. In some scenarios the low res-
olution sensor could use approaches that detect light scattered from
points of interest, such as scratches, therefore, allowing high resolution
detection without the need for imaging. The low-resolution sensor
might also have a functional basis. Development of techniques to ad-
dress the metrology challenge requires advances in a number of math-
ematical areas. Where two or more sensors are used with different
lateral resolutions, data fusion techniques are required to combine the
data and to match the co-ordinate systems of the sensors [117]. To re-
duce scanning times and make full use of all the available information,
intelligent sampling techniques will need to be utilised [118]. One
relatively promising newcomer to this field is compressed sensing
[119], although it has not been demonstrated on AM-type applications
yet (to the knowledge of the authors). Lastly, methods need to be devel-
oped for handling the potentially very large datasets that will be pro-
duced when measuring to high resolution over relatively large areas,
such as the method demonstrated by Kriczky et al. [120].

While the AM metrology challenge cannot be solved by sensor de-
velopment alone, such development is important. Significant advances
have been made in the field of surface topography measurement over
the last three decades, from the development of optical instrumenta-
tion, which is now a fully-fledged rival to contacting techniques, to the
development of specification standards for areal topography. However,
there are two distinct classes of instrument: (a) those thatmeasure over
large areas (metres squared)with tens to hundreds ofmicrometres spa-
tial resolution (for example, fringe projection, photogrammetry and
Moiré interferometry) [121], and (b) those that measure over small
areas (up to a few millimetres squared) with spatial resolutions of the
order of amicrometre (for example, coherence scanning interferometry
(CSI), confocal microscopy and focus variation microscopy (FVM))
[122]. Essentially, the former class is camera-limited, and the latter is
objective-limited. There have been several attempts to try and combine
the two classes (see for example [123]), but more progress is required
before such hybrids can be used in AM manufacturing.

7. Conclusions

From the literature reviewed in this paper, a number of concluding
remarks can be made. Firstly, it is clear that there is an industry pull
for in-situ inspection and closed-loop control techniques for AM and
as a result, many global institutions are actively conducting research
in this area. Many of the systems that have been developed to date
allow for monitoring of AM processes simply in order to better under-
stand the processes, rather than for in-process identification of material
discontinuities. Visual, camera-based methods have been used to iden-
tify processing errors for PBF, such as powder bed condition and geo-
metrical accuracy. For DED, closed-loop feedback has been achieved
when monitoring build height using vision-based systems. Pyrometry
and use of IR cameras has allowed for closed-loop control of PBF in
order to maintain a constant temperature gradient across the build
area although existing patents and licensing agreements, along with
the harsh processing environment, limit the integration of monitoring
equipmentwithin the AMmachines and as a result, externallymounted
solutions have been favoured.

In-situ methods that have been implemented to date largely only
yield information about the component surface; other more advanced
NDT techniques that can inspect sub-surface have been tested ex-situ,
but are yet to be integrated. Real-time identification and closed-loop
control of parameters, in order to minimise material discontinuities, is
limited by poor spatial resolution, limited fields of view, high temporal
load and by the large amounts of data to be handled. For effective
closed-loop control, a priori knowledge of the part and build process is
required. Development of new sensors which allow for inspection
with a resolution consistent with commonly occurringmaterial discon-
tinuities is needed.
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