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FIG. 1

(57) Abstract: Additive manufacturing apparatus and corresponding method for building an object by layerwise consolidation of
material. The apparatus comprising a build enclosure (101) containing a build support (102) for supporting the object during the
build, a material source for providing material to selected locations for consolidation, a radiation device (105,106) for generating and
directing radiation to consolidate the material at the selected locations and an acoustic sensing system (191, 192, 193, 194). The
acoustic sensing system may be arranged to detect acoustic signals generated in the build enclosure by consolidation of the material
with the radiation. The acoustic sensing system may be a passive acoustic sensing system arranged to detect acoustic signals gener -
ated in the build enclosure that are indicative of at least one condition of the building process and/or the object.
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ADDITIVE MANUFACTURING APPARATUS AND METHOD

Field of Invention

This invention concerns additive manufacturing apparatus and methods and has
particular, but not exclusive application, to monitoring and in-process control of a
selective solidification process, such as selective laser melting (SLM), selective laser

sintering (SLS) or electron beam melting (EBM).

Background

Additive manufacturing or rapid prototyping methods for producing objects comprise
layer-by-layer solidification of a material, such as a metal powder material, using a high
energy beam, such as a laser beam. A powder layer is deposited on a powder bed in a
build chamber and a laser beam is scanned across portions of the powder layer that
correspond to a cross-section of the object being constructed. The laser beam melts or
sinters the powder to form a solidified layer. After selective solidification of a layer,
the powder bed is lowered by a thickness of the newly solidified layer and a further

layer of powder is spread over the surface and solidified, as required.

It is known to monitor and control the selective laser powder process in response to
monitored parameters. For example, W02007/147221 discloses apparatus for
collecting laser light reflected from the powder bed using elements of the optical train
that are used to deliver the laser beam. The laser is delivered to the powder bed and
radiation reflected by the powder bed is collected by scanning optics comprising a pair
of movable mirrors and an -0 lens. A semi-reflective mirror reflects the laser light
towards the scanning optics but allows the reflected radiation to pass therethrough to a
camera and photodetector. A similar system is disclosed in WO95/11100 but the beam

splitter is provided between the scanning mirrors and a lens for focusing the laser light.

US2007/0176312A1 discloses the use of Raman spectroscopy in direct laser deposition,
which allows analysis for organic and/or ceramic constituents. W02009/112799A2

discloses a device for applying layers of a strong Raman scatterer product and a Raman
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spectrometer device for monitoring the frequency of light scattered from an area of the

material whilst the laser used to melt the material is applied to that area.

It is also known to monitor additive manufacturing processes using IR cameras. For
example, US2009/0152771 discloses detecting an IR-radiation image of an applied
powder layer and determining defects and/or geometrical irregularities in the applied

powder layer form the IR-radiation image.

A problem with such monitoring techniques, particularly when applied to selective laser
melting of metals, is that the area being consolidated is obscured from the sensor, such

as by plasma generated above a melt pool.

Description of the Drawings

Figure 1 is a schematic representation of a selective laser melting (SLM)

apparatus according to an embodiment of the invention;

Figure 2 illustrates scanning parameters used for defining a scan of the laser

beam to consolidate material;

Figure 3 is a schematic of an electronic system of a microphone array used in

the apparatus for detecting gas-borne acoustic signals;

Figure 4 shows gas-borne acoustic signals detected when melting a single layer

of'a 6 mm Ti6Al4V test cylinder plotted in both time and frequency domains;

Figure 5 shows the same response from Figure 4 AFTER a highpass digital
filter is applied to suppress all mechanical noise to leave the laser melting

response only;

Figure 6 shows gas-borne acoustic signals measured with the laser power set at

40, 120, 180 Watts;
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Figure 7 shows a monotonically increasing relationship between laser power
used in the selective laser melting apparatus (in Watts) and the RMS of detected

gas-borne acoustic signals when melting layers of a 6mm test cylinder;

Figure 8 shows a how the RMS of the gas-borne acoustic signal changes with
changes of the Laser focal length from + 4mm above the powder bed to -4mm

below the powder bed,

Figure 9 are time domain and STFT plots for gas-borne acoustic signals
detected when forming a layer of the Ti6Al4V test cylinder showing differences

in the gas-borne acoustic signals for hatch and perimeter scanning;

Figure 10 is a comparison of spectral and amplitude statistical features for
gas-borne acoustic signals detected when melting Ti6Al4V when forming the

test cylinder for two point distances, (a) 55 microns and (b) 95 microns;

Figure 11 shows peak spectral frequency in the gas-borne acoustic signals when
melting Ti6Al4V when forming the test cylinder for three different point

distances;

Figure 12 shows peak FFT frequency for gas-borne acoustic signals detected
for 50 points scanned with 30, 40, 50, 60 and 70 microsecond exposure times

taken over (a) entire duration and (b) the first 52msecs of each waveform;

Figure 13 are example of high-resolution STFTs showing a distribution of
spectral energy for 30,40,50,60 and 70 microsecond exposure times when

melting Ti6Al4V of the test cylinder;

Figure 14 shows bandlimited energy and integrated energy waveforms of the

gas-borne acoustic signals with respect to exposure time;

Figure 15 is a table of input build parameters used for building test cubes

repeated across the powder bed;
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Figure 16 shows time domain and spectrogram plots for gas-borne acoustic
signals detected by a single wideband microphone during a build layer across

15 cubes built using the laser parameters shown in Figure 15;

Figure 17 shows time domain and spectrogram plots for gas-borne acoustic
signals detected by a single wideband microphone during an entire build layer
of 13 repeated sets of 15 test cubes built using the laser parameters shown in

Figure 15;

Figure 18 shows time domain and spectrogram plots for gas-borne acoustic
signals detected during four successive layers of the test cube build showing the

frequency modulation;

Figure 19 shows two examples of transient gas-borne acoustic signals measured

during hatching across a layer of an AM part, which can be auto-classified,

Figure 20 shows time domain and spectrogram plots of gas-borne acoustic
signals recorded during formation of a single layer of a part having a complex

geometry;

Figure 21 shows STFT of gas-borne acoustic signals detected during formation
of a complex build layer, indicating that different sections of the complex

geometry can be identified from the gas-borne acoustic signals;

Figure 22 shows an example illustrating a wider gas-borne acoustic spectrum

(up to 200kHz) that could be useful for SLM in time and STFT domains

Figure 23 shows a time or phase difference in the arrival of an acoustic signal
at two microphones in the array 8cm apart and within the spatial coherence
width so as to allow direction of arrival (DOA) estimation within the build

chamber;

Figure 24 shows the microphone response to the creation of the vacuum within

the build chamber prior to starting the SLM build process;
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Figure 25 is a schematic illustrating two channel acoustic emission (AE)

acquisition hardware for digital recording of AE stress wave activity;

Figures 26 and 27 show intermittent transient events observed in the AE signal

during powder spreading;

Figure 28 shows time domain, STFT and FFT plots of the AE signal detected

during formation of a layer of a 6mm test cylinder;

Figure 29 shows STFT and time-domain plots of an AE signal detected during
a build illustrating a difference in spectral and time components for hatch, inner

and outer perimeter regimes within a layer of the test cylinder;
Figure 30 shows a square-law energy (LP filtered) AE signal detected during
formation of a test cylinder with exposure times (ET) of 30, 40 50, 60 and 70

microseconds;

Figure 31 shows a peak frequency of the AE signal from a square-law AE

envelop for exposure times of 30, 40, 50, 60 and 70 microseconds;

Figure 32 shows a peak frequency of the AE signal from a square-law AE

envelop for exposure times of 55, 95 and 75 microseconds;

Figure 33 shows the AE signal RMS for a Ti6Al4V test cylinder;

Figure 34 shows a single-sided FFT spectrum of the integrated energy of an AE

signal;

Figure 35 is an example of bursts of AE signal detected after melting a build

plate using a raster scan; and

Figure 36 is a schematic of the fusion of gas-borne acoustic data and AE data

based on a Kalman filter.
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Description of Embodiments

Referring to Figures 1 and 2, a selective laser melting (SLM) apparatus according to an
embodiment of the invention comprises a build enclosure, in this embodiment a build
chamber 101, having therein partitions114, 115 that define a build volume 116 and a
surface onto which powder can be deposited. A build platform 102 defines a working
area within which an object 103 is built by selective laser melting powder 104. A build
substrate 110 is removably attached to the build platform 102, the build substrate 110
made of a material to which the melted powder material adheres when consolidated.
The platform 102 can be lowered within the build volume 116 using mechanism (not
shown) as successive layers of the object 103 are formed. A build volume available is
defined by the extent to which the build platform 102 can be lowered into the build

volume 116.

A powder source comprising a dispenser (not shown) and a wiper 109 are arranged to
form layers of powder 104 across the build volume 116 as the object 103. For example,
the dispensing apparatus may be apparatus as described in WO2010/007396. A laser
module 105 generates a laser for melting the powder 104, the laser directed onto the
powder bed 104 as required by optical module 106 under the control of a computer 160.

The laser enters the chamber 101 via a window 107.

The apparatus further comprises a gas circuit for generating gas flow across the powder
bed 104 for carrying away gas borne debris generated during the additive
manufacturing process. The gas flow is blown from an inlet nozzle 119 to an exhaust
nozzle (not shown), which form part of a gas recirculation loop (now shown). The gas
flow is generated by a pump (not shown) and debris is filtered from the gas flow by a
filter (not shown) in the gas recirculation loop. A valve 121 connected to a vacuum
pump is provided for creating a vacuum in the build chamber 101. The build chamber
101 can then be backfilled with an inert gas, such as argon or nitrogen. The gas circuit

may be as described in WO 2010/007394, incorporated herein by reference.

Computer 160 comprises a processor unit 161, memory 162, display 163, user input

device 164, such as a keyboard, touch screen, etc, a data connection to modules of the
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laser melting apparatus, such as optical module 106, laser module 105 and motors (not
shown) that drive movement of the dispensing apparatus, wiper and build platform 102.
An external data connection 166 provides for the uploading of scanning instructions to
the computer 160. The laser unit 105, optical unit 106 and movement of build platform

102 are controlled by the computer 160 based upon the scanning instructions.

The laser unit 105 is driven by a modulated control signal such that laser pulses of a
desired duration are generated. The laser beam is scanned across an area of a powder
layer to be solidified to expose a series of discrete points within the area to the laser
beam. The melt pools formed by the exposure of these points to the laser beam merge
to form a uniform solidified area. A scan of an area is defined by a set of scanning
parameters. Referring to Figure 2, in this embodiment the scanning parameters
comprise laser power, spot size/focal length, exposure time for each point, point

distance, time between exposures and hatch distance.

The apparatus comprises of two different yet complementary passive acoustic sensing
modalities. The first modality involves an array of one or more gas-borne microphones
191, 192, 193 that resides above the powder bed 104 within the controlled atmosphere
of the build chamber 101. The microphones 191, 192, 193 are configured to measure
and interpret various gas-borne acoustic responses within the audible and low ultrasonic
band that are generated by the AM machine during its operation. The second modality
involves one or more passive structure-borne Acoustic Emissions (AE) sensors 194
located remotely beneath the build-plate substrate 110 upon which powder layers are
melted and/or beneath the build platform 102. These AE sensors 194 measure and
interpret structure-borne transient elastic stress waves primarily within the low
ultrasonic band that are also induced by source mechanisms within the machine’s
operation. In one embodiment, the AE sensor 194 is attached to the build substrate 110

to be removable therewith.

Each of the acoustic sensing modalities have more than one beneficial monitoring usage

within the AM machine, as will be described.

For example, the microphone modality can be used specifically for:-
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1. Direct calibrated monitoring/measurement of the Atmospheric Environment

(e.g. O2 and/or Argon or Nitrogen % content within the build Chamber).
2. Long-term Health and Usage (HUMS) or Condition monitoring of all of the
moving mechanical components within the AM machine (e.g. Vacuum Pump

bearings, mirror Galvo-mechanism, wiper mechanism).

3. Acoustic recognition (i.e. finger-printing) of the incident laser interactions

against the powder bed (i.e. defined by input laser parameters).

4. Direct measurement and assessment of molten micro-eruptions or sparks

generated from the powder bed melt pool.

Similarly, the AE system can be used specifically for:-

1. Monitoring / assessment of the powder spreading process across each new layer

within the AM machine’s build;

2. Detection / assessment of unwanted residual stresses that can potentially

accumulate within the AM part as it is being built.

3. Detection of any localized Phase changes within the part’s molecular structure

as it 1s built (e.g. Tin cry — Phase twinning in Ti6Al4V).
In addition to these single sensing modality usages, various critical in-process
monitoring tasks can be addressed in a complementary fashion by both passive acoustic
sensing modalities in parallel.

For example, both of the sensing modalities can be used to affect:-

1. Internal Defect Detection within the AM part under build (e.g. layer

delamination, micro-cracks, porosity etc.)
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2. In-process monitoring of the metallic powder melting and part solidification

process.

3. In-process monitoring of any additional integrated Laser-based de-stressing or

peening process applied across each layer.

Both passive acoustic sensing modalities provide a level of useful and complementary
information about the melting condition and consequent layer fusing process that can
be processed in near real-time. More specifically, the laser beam is selectively
positioned across the powder bed on each layer so that the focused laser spot (typically
70 microns in diameter) melts the metallic powder locally forming a liquid melt pool
(typically 120 microns in diameter). Thermal excitation within this melt pool is
determined by a combination of basic input laser parameters (e.g. power, exposure
time/duty cycle, focal length), the scan parameters (e.g. point distance, hatch distance,
scan speed), the metallic powder (e.g. material, grain size distribution), the atmospheric
conditions above the melt pool and the local geometry of the part (i.e. heat sinks). The
thermal excitation activity induced within the dynamic melt pool during melting and
the immediate heat dissipation during solidification are taken into account in
determining the quality of the AM build process and the microstructure characteristics
of the subsequent AM part (e.g. in terms of minimal porosity, absence of micro-cracks
or delamination). The localized thermal activity around the excited melt pool cause both
gas-borne and structure-borne acoustic emissions that can be measured. In essence, the
gas-borne sensor array monitors the initial melting process by measuring the immediate
physical effects from melt pool excitation that cause detectable gas-borne acoustic
responses. These effects include both stable resonant vibration within the melt pool in
sympathy with the laser frequency and transient acoustic waveforms induced by sparks
and molten powder eruptions emanating more randomly from the melt pool. In addition,
the AE sensors continue to measure the melt pool as re-solidification of the fused part
occurs where a more significant ensemble of structure-borne AE burst or stress wave
activity occurs that can readily propagate through the AM part and substrate to the

remotely positioned AE sensors.

In one embodiment, the SLM machine incorporates a laser for delivering short-duration

laser pulses (e.g. 20nsecs) with an appropriately reduced pulse width, dwell time and/or
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power for in-process de-stressing or work hardening (e.g. Laser Peening) of each new
additive layer within the AM build. Both acoustic sensing modalities described herein
offer beneficial sensing methods for monitoring such within-build Laser Peening
processes. More specifically, it is previously known that AE sensors can easily detect
the internal structure-borne shock waves generated during a pulsed Laser Peening
process. The train of repeated transient surface-generated shock waves induced by laser
peening will generate a train of AF burst waveforms that can be detected by the AE
sensors proposed by the invention in order to:- (1) assess the work hardening delivered
by the laser during the AM process and (2) assess the integrity of the AM part itself.
The AM part is inspected by detecting any unexpected waveform perturbations in the
AE burst activity (e.g. secondary reflections from micro-cracking in the build) and/or
sound speed profile measurement across layers from time-of-flight information that
may be related linearly to the parts porosity. Equally, such Laser-based layer Peening
will generated a strong train of gas-borne shock waves that can be detected and
analyzed by the microphone array proposed within the invention. This is especially
suited to Peening within an AM machine where no sacrificial layer is used against the
part, suggesting that the gas-borne shock wave response will be clean and very

sensitive/informative with regards to the quality of the work-hardening process.

Both continuous wave (CW) and modulated lasers (pulsed laser heating) are employed
as the heating source within metallic powder selective laser melting machines.
Although the current invention can be usefully applied to CW laser melting AM
machines, it has some additional advantages when used with a pulsed laser heating
source (e.g. as applied in the Renishaw AM250). Three benefits of acoustic monitoring
of a pulsed laser heating with the invention are cited. Primarily, the acoustic system
lends itself to low time-latency time and/or spectral processing of measured acoustic
waveforms so as to be practical for reliable process control of the deterministic actions
of the laser pulse that induces the heating across the powder bed. Secondly, the laser
pulse frequency serves to modulate the measured acoustic waveform, acting as a natural
carrier wave that encodes useful additional information concerning the more randomly
occurring events associated with the melt pool thermal excitation (i.e. sparking or
molten micro-eruptions). Thirdly, it is noted that the pulse frequency modulation can
be further exploited within commercial AM machines employing more than one laser

heating sources simultaneously. This is particularly relevant to the use of spectral
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processing with the measured gas-borne response to melting, where a priori known

frequency modulation patterns (CW or FM) may be used for separate lasers during the

build.

At the system level, it is further noted that for each of the within-build monitoring tasks
conducted in which both acoustic sensing modalities offer useful sensing data or
inferred information independently, there are several ways in which this useful sensor
data or extracted information can be combined quantitatively in order to gain a more
robust and/or more accurate assessment of the AM process condition or even to provide
an accurate real-time sensory feedback control to the AM system. High-merit sensor
data fusions may be conducted directly at the acoustic waveform or signal level within
the monitoring system. For example, transient waveform features from time discrete
events (e.g. aloud delamination event) may be reported by sensors across each modality
— increasing the confidence in the diagnosis. Equally, the evolving condition or state
within the melt pool may be continually estimated and updated in near -real time based
upon raw or feature extracted measurements from both sensor modalities that can be
combined within a Linear or Unscented Kalman filter, providing real-time unbiased
state estimation. However, useful sensor data from each modality can also be combined
at the track/location or decision level in order to improve confidence in defect or fault

condition detection, recognition or location decisions.

The waveforms measured by both sensing modalities exhibit deterministic variations
(e.g. in acoustic energy of melting responses) that can be attributed to specific physical
phenomena and modelled over different time-scales. Very short term variability in the
gas-borne acoustic response constitutes the variations in the measured acoustic signals
across a single layer — that reveal immediate high-fidelity information about the melting
process. However, longer-term variability is also measured by the invention and used
for monitoring purposes. For example, the short-term layer to layer variability exhibited
in the acoustic measurements can be observed and modelled using any time series
modelling methods (e.g. AR, MA, ARMA models). Layer to layer variability in the raw
acoustic data measured by the invention, in particular the gas-borne system, can be
monitored/processed/modeled to detect out of specification conditions within the build
process or longer-term degradations in the machine performance. The passive acoustic

system can be used to detect and diagnose such deterministic and predictable variability
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in the passive acoustic data measured by the invention. For example, a database of
acoustic fingerprints for AM build parts of known geometry and material type and
induced porosity may be generated and acoustic data recorded in future builds can be
compared to the acoustic fingerprints retained in the database to determine whether the

build was completed/the machine is operating satisfactorily.

Acoustic data measured by the invention on any specific AM machine or AM process
can be exploited more widely than for the in-process monitoring of that specific
machine or process. Both microphone and AE sensing systems proposed within the
invention can be permanently installed within any new or existing AM machine
accommodating a range of design features (e.g. a machine accommodating more than
one heating source laser operating concurrently). Equally, the system could be retro-
fitted into any existing AM machine. However, the invention does not actually need to
be deployed in a/l commercial production machines used to manufacture complex
geometry metallic parts to be useful to the AM build process. That is, the invention may
be deployed across a subset of development machine so as to provide critical process
control or specific AM build information to optimize input build parameters (i.e. pulsed
laser input parameters). That is to say, the invention can be used to optimize process
parameters upon a development machine for any bespoke complex geometry part — for
subsequent use across many production AM machines manufacturing that part. In this
context, the invention may be used to develop an empirically-derived or physical
acoustic waveform simulation model that provides a synthetic acoustic environment

during builds.

Microphone Array Apparatus

The first of the passive acoustic sensing modalities is now described in detail. As stated,
it involves one or more gas-borne microphones positioned advantageously above the
powder bed within the build chamber so that the gas-borne acoustic responses incident
at the microphone array during the machine’s operation can be measured and analyzed

to infer several aspects of the AM machine’s operation.
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A single microphone may be employed in isolation within the build chamber to monitor
more than one of the critical operations within the AM machine based upon the solitary
time-domain waveforms measured by the single device. However, it is advantageous to
deploy several identical microphones in a known geometry array (i.e. matched in
frequency and/or phase response), that is distributed around the extremities of the build
chamber outside the raster-scanned laser beam's field-of-regard. Such microphone
arrays can be purposely configured with known intra-array spacing and orientation
relative to the powder bed in order to:- (1) Optimise the SNR of Acoustic waveform of
interest within the reverberant convolutive build chamber environment through
sophisticated filtering methods (e.g. Adaptive LMS filtering, Blind source separation
(ICA), matched filtering) (2) Facilitate useful spatial filtering or dynamic sound source
location. In-process spatial location estimation based upon direction of arrival (DOA)
estimation, time-of-flight event location. Although the preferred embodiment of the
gas-borne system described herein involves acoustic source location methods over
relatively sparse arrays (e.g. 4-16 elements within the array), it is noted that a more
sophisticated and higher cost embodiment of the invention would involve a larger
planar array of closely spaced sensors employing phased array beamforming methods

(e.g. as found in an acoustic camera or sonar system).

The specific acoustic sensor used within this embodiment of the invention is a high
dynamic-range instrumentation microphone capable of high-fidelity wideband
measurement of acoustic sound fields (e.g. an externally polarised 40BF from GRAS).
However, any acoustic sensor that adequately measures the gas-borne acoustic response
within the band of interest could be employed. This primary measurement band of
interest for the gas-borne microphone array ranges from DC to 140KHz, although the
frequency range can extend further towards 1MHz for some applications and conditions
(e.g. measuring shock waves from laser Peening or more quantitative high-frequency
melt pool spark measurement). Moreover, depending upon the Signal-to-Noise Ratio
(SNR) exhibited within the build chamber of the AM machine, it may be possible to
use low cost pre-polarized electret devices and/or even IC fabricated MEMS
microphones (e.g. Knowles). The majority of such sensing elements that could be
employed within the invention are either omni-direction or directional sensors that
transduce sound pressure differences precisely in decibels (dB on a log scale) relative

to a known calibrated reference pressure (e.g. typically 20microPascals). However, a
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further type of acoustic measurement device that could be employed measures acoustic
particle velocity in a single vector direction from the powder bed (e.g. Microflown

MEMS anemometer devices).

As with any precision sound measurement with high-fidelity instrumentation
microphones, it may be advantageous to conduct sound pressure level (SPL) calibration
on each array channel within the invention using a sinusoidal sound source of known
SPL and frequency - as part of a built-in-test or re-calibration procedure conducted on
from time to time. As such, the measured waveform voltage signal can be calibrated
against a known sound pressure level incident at the microphone array. However, as
the microphone array can additionally by used to measure absolute air/gas pressure
within the chamber during startup vacuum generation and argon atmosphere
generation, it maybe be necessary/beneficial to conduct more regular calibration of the
microphone array and acquisition system. As such, the apparatus could incorporate a
tonal sound source actuator / loud speaker to automate such calibrations and/or be used
as a sound source during microphone measurement of the atmosphere (as described

later).

The acquisition system for the gas-borne system is now described, as shown
schematically in Figure 3. The sound pressure level incident at each microphone in the
array is converted into a proportional electrical signal waveform that may then be
amplified and filtered at source (i.e. a signal conditioning unit with pre-amplifier and
analogue filter electronics) before being transmitted to a digital acquisition and
processor unit for further signal processing and interpretation. As with any such digital
acquisition hardware, the invention incorporates an analogue-to-digital converter
(ADC) that converts the analogue measured waveforms into a sequence of digital
samples at a sufficiently high sampling rate (i.e. usually over-sampling well above the
Nyquist rate) and a bit resolution to accommodate the dynamic range of the measured
waveforms. It is highlighted that for all arrays incorporating more than one sensing
channel, the ADC is time-synchronized so that precise time-differences of arrival for
both time discrete transient and spatially coherent pseudo-CW noises can be estimated
between microphone pairs within the array using appropriate signal processing

methods.
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The ADC electronics may also incorporate a bandpass digital filter (e.g. a HP FIR) and
potentially an analogue anti-aliasing filter (e.g. Butterworth, Chebychev) prior to the
ADC. The acquisition hardware may also include a Voltage Gain Amplifier (VGA) for
automatic gain control, as can be applied in many acoustic acquisition systems. The
digitized and encoded waveform stream on each measurement channel can then be
processed (e.g. using a micro-processor, DSP unit or FPGA) and stored digitally for
further analysis in a database. The following section addresses how the gas-borne
acoustic signals can be processed and useful information regarding the selective laser

melting process extracted.

A simple, low cost and portable embodiment of the invention for use during any AM
process (e.g. wire and arc deposition AM) or simply as a low cost tool to aid a human
conducting Arc or MIG welding is described briefly. This would provide an operator
with useful real-time audible information associated with the build quality. Unlike the
digital system described for installation in AM machines, this low cost embodiment
does not require any digital electronics. Instead, it would employ basic analogue
heterodyning circuitry in order to shift or baseband the ultrasonic melting response
information down to an audible band (i.e. via mixing with a known sinusoidal
oscillator). As such, the purely audible response to the laser melting could then be
played at any speed to the human operator using headphones or a loud speaker so that
the operator can assess the quality of deposition, spot or Arc welding. Similarly, the
audible waveform could be fed to simple threshold detector circuitry or bank of
matched filters to affect automatic detection of significant variations in the quality of

deposition.

Microphone Array Processing

The gas-borne acoustic waveforms detected by the microphone array are initially
processed to separate signal components of interest (i.e. in-process information related
to the physical interaction between the laser beam and the powder bed/melt pool) from
background noise sources (i.e. mechanical noises within the machine). Figure-4 depicts
time-domain and frequency domain plots for a single microphone response

measurement across one layer of a simple geometry 6mm diameter Ti6Al4V cylinder.
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As shown, the higher frequency signal components including the laser pulse frequency
can be attributed to the melting response. However, this is modulated by significant low
frequency noise from mechanical components within the build chamber (i.e. the
circulation pump). Due to the spectral differences between these two signal
components, the invention implements a high pass digital filter with cutoff at ~6-10kHz
to remove the low frequency mechanical noises, although the filter cutoff can be
optimized for each type of bespoke AM machine. As shown in figure-5, the low order
high-pass FIR filter (i.e. with linear phase) effectively removes a// of the low frequency
mechanical noise modulating the raw melting response of primary interest for in-

process monitoring.

The low frequency audible noise components attributed to the moving mechanical
assemblies within the AM machine (e.g. the gas flow pump, the powder wiper 109) can
also be isolated using a simple low pass digital filter (e.g. FIR filter design) and
exploited within the invention. Such mechanical noise signals can be usefully analyzed
for long-term asset condition monitoring or built-in-test within the AM machine. The
distinctive audible sound generated by the circulation pump, the powder wiper 109
and/or a Galvo mechanism of the optical module 106 may be recorded and stored as
raw waveform data or extracted signal features that adequately characterize the working
condition of the mechanism. Such waveform descriptors include spectral descriptors
(e.g. FFT, AR, Cepstrum, Wavelet or STFT coefficient), signal amplitude/energy
related descriptors (RMS, peak Voltage) and/or statistical descriptors (e.g kurtosis, KS
statistic). The system may use condition monitoring methods based upon automated
classification of the measured acoustic waveforms from mechanical components within
the AM machine. These may be based upon simple decision rules (e.g. a hard threshold)
or statistical or pattern recognition methods for automatic fault conditions diagnosis
based upon comparison between the input waveform or extracted features derived from

the input waveform and a database or model of a priori known measurements.

A primary benefit of the passive monitoring system is that it provides a clear, accurate
and unambiguous record (i.e. a rolling temporal report) of the actual laser pulse
interactions that occurs against the powder bed melt pool. The invention is particularly
suited to AM machines employing pulsed laser heating, offering a range of fine-scale

sensing and thus more subtle heating control capabilities surpassing those which can be
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easily achieved with any AM machine employing a Continuous Wave (CW) laser
source. This is primarily because the pulsing laser induces a detectable signal
modulation effect within the measured acoustic response that can be processed
spectrally in real-time to extract:- (1) deterministic information feedback associated
with the actual laser interactions against the powder bed (i.e. acoustically recognize
complex laser pulsing profiles during AM builds) (2) stochastic information feedback
regarding the ensuing melting condition (i.e. The heating state and consequential
dynamics of the melt pool) that may be related to the subsequent AM build part. Within
the context of the invention, it is argued that Pulsed Laser SLM AM machines offers

more fine-scale control to heating process within a closed-loop system.

The invention can be used with a variety of Pulsed laser heating sources and associated
mechanical raster’ scanning systems found typically within SLM AM machines. These
operate in different modes. In one embodiment, the laser pulsing is controlled to induce
a variable frequency modulation within the acoustic response (e.g. a chirping or
sweeping frequency response) that could also be advantageously exploited by the
invention; Regardless of the type of laser and scanning Galvo-mirror system employed,
the measured acoustic response (i.e. most notably the evolving frequency) reliably
portrays the pulsing events of the laser. Moreover, the dynamic melt pool constitutes
the main source of acoustic waves of interest that propagate to the microphones within

the build chamber.

Several uses of the invention with regards to detecting deterministic heating laser
parameters are identified. One way of altering the heating source is to change the
focusing optics and consequently the laser beam intensity profile. A useful monitoring
function provided by the invention involves automatic detection of any unexpected or
deliberate de-focusing of the laser beam by changing optical focal length during
complex AM builds. Positive or negative displacement in the focal length (e.g. +/-
4mm) results in a less intense heating spot incident upon the powder bed. It is shown
that the gas-borne acoustic response can detect significant change in the heating source
focal length. To illustrate, acoustic response waveforms were measured with the focal
length of a fiber laser within commercial SLM machine varied from an in-focus (Omm)
setting to positive 4mm and negative 4mm settings. The RMS signal level extracted

from ten acoustic waveforms from successive layers of a 6mm test cylinder with these
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three focal lengths settings is shown in Figure-8. With the focus 4mm above the powder
bed, a measurable reduction in average acoustic signal energy is seen, suggesting that
the de-focused beam diverges causing a less concentrated heating source. However, the
focal point set 4mm below the powder bed generated an acoustic response quite similar
to the in-focus case. Therefore, a method for detecting when the heating laser beam
focuses above the powder bed generating poorer energy is provided. The acoustic
system may also discriminate between different beam shapes based upon similar

acoustic signal processing. (e.g. Gaussian or Top-hat profiles).

Another approach to varying the heating energy delivered by the laser within an AM
machine is to simply alter the source Laser Power (in Watts). The gas-borne response
is sensitive to any such changes in laser power. As such, the invention provides at the
very least, a useful approximate method for estimating Laser power, where other related
input laser parameters are known or can be derived. However, it is noted that an array
of several microphones measuring the same melting response will improve accuracy
and confidence in the estimation of laser power by averaging methods and/or
calibration tests and propagation loss (atmospheric attenuation modelling). Figure-6
shows three examples of the gas-borne response measured by a single microphone for
a Ti6Al4V cylinder build with the laser set at three increasing powers (40 watts, 120
and 180 watts). As illustrated in the time domain plot, the amplitude and energy in the
signal clearly increases with input laser power. As shown by the STFT spectrogram,
the broad band energy and narrow band tonal energy increases with laser power. With
respect to this 40 watt low power case, it is noted that the invention does not necessarily
require the powder to fully melt to induce a detectable acoustic response at the
microphone array - and hence another benefit of the invention is to monitor laser to
powder bed interactions within the thermo-elastic regime (i.e. below melting). Equally,
it is also mentioned that much higher power laser induced ablative processes used

within an AM machine could also be easily monitored by the invention.

Several signal processing methods for estimating the energy in the measured gas-borne
signal response can therefore be used to infer Laser power directly. Descriptors of
signal energy that could be employed include peak voltage, variance and RMS,
calculated over any integration period in the time domain. Equally, acoustic energy can

be processed as spectral energy densities in accordance with Parsavel's theorem (via
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FFT coefficients, STFT) or by any waveform enveloping method (e.g. Hilbert
transforms coefficients). It is further noted that any type of band-limited estimation of

acoustic signal power may equally be used to estimate laser power.

Figure-7 shows an empirically derived relationship between the input laser power
ranging from 40 to 180 W and the RMS Voltage of the gas-borne response (taken as an
average across 10 successive layers at each power) during the Ti6Al4V test cylinder
AM build on a commercial SLM machine. As shown, the RMS Voltage increases
monotonically with laser power. It is further noted in Figure-6, that the larger more
energetic transient signal seen at the end of each signal response corresponds to the
transition between the laser conducting volumetric hatch melting across the cylinder
layer and the subsequent part contour melting defining the cylinder's external surfaces.
The contouring signals that exhibit a higher amplitude gas-borne acoustic response are
attributed to the smaller point distance (i.e. the distance in microns between successive
heating points along a hatch line). Such contour melting within any build that forms the
surface of the resulting AM part is often selected to have a shorter point distance than
the bulk volume hatch, resulting in increased heating effects within the perimeter melt
pool as a consequence of closer heating points and poorer heat sinking into the fused
AM part around the perimeter edges. Contour melting can involve inner and outer
perimeter melting patterns with potentially different point distances and/or exposure
times. The invention provides a useful method for monitoring the validity (i.e. direct
measure of deterministic point pattern) and quality of the contouring (i.e. spectral
spread cross referenced with amplitude information in the microphone response to
ensure even heat distributions). It is also noted that prolonged contouring operations
across confined areas of a layer can induce differences in acoustic amplitude that can
be detected and interpreted by the inventions data processing scheme (i.e. auto

classifier).

To illustrate this, Figure-9 shows the melting point pattern employed for a single layer
of the 6mm Ti6Al4V test cylinder built on a commercial SLM machine with standard
input parameters (i.e. 200Watts laser power, 50 microseconds exposure time, and 75
microns point distance). As indicated, the heating laser (i.e. spot shown in green) moves
laterally along each adjacent hatch line with a set point distance with an orthogonal

rotation vector changes after each row (e.g. 67°). After hatching is complete, the laser
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melts around the perimeter confour with a different combination of laser parameters to
induce the required surface finish or surface porosity effect. The resulting gas-borne
acoustic response measured by the invention for the test cylinder example is represented
in both the time domain and the spectrogram domains. As indicated, there is a clear
difference in the spectral content between the hatch and the contour melting regimes.
In this case, the melting point pattern involves an inner circular contour at the same
point distance as the volumetric hatch and an outer contour with a shorter point distance
period. These different melting regimes are clearly visible in the STFT Figure-9. In
this case, the inner contour occurs first with the same hatch point distance, although it
is noted that the movement is circular rather than linear. The outer circular contour
induces a frequency shift upwards (~ from 16.8kHz-~20kHz) with respect to the hatch
frequency across its melting operation attributed to the finer pitch point distance. As
such, the invention offers a reliable real-time method of discriminating between bulk
volume hatch melting operations and part contouring operations, based upon spectral
analysis!. Also, the spectral boundary and spacing between hatch melting and contour
melting points in an STFT may additionally be used as useful markers to automatically
recognize and/or uniquely identify acoustic information from a specific AM part or

specific area/section within the build.

The invention provides a robust method for estimating and/or tracking point distance
patterns between heating points within a SLM machine based upon time evolving STFT
spectral processing or any time-frequency transform. A further example comparing
melt response waveforms from the Ti6Al4V test cylinder with different point distances
is provided. Figure-10(a) shows waveform information for the gas-borne responses
generated for single layers of the Ti6Al4V test cylinder with two quite different point
distance settings (55 and 95 microns). The STFT indicates the melt response with a
short point distance set at 55 microns causing a high spectral peak (~16.5kHz). In
contrast, Figure-10(b) for the melting response with the point distance extended to 95
microns reveals a lower frequency spectral 