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Abstract 

Laser Metal Deposition (LMD) is an additive manufacturing process that enables the metal part production of complex 
near net-shape parts. Precise material deposition increases material efficiency and prevents the excessive use of costly 
materials. In a fully automated manufacturing process with minimized scrap production, these benefits are enabled by 
material specific process monitoring and parameter development. 
 
Acoustic emissions were monitored for the LMD process of the costly shape memory alloy. Acoustic emission monitoring 
values were defined and evaluated regarding of NiTi structural defect formation. For the evaluation of defect formation, 
the degree of delamination for each specimen has been identified. Concurrent measurement of the oxygen content in the 
process chamber was carried out to correlate defects to the process atmosphere. 
 
Distinct defect frequencies were detected for NiTi structures indicating delamination and cracks. The acquired data was 
used to design an LMD process control concept based on acoustic emission monitoring. 
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1. Introduction 

Laser Metal Deposition (LMD) is an additive manufacturing process used either to produce metallic coatings 
on existing part components or to build up near net-shape three-dimensional structures on given substrate 
materials. A laser beam is used to create a surface melt pool of the substrate material, while at the same time 
metallic powder material is fed to the melt pool. After solidification of the melt pool, metallic structures are 
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formed layer-wise. This process offers the opportunity to manufacture complex structures with a high material 
efficiency and high deposition rates. Therefore, LMD presents a favorable manufacturing technique for 
materials that are costly to process, such as Nickel-Titanium (NiTi) shape memory alloys (SMAs).  

NiTi structures can be used as smart materials with integrated actuator functions by applying temperature 
changes that result in geometrical changes according to its shape memory effect (Kauffman and Mayo, 1997). 
Krishna et al., 2007 and Halani et al., 2012 evaluated the feasibility to manufacture NiTi structures by LMD, 
while Scheitler et al., 2017 investigated optimized LMD processing strategies, including substrate pre-heating. 
However, producing NiTi on dissimilar substrate materials such as Ti sheet metals, defect signatures such as 
cracks, pores or delamination might occur (Scheitler et al., 2017).  

The influence of oxygen (O2) concentrations on Ti-based alloys is well researched (Engblom Eyvind, 2018), 
the influence different of O2 concentrations while LMD processing of NiTi structures has not been focused in 
research yet. 

In order to enable a high degree in automation, extensive process parameter development, cost-intensive 
pre-heating or monitoring techniques are required. Tang et al., 2020 reviewed In-Situ monitoring technologies 
for Directed Energy Deposition (DED) processes, focusing on the manufacture of metal structures. It is shown, 
that Acoustic Emission (AE) monitoring and its corresponding data analysis can be used to analyze metallurgical 
defects, such as crack generation and expansion (Wang et al., 2008). Gaia and Liou, 2016 and Taheri et al., 2019 
evaluated data processing techniques like K-means clustering to indicated defect formation. However, no 
investigations of acoustic monitoring techniques have been conducted for the LMD process of NiTi structures.  

This paper aims gain knowledge regarding acoustic emission monitoring values for LMD of NiTi. Further, 
this paper aims to gain knowledge about defect formation for LMD of NiTi structures, dependent on various 
O2 level concentrations. 

2. Experimental setup and materials 

2.1. LMD setup 

The experimental setup contained a Nd:YAG laser mounted on a 3-axis computer controlled kinematic 
system, with a wave length of 1070 nm and a maximum laser power of 300 W. The air-cooled laser can be 
used in continues wave or pulsed mode, with a pulse duration of 0.5-50 ms. Due to the lasers beam parameter 
product of 10 mm x mrad and a movable 200 mm focus lens the focus spot diameter could be adjusted 
between 0.48 and 3.52 mm.  

The LMD process was shielded by argon gas (Ar), which is also used for the generation of an inert gas 
atmosphere within a processing chamber and  as carrier gas for the powder feeding system. The powder mass 
flow was controlled by a disk-conveying powder feeding system. LMD experiments were carried out using pre-
alloyed NiTi powder material in range of 45 to 100 µm. The nickel content amounts to 50.8 at. % . The titanium 
content amounts to 49.2 at. %. The morphology of the powder particles is considered spherical. 

2.2. Monitoring setup 

For the recording of acoustic emissions, a directional microphone (Sennheiser MKE 600) was used. The 
frequency of the capacitor microphone ranges from 40 Hz to 20 kHz. The geometrical monitoring performance 
is characterized as super cardioid. The microphone was mounted on a tripod with an included vibration 
damping function. Further physical contact of the setup to the process cell was kept to a minimum to reduce 
structure borne noise. 
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The raw sensor output was transformed into a digital signal by an audio interface (Behringer U-Phoria 
UMC202HD) with a sampling rate of 192 kHz. Channel gains were applied by the audio interface and kept 
constant throughout the whole manufacturing process. After monitoring, the acquired data was exported via 
USB connection to a computer with a 24-bit resolution. Data processing and storing was performed manually 
using the computational software MATLAB and the audio editor Audacity. 

O2 concentration monitoring was performed using an amperometric O2 sensor, based on an electro-
chemical zirconium dioxide gas-pumping cell. The sensor is able to detect O2 concentrations between 10 and 
1000 ppm. Measurement values were sent via RS232 interface to a local computing unit, where data was 
captured and evaluated using MATLAB. The experimental setup is schematically illustrated in Fig. 1. 

 

Fig. 1. Experimental setup of the LMD and monitoring process  

2.3. Experimental plan 

Identical process parameter sets were performed at 6 different O2 concentration levels. The level of 
O2 concentration within the process chamber was controlled by setting the shielding gas input for the process 
chamber. Identical build-up process strategies were selected and performed, so that defect deformation (e.g. 
delamination) will occur. One different process parameter set was performed, to trigger further defect 
deformations within the NiTi structure. Acoustic emissions and residual O2 concentrations were monitored 
during the manufacture of NiTi structures on titanium substrate. All process parameters are summarized in 
Table 1.  

Table 1. LMD process parameters for the deposition of NiTi structures 
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Focal spot diameter  [mm] 0,48 0,48 0,48 0,48 0,48 0,48 0,48 -  
3,52 

Welding speed  [mm/s] 11,5 11,5 11,5 11,5 11,5 11,5 11,5 

Material feed rate  [g/min] 2,15 2,15 2,15 2,15 2,15 2,15 2,15 

Shielding gas rate  [l/min] 5 5 5 5 5 5 5 

 
All NiTi samples were manufactured onto titanium sheet material. The structures were designed as a 

rectangular shape measuring 30 mm in length, 5 mm in width and 0,5 mm in height, using hatch distance of 
550 µm and a track height of 165 µm. Specimen analysis included the investigation of geometrical outer 
dimensions and optical appearance evaluation. For this purpose, high quality photographic shoots were 
performed of each sample using a DSLR camera with a macro objective lens.  

3. Results and discussion 

3.1. Acoustic emissions of NiTi LMD process  

While processing the NiTi structures, distinct defect noises were clearly audible. Fig. 2 shows on the upper 
left side the raw audio signal in normalized amplitude over time of the manufacturing process of specimen 1. 
The corresponding frequency spectrogram is used to identify distinct defect frequencies and shows all 
occurring frequencies with each frequency amplitude in dB on the lower left side. To allocate distinct 
frequencies to its sound events, such as environmental (machine axes, surrounding machinery) or process 
frequencies, and focus on process relevant frequencies, a frequency spectrogram was performed over time. 

The analysis over the full monitoring period shows, that the highest amplitude of frequencies are specified 
by low frequencies between 0 and 2000 Hz. Separate analysis of this frequency band shows, that mainly 
environmental noises are covered by frequencies up to 2000 Hz. Thus, further recordings and audio 
investigations cut out all frequencies below 2000 Hz. 

Fig. 2. Acquired acoustic emission signal of LMD manufacture of specimen 1, unfiltered (left) and filtered (right) with corresponding 
frequency spectrograms  
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To specify defect noise events with distinct frequencies, particular audio periods were selected manually 
where clear audio anomaly events occur. Performing frequency spectrographs for these audio periods, distinct 
frequency peaks could be identified between 11000 and 18000 Hz, especially with peaks at 11500 Hz, 12900 Hz 
and 16000 Hz. Thus, for further audio emission analysis, all frequencies outside of the bandwidth 11000 to 
18000 Hz are weakened and filtered using a negative audio gain of -12 dB.  

By cutting frequencies below 2000 Hz and weakening frequencies < 11000 Hz and > 18000 Hz, lower data 
streams result for further audio emission analysis. The diagrams on the right side in Fig 2. show the audio signal 
of specimen 1 after applying frequency filters. The periodic peaks with an amplitude up to ± 0,095 indicate 
each welding seam of the NiTi structure and are considered as regular audio process emissions. Audio signals 
with an amplitude between ± 0,095 and ± 0,125 occur irregularly and will be allocated to light defect audio 
signals. Appearing audio signals with a normalized amplitude > 0,125 occur strongly irregularly and are 
considered as heavy defect audio signals. To quantify the considered defect audio signals, normalized 
amplitude thresholds are defined to ± 0,095 and ± 0,125. By applying these thresholds to all audio signal files, 
the following acoustic emission monitoring values are defined: 

 
• counts of light defect audio signals, nad,l 
• counts of heavy defect audio signals, nad,h 
• time to first heavy defect audio signal, tad,h 

 
The application of both thresholds and the automated generation of nad,l , nad,h , tad,h were performed by using 
MATLAB. The corresponding diagram for specimen 1 is depicted in Fig. 3, where values above 
threshold 1 (> 0,095) are illustrated in blue and values above threshold 2 (< 0,125) are illustrated in red.  

Fig. 3. Filtered acoustic emission signal with illustration of threshold 1 and threshold 2 (top) and resulting acoustic emission signal above 
threshold 1 and 2 (bottom) 

The diagram shows, that overall a low amount of defect audio signals occur. Especially the last two welding 
seams in layer 3 produce audio emissions, that can be considered as defect audio emissions. Heavy defect 
audio signals occur only within the last two welding seams and show high amplitude peaks between t = 140 s 
and t = 150 s. The counts of light defect audio signals (nad,l), the counts of heavy defect audio signals (nad,h) and 
the time to first heavy defect audio signal (tad,h) are summarized in Table 2 for each specimen.  
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Table 2. Acoustic emission monitoring values nad,l , nad,h  and tad,h of specimen 1 – 7  

# of specimen unit 1 2 3 4 5 6 7 

nad,l [-] 3911 1331 4434 1496 4556 3915 5724 

nad,h [-] 2995 933 2915 1303 3154 2557 3409 

tad,h  [s] 141,45 137,53 116,56 152,22 122,13 121,27 97,64 

 
To evaluate the quality of the defined audio emission monitoring values, the correlation between 

monitoring values and degree of delamination have to be investigated. The evaluation is summarized in 
chapter 3.3 after the identification of the degree of delamination in chapter 3.2. 

3.2. Identification of degree of delamination 

The as-built NiTi specimen are shown in Fig. 4. The side view of the specimen shows the x-z plane of the 
specimen, where the z-direction is the positive layer build up direction.  Thus, the shown x-z plane indicates 
the front and beginning of the NiTi structures.  

Fig. 4. Front view (x-z plane) of LMD processed NiTi structures of specimen 1 – 7   
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As expected, every LMD structure delaminated while processing. Specimen 1, 2 and 5 show none to minor 
oxidation signatures. Specimen 3, 4 and 6 show medium oxidation signatures, while specimen 7 is 
characterized by strong oxidation signatures. To identify the degree of delamination, the average gap between 
substrate material and deposited NiTi structure is calculated. The average gap size is defined as zgap. Input 
values for the calculation of zgap are  zgap(x=0mm) and zgap(x=5mm). The results for the average gap size are 
summarized in Table 3 below.  

Specimen 7 was manufactured with a process parameter manipulation to trigger further defect formation. 
In each layer, 3 centered welding seams were performed with a change of laser spot diameter from 0,48 mm 
to 3,52 mm. Specimen 4 was performed without process parameter manipulation under the same O2 level 
concentration. The process parameter manipulation in specimen 7 lead to comparatively strong delamination 
and oxidation signatures. Especially the center of the of the deposited structure is characterized by smaller 
resulting layer height and strong oxidation signatures. 

Table 3. Measurement values for the evaluation of the degree of delamination for specimen 1 – 7  

# of specimen unit 1 2 3 4 5 6 7 

zgap(x=0mm)  [mm] 0,32 0,50 0,62 0,37 0,55 0,75 0,61 

zgap(x=5mm)  [mm] 0,01 0,01 0,29 0,00 0,03 0,25 0,36 

zgap  [mm] 0,17 0,25 0,46 0,19 0,29 0,50 0,49 

 
The calculated values show, that the highest degree of delamination occurred in specimen 6 and 

specimen 7. These values confirm the assumption that deviating DED process parameters and higher residual 
O2 concentrations result in higher degree of delamination. The correlation of the degree of deformation and 
its acoustic emissions is analyzed in chapter 3.3 – the correlation to residual O2 concentration is investigated 
in chapter 3.4. 

3.3. Correlation of acoustic emission monitoring values and degree of delamination 

To evaluate the correlation of the defined acoustic emission monitoring values, zgap is plotted over tad,h, nad,l 
and nad,h in Fig. 5. Additionally each diagram contains a linear trend line. Exponential, potential or logarithmic 
trend lines show larger deviations to its corresponding data points, thus the investigation of correlation is 
focused on linear dependencies. 
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Fig. 5. Plots of degree of delamination zgap over acoustic emission monitoring values nad,l , nad,h  and tad,h  

The measurement value tad,h correlates negative linear to zgap, while nad,h and nad,l show a positive linear 
correlation to zgap. All plots point out at least one data point that has a high offset to the linear trend line. To 
identify the most suitable acoustic emission monitoring value, the correlation coefficient is calculated for each 
data set, based on its mean values, standard values and covariance. The values are summarized in Table 4 
below. 

Table 4. Statistical key values for the evaluation of correlation coefficients of acoustic emission monitoring values and degree of 
delamination 

 unit x: tad,h x: nad,l x: nad,h y: zgap 

Mean value  [mm], [s] 126,97 s 3623,23 2466,57 0,334 mm 

Standard deviation  [mm], [s] 16,83 s 1506,56 890,83 0,132 mm 

Covariance [mm], [s] -1,93 s 126,76 56,85 - 

Correlation coefficient - -0,87 0,64 0,48 - 

 
The evaluation shows, that tad,h correlates highly negative (-0,87) to the degree of deformation zgap. 

Consequently, monitoring of tad,h is recommended when monitoring of structural delamination is required. 
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When LMD process parameters change within the manufacture of LMD structures, defects can occur 
instantly. Parameter set 4 and parameter set 7 simulate this event, by changing the laser spot diameter from 
0,48 mm to 3,52 mm for 3 welding seams each layer. Resulting defects can be identified optically in Fig. 4. 
Additionally, the measurement data of tad,h  also indicates early heavy defect audio signals after 97,6 s, 
respectively 1,5x earlier than compared to parameter set 4. Therefore, defect formation can be observed with 
an acoustic monitoring system and data evaluation focused on the detection of time that passes, until heavy 
defect audio emissions occur (tad,h). 

To enable In-Process detection of defect audio signals respectively defect formation, a live data evaluation 
unit has to be set up. The data evaluation unit has to be connected directly to the audio interface and offer 
visual output systems for machine users. Live cutting and filtering of audio signals dependent on individual 
amplitude thresholds and instant output have to be performed by the data evaluation system. Additionally, 
input systems and commands should be possible to adjust individual frequency filter mechanisms and edit 
amplitude thresholds. Data evaluations system, such as single board computers and python based live scripts 
to enable data input, filter-, detection- and output-functions have been tested and are considered as suitable 
data evaluation system.  

3.4. Correlation of acoustic emission values to residual O2 concentration 

To evaluate the influence of different O2 concentrations within the LMD process chamber on the formation 
of delamination, the residual O2 concentration was measured and controlled during the LMD manufacture of 
NiTi structures. The degree of deformation zgap and the time to the first heavy defect audio signal, tad,h is plotted 
over the residual O2 concentration in ppm in Fig. 6. Since parameter set 7 was modified to trigger defects, only 
parameter set 1 – 6 are analyzed.  

Fig. 6. Plots of degree of delamination zgap (left) and tad,h (right) over O2 concentration 
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Therefore, the achieved measurement data shows, that similar delamination behavior can occur at O2 
concentrations of 80 ppm and 200 ppm. The relatively low amount of O2 concentration data offers no reliable 
dependencies between zgap, O2 concentration. And tad,h, O2 concentration. Thus, multiple oxygen sensor setups 
are recommended for further investigations. 

4. Conclusion 

Acoustic emissions and O2 concentration were monitored and captured during the LMD manufacture of 
NiTi structures. Defects such as structural delamination were triggered by the pre-selection of LMD process 
parameters. After manual filtering of acoustic frequencies and amplitudes, three acoustic monitoring 
measurement values were defined: (1) counts of light defect audio signals, (2) counts of heavy defect audio 
signals and (3) time to first heavy defect audio signal. Further, the degree of delamination has been identified 
for each specimen.  

It is shown, that the acoustic monitoring measurement value time to first heavy defect audio signal tad,h 
highly correlates with the degree of delamination. Triggered defects by LMD parameter manipulation resulted 
in strong defect signatures and could be identified by acoustic emission monitoring. A defect monitoring 
concept has been derived by tad,h , to enable an In-Process control concept. 

The influence of different O2 levels within the process chamber on the structural delamination process have 
been investigated. A low correlation of O2 concentration on the resulting degree of delamination has been 
identified, multiple oxygen sensor setups are recommended for further investigations. 
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