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ABSTRACT

In the present work, a combination method of acoustic emission (AE) and infrared thermography (IR) alongside
micro-computed tomography has been developed for the detection and monitoring of defects in additively
manufactured fibre-reinforced polymer matrix composites. This method allows for the detection of anomalies
and defects during the printing process and the verification of their presence in the finished printed structure
without the need for destructive testing. Furthermore, a structural assessment of these materials was performed
with tensile testing alongside IR monitoring. For both the in-line monitoring and the structural assessment, the
correlation between the printing parameters, the presence of defects and anomalies and the mechanical
properties was investigated.
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1. INTRODUCTION

Additive Manufacturing (AM) is a rapidly growing area of technology for the creation of polymer matrix
composites due to the geometric flexibility, lack of post-processing required, and minimal waste produced [1]
[2]. The technology works by creating a physical 3D model based on a part produced through computer-aided
design (CAD) [3]. Fused Filament Fabrication (FFF) is an extrusion based AM method and is the most-
commonly used technique to produce fibre-reinforced polymer matrix composites (FRPs), which have a wide
range of applications including aerospace, automotive, biomedical and R&D [1]. Composite materials generally
have superior properties than conventional materials including specific properties at a reduced weight and
stiffness [4], however those manufactured through traditional methodologies are limited though the need for
post-production material removal, high cost and high wastage.
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FFF is a layer based process, where filament material is heated and extruded in a semi-molten state through a
nozzle onto a print bed which then solidifies and hardens. The next layer is then extruded on top and solidifies
to the previous layer, fusing together. This process is repeated until the desired print shape is created [5]. It is
widely reported that printing parameters such as layer height [6], print temperature, print speed and printing
orientation have a significant effect on the quality and mechanical properties of the printed parts [7] [8].

The nature of the printing process allows for the creation of defects such as porosity, voids and cracks [9].
Detection of these at the time of printing is difficult as once the printing process has begun, if interrupted, it will
have to be abandoned and restarted on most printers. The technology to detect these errors is not consistently
reliable and, whilst able to identify missing layers and excess vibration, cannot detect smaller defects such as
intra-layer porosity. Short-fibre reinforced composites (SFRPs) are also susceptible to defects such as nozzle
clogging and poor fibre/ matrix interface bonding created by the introduction of fibres into the filament material.

One method of detection of these issues during the printing process is the application of non-destructive
evaluation (NDE) techniques. Although applying NDE to composite materials has been proven challenging [9],
Infrared Thermography (IR) [10] and Acoustic emission (AE) [11] and Micro-computed Tomography (Micro-
CT) [12] have all found success in detecting defects in FRP FFF parts. IR allows for the detection of uneven
material deposition, retained heat monitoring and unexpected material cooling behaviours. AE can detect
unexpected acoustic events which can provide indicators of defect or anomaly formation.

In the present work, we present a combination method of AE and IR has been developed for the detection and
monitoring of defects in AM FRPs. This method of in-line monitoring will be supported by the results of offline
assessment through Micro-CT to benchmark the findings. A structural assessment of the materials was
performed with tensile testing alongside IR monitoring and for both the in-line monitoring and the structural
assessment, the correlation between the printing parameters, the presence of defects and anomalies and the
mechanical properties was investigated.

2. EXPERIMENTAL SETUP
2.1 Printing

Printing of the short-fibre reinforced polymer samples was performed on an Anisoprint Desktop Composer A3
printer, through the plastic nozzle with a nozzle diameter of 0.4mm. The cubed samples printed were 10mm’
with a 5 loop brim and skirt to aid adhesion and material deposition alongside Magigoo PA adhesive glue. The
tensile test samples were BS EN ISO 527-4:2023 qualification Type 1B [13] and printed in sets of 3.

The filament of the short-fibre reinforced filament was Smooth PA with a filament diameter of 1.75mm [14].
Smooth PA is a pre-impregnated PA12 filament reinforced with 10% dispersed carbon fibre and the material
profile provided in AURA was used for the printing settings. The macrolayer height was changed to allow for
the determination of the effect of changing the printing parameters. The printing profiles as well as some of the
key parameters are listed in Table 1. Adhering to the datasheets for this material, the samples were annealed
before structural assessment [14]. The samples were annealed at 100°C for 6 hours and were allowed to slow
cool and then stored in an airtight bag containing SilicaGel Desiccant packets to reduce moisture.



Table 1 - Smooth PA printing profile parameters.

0.1mm 0.15mm 0.2mm 0.3mm 1Imm
Macrolayer  Macrolayer Macrolayer  Macrolayer  Macrolayer
Macro Layer Height (mm) 0.1 0.15 0.2 0.3 1
External Shell Layer 0.05 0.075 0.1 0.15 0.5
Height (mm)
Plastic Pgrlmeters Layer 0.05 0.075 01 0.15 05
Height (mm)
Infill Layer Height (mm) 0.1 0.15 0.2 0.3 1
Thick support layer height 01 0.15 0.2 0.3 1
(mm)
Infill Density (%0) 100 100 100 100 100
First Layer Height (mm) 0.25 0.25 0.25 0.25 0.25
Cube Print Time (mins) 57 39 29 19 6

2.2 In-line Monitoring

The experimental setup for the printing process can be seen in Figure 1. The IR results were recorded with a
FLIR X6540sc camera [15] with a cooled Indium antimonide (InSb) detector. The capturing frame rate was
101.0Hz with a range of 5-300.0°C, and a field of view (FOV) of 11°x8.8°. The sensitivity was of >25mK. The
camera was connected to a laptop which was recording the output data through FLIR IR software.

The AE data was collected with MISTRAS Micro-II express digital AE equipment, with a 20db gain pre-
amplifier (2/4/6) to enhance the AE signals. A wideband AE sensor with a frequency range of 100-900kHz [16]
was attached to the print head of the Composer A3 with tape as seen in Figure 1 with ANAGEL ultrasound gel
applied to aid in the acoustic coupling. The data was processed in AEWin software.
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Figure 1 - Printing and in-line monitoring setup.




2.3 Offline Assessment

Micro-CT was performed on a Bruker Skyscan 1272 equipment [17]. It was used to analyse the internal structure
of the printed cubes by loading them onto a raised surface, fixed in place with dental wax and rotated, with
images being taken at a set rotation step layer by layer.

The filter applied was AL = 0.25mm with an elevation of 12mm. The test selected was a source current of
200pA and a source voltage of 45kV. The pixel resolution was 10pm with averaging frames of 3 and a 0.7°
rotation step. The samples were scanned about 180° with a 2016x1344 camera. Once scanning was finished, the
images are loaded into NRecon using GPUReconServer where any scanning artifacts such as circle artifacts are
removed, and smoothing is performed. The images were then aligned using DataViewer, rendered as a volume
render in CTVox and analyses in CTAn where they underwent custom post-processing to allow for porosity
percentage measurements.

2.4 Structural Assessment

Tensile testing was carried out on an Instron Universal Testing machine (Model 3369) with a Digital
Extensometer AVE2, with the setup displayed in Figure 2. Tests were conducted in accordance with BS EN ISO
527-4:2023 qualification Type 1B test standard. The IR results were recorded with a FLIR X6540sc camera
with a cooled Indium antimonide (InSb) detector. The camera was connected to a laptop which was recording
the output data through FLIR IR software.
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Figure 2 - Tensile testing equipment setup with IR monitoring



3. RESULTS
3.1 In-Line Monitoring

3.1.11IR

Figure 3 shows the IR thermographs and temperature profiles during the printing process with the profile results
presented graphically. Expected thermal behaviours for these samples would show a lower temperature to the
left of the image and a hotter, more red material to the right of the image. Variation from this distribution could
indicate poor cooling and poor bonding as the correct material temperature is highly important to ensure layer
adhesion and minimal porosity. The 0.3mm cube shows clear variation from the expected distribution with a
peak to the left of the plot. From the thermograph, it is clear that there is uneven thermal distribution, with more
material deposited on the left side of the sample. This can be an indicator for the creation of a defect as this
extra material hasn’t cooled in the expected way and can lead to the formation of a voids. The 1mm sample also
shows a clear and more drastic deviation from the expected thermal distribution. The sample is not cooling as
expected, with multiple peaks along the print path across a 12°C range when compared to the 0.1mm sample,
which has a fairly consistent cooling curve over a range of 35°C.

Figure 3 - IR thermographs and pixel plots for all samples, a)
0.1mm, b) 0.15mm, c) 0.2mm, d) 0.3mm and e) Imm.



This is a clear indicator for poor layer adhesion incorrect cooling and could also have an effect on the retained
heat within the sample. There is a clear trend as the macrolayer height increases, the uneven thermal distribution
increases and as such, increased indicators of defects.

3.1.2 AE

Figure 4 presents the AE results. Due to the nature of the printing process, there will be regular repeated acoustic
events as the print head follows it path as well as equipment and fan vibration. A threshold of 30db was applied
to account for the background noise. Initial results of hits across the print time were recorded and normalised
for the print time and number of layers within the sample. A higher number of these normalised hits indicate the
presence of more defects as regular movement is accounted for by thresholding.
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Figure 4 - Comparison of normalised hits across all profiles.

Following the trend seen within the IR monitoring, as the macrolayer height increases, the number of indicators
of defects increase. The 0.1mm sample with the longest print time and the greatest number of layers showed the
least number of normalised hits, with less unexpected acoustic events and indicators of defects. The number of
normalised hits increased as the print time decreased, showing an inverse relationship with the Imm sample
recording a 952% increase compared to the 0.1mm sample.



3.2 Offline Assessment

Figure 5 shows the CTVox renderings of the cubed samples, with an image slice taken from within the infill of
the cubes. The grey material represents the composite material, and the darker area represent a less dense
material, which in this case indicates air and therefore voids and porosity.

Figure 5 - CTVox renderings of all samples a) 0.1mm, b) 0.15mm, c) 0.2mm, d) 0.3mm and e) Imm.

The quality of the wall section of both the 0.1mm and 0.15mm macrolayer samples is consistent with no visible
porosity and a clear structure. The 0.2mm and 0.3mm samples show some deformation and porosity along the
inner wall and infill interface with less definition in the wall structure. The 0.3mm cubes outer wall also shows
some porosity and defects which do not appear in the 0.1mm and 0.15mm samples. All samples excluding the

Imm show a crossing pattern in the infill, with porosity present in all, however the percentage of this appears
to increase as the macrolayer height increases.

Table 2 displays the quantified porosity within the cubes. It confirms the findings of the CT Vox renderings with
the porosity percentage increasing as the macrolayer height increases. This increase can also be attributed to the
appearance of porosity and voids within the infill print path. This is not present in the 0. 1mm sample and begins

to appear in the 0.15mm sample, continuing to appear in increasing volume in the 0.2mm and 0.3mm macrolayer
samples.



The 1mm sample presents double the quantified porosity percentage compared to the 0.3mm sample, and this
quality difference is apparent in the CTVox rending. The sample does not show the “crossing/webbed” infill
pattern seen in the other samples and instead displays large voids between the full length of the infill pattern.
The inner wall and infill interface is not clearly defined as in the other samples and the wall shows a large
concentration of voids, again different from all other samples where the wall quality is consistent. The
deformation first seen in the 0.3mm sample to the external wall quality is greatly enhanced and a visible split
within the wall has occurred, possibly caused by the decrease in print time not allowing adequate time for the
layers to cool and bond.

Table 2 - Porosity (%) values for all samples.

Sample Porosity (%)
0.1mm Macrolayer 0.62
0.15mm Macrolayer 1.79
0.2mm Macrolayer 3.04
0.3mm Macrolayer 5.06

1mm Macrolayer 10.70




3.3 Structural Assessment
3.3.1 Mechanical properties

Figure 6 shows the stress strain curves for the samples across all profiles. To allow for IR monitoring, one
sample in each set of 3 was tested without the digital extensometer. All samples perform in a brittle manner
however there is a significant difference in the performance of the 1mm macrolayer samples compared to the
0.1-0.3mm samples, with a 2x increase in strain but a 40% decrease in ultimate tensile strength (UTS).

— SMPAO.1A —— SMPAQ0.1B —— SMPA0.15A —— SMPAO0.15B —— SMPAOD0.2A
— SMPA0.2B —— SMPA0.3A ——SMPA0.3B —— SMPA1A —— SMPA1B

60

| AE———————
000 001 002 003 004 005 006 007 0.08

Strain

Figure 6 - Stress Strain curve for all samples.

Figure 7 shows a comparison of the average UTS and Young’s modulus (E) across the sets of 3 samples. The
samples were also compared to the data sheet values for Smooth PA provided by Anisoprint [14], UTS of 71.63
+ 1.67 and Young’s modulus of 3304.39 + 145. When comparing UTS, the 0.Imm recorded the highest on
average, but there was not a significant change between the 0.1-0.3mm samples, when compared to the increase
in print time required. The Young’s modulus of the samples displayed a trend of increasing as the macrolayer
height decreased and the print time increased.
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Figure 7 - Comparison of average a) Ultimate tensile strength and b) Youngs modulus of all samples.

3.3.2 IR Monitoring

Figure 8 displays IR thermographs taken during the tensile testing of the samples. Utilising IR during the testing
allows for the identification of other stress concentrators within the sample which did not lead to the full sample
failure. Within the 0.15mm and 0.2mm samples (Figure 8b&c), secondary hotspots are visible separately from
the beak locations. All the break locations and other hotpots excluding the 0.1mm and 1mm samples occur close
to the radial sections of the samples and outside of the gauge length. This is a clear indication that these locations
are stress concentrators and could be more prone to defects due to the nature of the printing process, as the print
head moves freely and not in a coordinate direction. The 1mm sample (Figure 8e) shows hotspots throughout
the sample once broken, indicating multiple high stress areas and defect locations.
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Figure 8 - IR thermographs during mechanical testing, a) 0.1mm,

b) 0.15mm



4. CONCLUSION

In this paper, a combination method of acoustic emission (AE) and infrared thermography (IR) alongside micro-
computed tomography has been developed for the detection and monitoring of defects in additively
manufactured short fibre-reinforced polymer matrix composites. The findings of the in-line monitoring were
benchmarked against the offline assessment to determine efficacy. Multiple print setting profiles were compared
to find a correlation between print time, print parameters and print quality. Structural assessment was also
performed alongside IR monitoring to aid in the detection of stress concentrations and the presence of defects.

It was concluded that the combined methodology of in-line monitoring can detect abnormalities in the printing
process and detect indicators of defects. This includes uneven material deposition, uneven thermal distribution
and presence of porosity due to poor intra-layer fusion. The findings were benchmarked against the offline
assessment which allowed for visualisation and quantification of the internal porosity. Compared to current
methods of detecting defects in these materials, it supplies a non-destructive methodology which is backed up
by the offline assessment findings.

A clear trend was discovered between the printing parameters, porosity and the mechanical properties of the
samples, as the macrolayer height increases, the percentage of porosity increased, and the Young’s modulus
decreased.

The findings of this new combined methodology benchmarked against the Micro-CT requires further study and
testing however the methodology can be used to determine abnormalities in the printing process which led to
the formation of defects.
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