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A B S T R A C T   

Recently, a novel thermoforming process involving induction heating of tin interlayers to create ‘lubricated 
blanks’ using low viscosity molten tin was demonstrated (“iMelt”) (Harrison et al., 2020). Important to the 
success of the method is expulsion of the tin interlayer from the blank using a multi-step thermoforming oper-
ation. Approaches to characterise the quantity of residual tin and impact on the mechanical properties of the 
formed parts are established. 3D x-ray CT was used to accurately determine residual tin content while results 
from 2D x-ray scanning were shown to be highly-correlated with the 3D data and therefore can be a faster, low- 
cost alternative. After gradual refinement of the process, it was shown that residual tin volumes as low as 1.6 % 
were achievable in flat laminates. Compared to reference samples consolidated without tin, the remnant tin 
caused a reduction in yield strength and flexural stiffness, while producing comparable ultimate interlaminar 
shear strength.   

1. Introduction 

Thermoforming of continuous fibre thermoplastic composite lami-
nates offers an avenue for rapid manufacture of high performance 
(lightweight, tough, corrosion resistant) structural components. Regu-
latory requirements such as the need to reduce emissions in transport 
and recyclability [1] are driving adoption, however there are several 
issues that continue to restrict their widespread use including various 
manufacturing issues [2]. Forming of wrinkle-free biaxial sheets is 
relatively simple [3–6], while forming of multiaxial sheets is much more 
challenging; the ply configuration in multiaxial sheets can lead to large 
inter-ply stresses between adjacent, but non orthogonal plies [7–9]. 
These additional stresses can lead to wrinkling when forming doubly 
curved geometries and these wrinkles can significantly reduce final part 
strength by up to 70 % [10,11]. One previously suggested solution to 
this problem has involved the insertion of thin thermoplastic polymer 
sheets into a layup to effectively lubricate the blank during the forming 
process [12]. The addition of low viscosity polypropylene interlayers to 
a glass-polypropylene matrix has been shown to increase maximum 
shear angle without wrinkling from ~ 5◦ to around ~ 20◦. However, the 
presence of a 1.5 mm interlayer lowered the fibre volume fraction to 14 
% when compared to a 35 % fibre volume fraction with no interlayer 
[12]. The effectiveness of the lubricating polymer interlayer in this 

method is also limited by the relatively high viscosity of molten ther-
moplastic polymers (~1000 Pas) which can still generate significant 
inter-ply friction during forming. 

Recently, an alternative ‘lubricated blank’ approach was demon-
strated [13] where molten metal (tin), which has a significantly lower 
viscosity than thermoplastic polymers (~2 mPas [14]) was used as the 
inter-ply lubricant during the press forming of pre-consolidated carbon 
fibre reinforced nylon advanced composites. This process will be 
referred to as iMelt forming in the rest of the paper. A layup of tin and 
carbon fibre reinforced nylon sheets was placed in a double diaphragm 
arrangement, a vacuum was drawn and the layup was internally heated 
using electromagnetic induction. A bespoke multistep tool was then 
used to press-form the blank. By beginning the forming process at the 
centre and progressively moving outwards towards the perimeter of the 
sheet, a pressure-driven squeeze flow is created, pushing the tin out of 
the blank during the forming process. As well as reducing friction during 
forming, the molten metal can provide homogeneous internal heating of 
the part. The manufacturing process produced good preliminary results, 
creating reasonably well thermoformed prototype parts. However, the 
success of the method depends on effective expulsion of almost all of the 
tin during forming; if even small quantities remain, then the mechanical 
properties of the formed part are likely to be lower and the average 
density of the formed composite part is higher. If the process is to 
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become a viable process option, the amount of residual tin has to be 
lowered to very low levels and the influence of the latter on the final 
mechanical performance of the formed parts must be understood. This 
means that a practical and low-cost method of measuring the amount 
and distribution of residual tin in the formed parts is needed. 

One way to investigate the amount of residual tin is to use radiog-
raphy. As x-rays pass through material, energy is lost via absorption or 
scattering allowing for analysis of the internal structure [15]. X-ray in-
tensity along a path can be found using the Lambert-Beer’s law as fol-
lows [16]: 

Ix = I0e− μx (1) 

where Ix is x-ray intensity at depth x, I0 is x-ray intensity and μ is the 
linear attenuation coefficient. Strictly, this is only valid for x-rays of a 
single energy and wavelength; however, it provides a good approxi-
mation of the behaviour of polychromatic beams. The linear attenuation 
coefficient is influenced by a number of factors and depends on the 
interaction of photo absorption effects, Rayleigh scattering and Comp-
ton scattering [17]. Contrast between relevant features is a key issue and 
is largely dependent upon differing linear attenuation coefficients of the 
constituent features. In this investigation, the aim is to identify tin 
embedded in a nylon-carbon fibre laminate. The approximate linear 
attenuation coefficients of 6 cm− 1 for tin, 0.4 cm− 1 for pure carbon [18] 
and 0.2 cm− 1 for nylon [19] mean that full depth penetration of the 
nylon-carbon fibre sample is possible, and the tin provides excellent 
contrast with the carbon/nylon composite due to its significantly higher 
attenuation coefficient. 

Conventional radiography involves passing high energy electro-
magnetic radiation (x-rays) through an object and on to a detector (e.g. 
film, phosphor plate or semiconductor for digital imaging), creating a 
2D ’shadow’ of the internal structure of the object [20]. This process can 
be used to image the residual tin quickly; however, there is a limit to the 
technique’s measurement accuracy due to the lack of information on 
through-thickness location [21,22]. In contrast, x-ray computed to-
mography (x-ray CT) can be used to construct a 3D image of an object. X- 
ray images are collected from multiple angles and reconstructive algo-
rithms are used to create full 3-d images [17]. While x-ray CT is pri-
marily used in the medical field, it has also been used to image the 
internal structure of naturally occurring rocks [16], manufactured 
products [23] and also in visualising the meso- and micro-structure of 
polymer composites, allowing imaging of internal fibre architecture and 
damage, with a potential resolution of around 5–7 µm [24–28]. Use of 
optical measurements can be used to verify and calibrate these images. 
As powerful as the method is, it does have drawbacks: high resolution 
scans can only be performed on small volumes, the scanning and 
reconstruction process can be time consuming and the initial cost for the 
equipment is high [24]. 

Turning to the effect of the residual metal (tin) on mechanical 
properties, a concern is that the existence of residual tin at the ply 
interface could lower the inter-laminar shear strength (ILSS). Adhesion 
occurs through a variety of mechanisms such as mechanical inter-
locking, physical bonding (e.g. Van Der Waals interactions) and chem-
ical bonding [29]. Bonding in nylon structures relies primarily upon 
hydrogen bonds between adjacent polymer chains [30]. These bonds are 
strong, and as such, their interruption by the presence of residual tin 
may reduce the strength of the interlaminar interface, weakening the 
part and leading to failure via interlaminar shear. Interlaminar shear 
strength can be characterised using test standards, e.g. ISO 14130 [31], 
and is a measure of resistance to shear induced delamination failure in 
laminated composites [32,33]. In this investigation, it is used to examine 
the effect of residual tin on the ILSS. Adhesive bond strength can be very 
sensitive to material composition at the surfaces of the bonded mate-
rials. For example, surface oxidation and phenoxy coatings on fibres can 
dramatically increase the interlaminar shear strength of nylon-carbon 
composites [34–36]. The presence of voids and sharp changes in fibre 

density can also reduce the ILSS [37,38]. Indeed, interlaminar failure at 
the metal/composite interfaces in epoxy-aluminium/carbon fibre lami-
nates has been demonstrated previously [39–42]. The authors are not 
aware of any investigations specifically into tin/nylon bonding, however 
some research has shown that tin/polymer bond strength is sensitive to 
the type of polymer used (e.g. polyurethane vs polyurethane acrylic) 
[43]. Understanding the influence of the residual interlaminar tin on the 
ILSS of carbon/nylon composites is an important goal of this investi-
gation. For simplicity, the current investigation is limited to the case of 
flat laminates rather than thermoformed parts of complex geometry. 
This should be the easiest and simplest scenario to examine the influence 
of any residual tin following the iMelt process. 

The structure of the remainder of this paper is as follows: in Section 2 
a brief description of the manufacturing process used to make the 
samples is provided [13]. Section 3 describes the x-ray methods used in 
the investigation. The quantity of tin present following iMelt forming is 
analysed in detail using optical methods in addition to both 2D and 3D 
radiography. These techniques are developed and optimised specifically 
for this application and consideration is given to the question of how to 
best to undertake the measurements for different purposes (e.g. rapid 
low-cost quality control or slow and expensive high accuracy measure-
ments etc.). Section 4 describes the methods used to ascertain the impact 
of residual tin on the mechanical properties of the laminates. Results 
from these experiments are shown in Section 4 and finally conclusions 
are presented in Section 6. 

2. Materials and manufacturing 

For this paper, a number of laminates were consolidated to produce 
flat specimens for mechanical testing and non-destructive characteri-
sation. Sub-laminates were prepared from TenCate Cetex TC910 nylon 6 
UD tape [44] in a [0/90]s layup, consolidated together in a heated press 
under 5.9 bar at 270 ◦C. The tape had a thickness of 0.16 mm, a fibre 
volume fraction of 49 % and a polymer content by weight of 40 %. The 
recommended processing temperature for the laminates is 249–271 ◦C. 
During the consolidation process, laminates were held in a silicone 
rubber diaphragm bag under atmospheric pressure (Silex 60◦ Shore A 
Hardness High Temperature Silicone Rubber Sheet [45]). Four distinct 
carbon-nylon laminate types were then heated and consolidated 
together from the sub-laminates using the following protocols that relate 
to the type of heating and consolidation conditions and the presence (or 
not) of a tin interlayer:  

1. No Tin (Radiant): Four [0/90]s carbon-nylon sub-laminates in a [0/ 
90/90/0/90/0/0/90]S layup were heated under vacuum in a 0.3 mm 
thick silicone rubber diaphragm bag at 250 ◦C (without interlaminar 
tin) using a 5.7 kW radiant heater (Watlow Raymax 2030) before 
being shuttled across and further consolidated with the same 
multistep tooling described in [13], creating a total consolidation 
pressure of 2 Bar between the vacuum pressure and pressure from the 
forming tool. Temperature was monitored using a Flir E8-XT Infrared 
Camera and temperature was recorded at the upper diaphragm 
surface. The part was heated for 15 min, and after forming, was held 
in between the steel male and steel female tool to cool for 15 min. 
This laminate is used as a control for the impact of residual inter-
laminar tin. 

2. No Tin (Platens): Four carbon-nylon sub-laminates were consoli-
dated (without interlaminar tin) between electrically heated platens 
at 4 Bar and 270 ◦C. The platens were air cooled for 50 min to 150 ◦C 
before being water cooled for 10 min to room temperature. The 
overall layup was again [0/90/90/0/90/0/0/90]S. The two ‘No Tin’ 
laminates serve as examples of conventional consolidation methods. 
This sample was used as an external control to validate our 
manufacturing process.  

3. Tin (Induction A): Four sub-laminates of carbon-nylon composite 
were interspersed with three sheets of tin with a layup of [0/90/90/ 
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0/T/90/0/0/90/T]S. Here T indicates a tin interlayer. The layup was 
then heated via electromagnetic induction of the tin to ~ 250 ◦C 
under vacuum in a 0.3 mm thick silicone rubber diaphragm bag and 
consolidated using the multistep tool. Temperature was measured 
from the upper surface of the Silicone Diaphragm using an infrared 
camera. The part was consolidated between steel male tool and 
epoxy-glass fibre composite female tool for fifteen minutes. Further 
details on the induction assisted forming can be found in [13].  

4. Tin (Induction B): These specimens were prepared in the same way 
as Tin (Induction A), except with an additional 1 mm thick silicone 
rubber sheet inserted between the composite sample and the dia-
phragm bag. This change had a few benefits. It lowered heat flow 
through the diaphragm and out of the sample, increasing the relative 
significance of conduction within the matrix material and improving 
temperature homogeneity. It also acted to improve the structural 
integrity of the diaphragm to help it support the heavy molten tin, 
improving consistency of the heating process. Finally, it also acted to 
smooth over discontinuities in the pressure distribution at the edge of 
the rings of the multi-step press. 

Following these steps, a number of samples were manufactured for 
mechanical testing: One of ‘No Tin (Radiant)’ and one of ‘No Tin 
(Platens)’. These are respectively referred to as ‘No Tin-R’ and ‘No Tin-P’ 
in future text and figures. Additionally, three samples of type ‘Tin (In-
duction A)’, and two samples of type ‘Tin (Induction B)’ were produced. 
These are denoted Tin-IA1 to Tin-IA3 and Tin-IB4 to Tin-IB5 in future 
text and figures. A larger number of tin samples were analysed to pro-
vide a larger number of data points allowing for more detailed explo-
ration of the impact of residual tin. Table 1 summarises the conditions 
used in each of the four consolidation methods. A final point to note is 
the variable cooling conditions, particularly between ‘No Tin-P’ and the 
other methods. Slower cooling rate has been shown to lead to higher 
crystallinity [46] in finished samples, and as a result may lead to high 
interlaminar fracture toughness [47,48]. 

3. Optical and radiographic analysis 

The quantity and distribution of residual tin in the post-consolidated 
laminates, was measured using three techniques: 2D x-rays, 3D x-ray CT 
and optical imaging of the cross-section. For 2D x-ray analysis, samples 
were scanned at 130 kV and 5 mA for 2 s from a distance of 600 mm 
using an x-ray generator. The images were collected on D4 film and 
digitised using a backlight and digital camera. For 3D x-ray analysis, 
selected samples were further scanned in a Nikon XT H 225/320 LC 
computed tomography device at 140 kV and 136 µA energy. A 0.5 mm 
tin pre-filter was placed over the tube to reduce the impact of beam 

hardening effects [49]. A voxel size of approximately 60 µm was ach-
ieved for all samples. The CT scan data was compared with polished 
cross-sections to ensure accurate thresholding values were chosen. For 
the sectioning, samples were bisected, mounted in resin and polished 
using a Struers LaboForce-50. Images were then captured using a 
Thorlabs Cerna optical microscope with 8-megapixel digital camera and 
a x5 lens. The sample was mounted on a motorised stage and images 
were taken to cover the full sample. The images were then stitched 
together using Hugin Panorama photo stitching software. 

We hypothesise that the impact of the tin on final material properties 
may correlate with either (1) the percentage projected surface area 
which is covered by residual tin, or (2) the percentage volume of re-
sidual tin in a part. The first metric gives an indication of the interrupted 
interlaminar bonding between plies. The second provides an estimate of 
the mass of residual tin within the laminate, without information on the 
distribution of the tin within the laminate. To quantify these metrics, the 
CT scan data was first thresholded in Simpleware ScanIP (Synopsys, 
USA) to identify regions of tin. The scan was then exported into a 3D 
image stack and analysed in MATLAB. Surface area characterisation was 
obtained by projecting the full image stack onto a single plane and then 
calculating the areal tin coverage using the known voxel dimensions. 
Volume characterisation used a similar method, however a count was 
kept to determine the “thickness” of each superimposed pixel. This 
approximated thickness was then used to calculate the total volume of 
residual tin. 

4. Mechanical testing 

Interlaminar Shear Strength tests were carried out in a three-point 
bending fixture in accordance with ISO 14130. The test specimens had 
thickness, t, ranging from 1.9 − 2.67 mm, and as such, test specimens of 
length L = 20 mm and breadth 10 mm were prepared. The test was 
carried out in a Deben Microtester (Deben, UK) with a 5 kN loadcell. The 
test setup is shown in Fig. 1. A loading plunger (a) with radius 5 mm is 
used to apply force at the mid-span. The specimen (b) is mounted on two 
supporting bars (c) of radius 2 mm. The span, s, of the support was set to 
12.5 mm. The flexural properties of the specimens is influenced by the 
relative orientation of the layup to the long axis of the specimen, as such 
two test types specimen were prepared: one with the outer fibres parallel 
to the long axis of the specimen (Orientation 1) and the other having the 
outer fibres perpendicular to the axis of the specimen (Orientation 2). 
The rectangular specimens were carefully cut out from the formed discs 
using a diamond coated rodsaw before being filed to size. The location of 
each cut specimen was recorded to enable accurate cross referencing 
with the CT scans. This allowed for estimation of the residual tin content 
specific to each of the ILS samples. Specimens from the four 

Table 1 
Details of the forming processes.   

1. No Tin-R 2. No Tin-P 3. Tin-IA 4. Tin-IB 

Consolidation Temp (◦C) 270 270 250 250 
Consolidation Pressure 

(Bar) 
2 4 2 2 

Heating Method Radiant Heater Heated Platens Induction Heater Induction Heater 
Cooling Method 15 min. consolidation in press 50 min. air cooling -> 10 min. 

water cooling 
15 min. consolidation in 
press 

15 min. consolidation in press 

Layup [0/90/90/0/ 
90/0/0/90]S 

[0/90/90/0 
/90/0/0/90]S 

[0/90/90/0/T/ 
90/0/0/90/T]S 

[0/90/90/0/T/ 
90/0/0/90/T]S 

Consolidation Tool Multi-Step Press + Steel Base Heated Platens Multi-Step Press + Epoxy- 
glass fibre base 

Multi-Step Press + epoxy glass fibre base 

Diaphragm 0.3 mm Silicone Rubber + 1.0 mm thick 
Silicone rubber around layup 

n/a 0.3 mm Silicone Rubber 0.3 mm Silicone Rubber + 1.0 mm thick 
Silicone rubber around layup 

Diagrammatic 
representation (Not to 
scale) 
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manufacturing processes described in Table 1 were tested. The key 
mechanical properties (ILSS and Yield Strength) were then determined 
from the force–displacement curves. 

Interlaminar shear stress was calculated via the following equation in 
accordance with ISO 14130. 

Interlaminar shear stress = 0.75
P
bt

(2) 

Where P is the applied plunger force, b is specimen width and t is 
specimen thickness. Both the maximum value (i.e. interlaminar shear 
strength, ILSS) and its yield value (ILSSY) were considered. Interlaminar 
shear strength was defined in accordance with ASTM D2344 via the 
maximum force reached when any one of the following conditions were 
met: (a) two piece specimen failure, (b) a force drop-off of 20 % or (c), 
1.8 mm of plunger displacement was reached. 1.8 mm was chosen as, 
beyond this point, the specimen begins to be compressed between the 
plunger and the supporting bars, causing a rapid increase in the applied 
load. As there was considerable variation in the specimens and the 
force–displacement plots, yield was defined by either a 0.2 % yield offset 
or by a drop in force (whichever occurs first). The yield stress was 
similarly calculated using Eq. (2). 

5. Results and discussion 

5.1. Radiographic and optical analysis of residual tin content 

In this section, an overview of the x-ray and optical analysis of the 
residual tin content is given. Table 2 shows the percentage volume of 
residual tin and the percentage volume of tin expelled during consoli-
dation in the five samples containing tin (each one for the entire formed 
disc). Over the duration of the investigation [13], the iMelt process was 
steadily improved, this is apparent in the results presented 

chronologically from top to bottom in Table 2: i.e. residual tin quantities 
decrease as the process was improved over time. 

The microscope images of the polished cross section in Fig. 2. show 
that the residual tin lies almost exclusively in the three interfaces cor-
responding to the original tin sheet locations. It can also be seen from the 
images that the residual tin tends to form large fragments with the vast 
majority being above 100 µm. This indicates that the CT scans will detect 
the vast majority of the residual tin inside the sample and can be used to 
give an accurate representation of the level of residual tin. 

Fig. 3 shows a comparison between a 3D CT scan and a 2D film X-ray 
of a bisected sample. Fig. 3a shows the raw segmented data from the CT 
scan with a significant number of residual tin fragments distributed 
around the specimen. In Fig. 3b this data has been transformed in 
MATLAB to produce a 2D projection with light intensity scaling with 
thickness of tin. Fig. 3b indicates that the majority of the residual tin is, 
in fact, quite thin as can be seen from the dark grayscale values when the 
thickness is taken into account. Finally, in Fig. 3c a digitised 2D film x- 
ray of the same sample is shown. In this instance, it is clear that both 
methods capture similar physical phenomena, although the CT scan has 
higher resolution and is able to detect smaller fragments than the 2D x- 
ray. 

The importance of the 2D x-ray lies in the speed that it can be 
deployed in the quality control of parts, although less accurate in 
detecting smaller fragments. The images in Fig. 3, which contains a 
sample with a relatively high volume of tin, indicates that the 2D film x- 
ray may be sufficient to rapidly assess the quality of mass-produced parts 
in the hands of experienced users. 

Analysis of the samples was carried out in MATLAB (see Section 3) to 
calculate the total tin volume and the total projected surface area 
covered by tin, for a selection of smaller samples. In total, 64 samples 
with interlaminar tin and dimensions 20 × 10 mm were examined and 
later tested mechanically using the interlaminar shear test. The volume 
versus projected surface area of residual tin within each test piece is 
plotted in Fig. 4. A high level of correlation is apparent (r2 = 0.92), 
suggesting that the lateral projected surface area of residual tin is 
roughly proportional to its volume. 

The strong correlation between projected surface area and volume of 
residual tin indicates again that the simpler 2D x-ray approach may be 
sufficient to make judgement calls on residual tin content. To test this 
possibility, a comparison between the projected surface area from the CT 
scan and the calculated surface area of tin from the 2D film x-rays was 
made. Film x-rays (captured and digitised as detailed in Section 3) were 
thresholded via the Renyi Entropy thresholding algorithm [50] in 
ImageJ. These thresholded images were then analysed via MATLAB to 

Fig. 1. Schematic of ILS test setup. (a) loading cylinder with radius r1 = 5 mm 
(b) specimen of approximate dimension 20 × 10 × 2 mm and (c) support 
cylinders of radius r2 = 2 mm and span s = 12.5 mm. 

Table 2 
Residual tin volume as a percentage of final part volume for parts Tin-IA1-IA3 
and Tin-IB4-IB5, determined using CT scans.  

Test Residual Tin Volume 
(%) 

Volume of Original Tin Interlayer Removed 
(%) 

Tin- 
IA1 

5.7 ±4.1
2.6 97.0 ±2.1

1.4 

Tin- 
IA2 

4.2 ±2.4
1.6 97.8 ±1.3

0.9 

Tin- 
IA3 

1.5 ±0.8
0.5 99.4 ±0.2

0.4 

Tin- 
IB4 

2.5 ±2.2
1.3 98.6 ±0.8

1.3 

Tin- 
IB5 

1.6 ±1.6
0.9 99.0 ±0.5

0.9  

Fig. 2. Microscope images of the polished cross section. Images taken from 
sample Tin-IA3. Lines indicate the 3 interlaminar layers which originally con-
tained interlaminar tin. 
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establish the surface area (projected) of residual tin in the samples. A 
comparison between the surface area percentage as calculated from the 
x-ray CT scans with that calculated from the film x-rays is shown in 
Fig. 5. The dashed line represents a 1:1 relationship. The plotted data 
suggest that the CT scans tend to give a higher value than the 2D film x- 
rays, however this tendency fades at higher quantities. It is therefore 
plausible that smaller fragments of residual tin are missed by the lower 
resolution 2D film x-rays and a higher resolution system may be required 
to fully match the x-ray CT scans. 

A final point regarding the quantity of residual tin is its influence on 
average density. Tin is significantly denser than nylon. The percentage 
change in density (%Δρ) when a volume of tin (Vt) replaces an equivalent 
volume of CFR nylon from a part with original volume (Vo) can be found 
as follows, 

%Δρ =
[ρnylon(Vo − Vt) + ρtin(Vt)]− (Vo) × ρnylon

Vo × ρnylon
. (3) 

Taking ρnylon = 1.45 g/cm3 and ρtin = 7.28 g/cm3 gives the following: 

%Δρ =
ρtin − ρnylon

ρnylon
×

Vt

Vo
=> 4.02

Vt

Vo
(4) 

Alternatively, comparing the density of the tin with the density of the 
composite sheet as a whole (ρCFRnylon = 1.73 g/cm3 [45]) gives. 

%Δρ =
ρtin − ρCFRnylon

ρCFRnylon
×

Vt

Vo
= 3.2

Vt

Vo
(5) 

This shows that the density of a composite with one percent of tin by 
volume would be ~ 3–4 percent denser than without the tin, and five 
percent of tin by volume would be ~ 15–20 percent denser. This clearly 
necessitates minimising tin content for the process to be viable. 

5.2. Effect of heating and consolidation method on mechanical properties 

Table 3 shows the breakdown of the tested specimens based on 
forming method, orientation and part dimensions. A total of 96 speci-
mens were tested. Orientation 1 has the outer fibres parallel to the long 
axis of the part, and Orientation 2 has the outer fibres perpendicular to 
the long axis. 

The graphs in Fig. 6 show the running mean of the deflection versus 
ILSS curves for each manufacturing method allowing the reader to better 
appreciate the nature of the failure of samples produced by the different 
production methods. Each graph shows average results, for both relative 
orientations, indicated by the continuous and dashed lines. The range of 
results (highest to lowest measurement) is shown by the lighter shade 
colour, and all individual curves are plotted in the bottom right. Looking 
at the range (shaded region) in the plots of Fig. 6, the laminates without 
tin clearly show less scatter. Finally, it can be seen that all specimens, 
except for ‘No Tin-P’, exhibit gradual plastic failure. As the crosshead 
displacement increased, these relatively ductile specimens were bent to 
such a degree that they were eventually compressed between the 
plunger and the two support bars, at which point the results become 
invalid. This occurs at a displacement ~ 1.8 mm: consequently all results 
shown in Fig. 6 have been truncated accordingly. 

Table 4 shows the P-values of a Welch Two Sample T-test used to 
evaluate the impact that specimen orientation had on the results. The 

Fig. 3. Comparison between (a) segmented 3D CT scan showing residual tin in 
a bisected circular sample (b) 2D projection of same 3D scan with intensity 
adjusted for thickness and (c) 2D X-ray of same sample. Results are from the Tin 
-IA1 sample (containing ~ 5.7 % vol of tin). 

Fig. 4. Volume of residual tin versus projected surface area, measured using 3D 
x-ray CT. 

Fig. 5. Comparison between surface area calculated via film x-rays and pro-
jected surface area calculated via the 3D CT scans. Dashed line represents 1:1 
relationship. The film x-rays underpredict the surface area of each ana-
lysed fragment. 
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high P-values (>0.05) suggest that the impact of orientation is not sig-
nificant on the measured material properties. This is likely due to the 
high number of plies (16) in the samples reducing the relative contri-
bution of any single ply. For completeness we will continue to show 
results for each orientation separately. 

Fig. 7 shows Interlaminar shear stress versus crosshead displacement 
(deflection) for one representative ‘No Tin-R’ specimen. Inset photos 
show the progression of deformation and failure corresponding to points 
(A to D) on the loading curve. The sample initially begins to deform 

plastically (B) before visible delamination occurs in the midplane, 
roughly half-way between the applied loading and the support cylinders 
- i.e. corresponding to the locations of maximum shear stress in three- 
point bending. In Fig. 8, results for a representative specimen having 
relatively high residual tin content (~21 % surface area, from ‘Tin-A2′) 
is shown. The specimen fails via delamination occurring close to an 
agglomeration of residual tin, as shown in (C). This is again close to the 
location of maximum shear stress, so the presence of tin appears to have 
weakened the specimen and eventually leads to tensile failure of the part 
in (D). In Fig. 9, results for another representative specimen containing 
rather less residual tin (~6.8 % surface area, from ‘Tin-A3′) is shown. In 
this case, the initial visible delamination occurs between the loading 
cylinder and the support cylinder, but appears in the bottom half of the 
laminate (highlighted in C). The propagation of this delamination is 
limited and the sample primarily experiences plastic deformation. For 
most examples, failure tended to initiate around the midpoint between 
the loading and supporting cylinder. This corresponds with the location 
of maximum shear stress in the three-point bending arrangement 
(Makeev et al. [51]). 

In some cases, the presence of tin leads to weakening of the inter-ply 
interface and more rapid delamination. However, it also appears that the 
presence of the tin, in some cases, leads to a more ductile response where 
the tin tends to improve the ability of the beam to absorb energy via 
accommodation of further bending rather than by propagation of cracks 
to sudden failure. This is clearly seen in the example shown in Fig. 9. 
Interlaminar veils have been used with varied success to improve 
resistance to fracture and improve ductility within composites [52–54]. 

Table 3 
Detailed dimensions of interlaminar shear specimens by forming method and 
orientation. In Orientation 1, the outer fibres are parallel to the long axis of the 
sample. In Orientation 2, they are perpendicular to the long axis of the sample.  

Forming 
Method 

Orientation No. 
Samples 
Tested 

Thickness 
(mm) 

Length 
(mm) 

Breadth 
(mm) 

No Tin-R 1 6 2.08 ±
0.04 

19.90 
± 0.25 

10.08 ±
0.19 

No Tin-R 2 6 2.06 ±
0.07 

19.87 
± 0.13 

9.94 ±
0.13 

No Tin-P 1 6 2.30 ±
0.05 

19.72 
± 0.39 

9.98 ±
0.17 

No Tin-P 2 6 2.32 ±
0.06 

19.88 
± 0.25 

9.90 ±
0.09 

Tin-IA1 1 7 2.42 ±
0.08 

20.18 
± 0.26 

10.02 ±
0.12 

Tin-IA1 2 9 2.42 ±
0.11 

19.91 
± 0.41 

10.03 ±
0.10 

Tin-IA2 1 7 2.36 ±
0.07 

20.09 
± 0.54 

10.13 ±
0.09 

Tin-IA2 2 8 2.35 ±
0.08 

19.91 
± 0.53 

10.10 ±
0.10 

Tin-IA3 1 7 2.27 ±
0.13 

19.78 
± 0.34 

10.06 ±
0.20 

Tin-IA3 2 8 2.28 ±
0.30 

20.17 
± 0.36 

9.96 ±
0.11 

Tin-IB4 1 7 2.48 ±
0.17 

20.12 
± 0.29 

10.46 ±
0.37 

Tin-IB4 2 7 2.37 ±
0.18 

20.25 
± 0.48 

10.49 ±
1.0 

Tin-IB5 1 6 2.48 ±
0.15 

20.27 
± 0.61 

9.99 ±
0.32 

Tin-IB5 2 6 2.34 ±
0.18 

20.11 
± 0.31 

10.18 ±
0.27  

Fig. 6. Mean interlaminar shear stress versus deflection for each specimen type and orientation. The range of the results is indicated by the faded background. The 
bottom right plot shows all individual curves. 

Table 4 
Statistical impact of the orientation of the tested sample on the mechanical 
properties of the sample. Welch Two Sample T-test was used. P-values are 
shown. Orientation shows no statistically significant impact on mechanical 
properties. In Orientation 1, the outer fibres are parallel to the long axis of the 
sample. In Orientation 2, they are perpendicular to the long axis of the sample.   

P-value 
ILSS 

P-value 
ILSSy 

No Tin-R  0.73  0.06 
No Tin-P  0.22  0.68 
Tin-IA  0.79  0.28 
Tin-IB  0.12  0.12  
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One of the mechanisms is the deflection of crack growth towards longer 
and harder paths, increasing energy required for crack propagation 
[55]. Residual tin fragments may mimic this behaviour by deflecting 
crack growth and absorbing energy through ductile deformation. This 
behaviour will require closer examination as factors such as size of in-
clusion and coatings have a strong influence on the final behaviour in 
interlaminar veils and are likely to also impact behaviour of interlam-
inar tin [54,56]. 

Fig. 10 shows the mean interlaminar shear strength of the tested 
specimens. In the case of the samples without tin (i.e. ‘No Tin-R’ & ‘No 
Tin-P’), platen heated and consolidated samples (‘No Tin-P’) show lower 
ILSS than those heated and consolidated with the radiant heater and 

multi-step tool (‘No Tin-R’). As discussed in Section 2, slower cooling 
rate (‘No Tin-P’) has been shown to lead to lower interlaminar fracture 
toughness [47,48] which agrees with these results. For samples heated 
and consolidated via induction heating and the multi-step tool (with tin 
present), ‘Tin-IA’ samples show a significantly lower strength than the 
‘No Tin’ cases, whereas ‘Tin-IB’ samples had comparable values. As 
mentioned, ‘Tin-IA’ & ‘Tin-IB’ samples are similar, except for an addi-
tional 1 mm thick silicone rubber sheet inserted between the sample and 
the diaphragm bag in ‘Tin-IB’ samples (see Section 2). The changes in 
resultant heating and cooling patterns appears to have led to improve-
ments in mechanical performance of the resulting specimens. This 
combined with the improved tin expulsion by smoothing over pressure 

Fig. 7. Interlaminar shear stress versus deflection for a selected ‘No Tin-R’ radiant heated specimen. Inset photos show the progression of deformation and failure 
corresponding to points (A to D) on the loading curve. The circled areas indicate regions of shear-induced delamination corresponding to the locations of maximum 
shear stress. 

Fig. 8. Interlaminar shear stress versus deflection for a selected sample containing high quantities of residual tin (from disc ‘Tin-IA2′). Inset photos show the 
progression of deformation and failure corresponding to points (A to D) on the loading curve. Failure initiates near the location of high tin content which also 
corresponds roughly with the location of the maximum shear stress in (C). Further cracking is apparent later in (D) due to tensile bending stress. Stress-deflection plot 
shows a sudden ‘brittle like’ failure. 
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discontinuities may have mitigated the formation of localised agglom-
erations of tin in the samples during consolidation (see Table 2). All the 
specimens that used tin interlayers (‘Tin-IA’ & ‘Tin-IB’) show higher 
variability than the samples without tin interlayers, probably due to the 
stochastic nature of residual tin coverage within the consolidated sam-
ples. The fact that the ILSS of the ‘Tin-IB’ samples have statistically 
insignificant differences with the ‘No Tin-R’ & ‘No Tin-P’ samples is 
encouraging and shows that simple, and not always obvious, changes to 
the setup can significantly improve the process (though the exact 
mechanism for this improvement is not yet fully understood). 

The mean interlaminar shear stress at yield is shown in Fig. 11. The 
results here are less positive for the samples manufactured using the 

iMelt process. Specimens with a tin interlayer (‘Tin-IA’ & ‘Tin-IB’) both 
show significant reductions compared to the ‘No Tin’ samples, though 
the reduction for ‘Tin-IB’ is notably less than that of ‘Tin-IA’, again 
suggesting that changes to the process can lead to notable improve-
ments, this time for the interlaminar shear yield stress. It is probable that 
the presence of interlayer tin initiates earlier onset of shear induced 
delamination owing to a reduction in the adhesive bond strength of the 
inter-ply interface. Why this occurs for Yield strength and not maximum 
strength is unclear. 

Table 5 shows the average thicknesses and mechanical properties by 
sample type, with the percentage difference compared with the control 
‘No Tin-R’ specimens marked in brackets. The specimens manufactured 

Fig. 9. Interlaminar shear stress versus deflection for a selected sample containing relatively lower quantities of residual tin (from disc ‘Tin-IA3′). Inset photos show 
the progression of deformation and failure corresponding to points (A to D) on the loading curve. In this sample, delamination has occurred near the cross-section of 
maximum shear stress. Stress-deflection plot shows a ‘ductile-like’ response such that there is no sudden failure and the sample deforms until it gets compressed 
between plunger and support bars after Point (D). 

Fig. 10. Interlaminar Shear Strength (ILSS) by sample and orientation. Error 
bars show standard deviation of results. 

Fig. 11. Interlaminar shear stress at yield (ILSSY) by sample and orientation. 
Error bars show standard deviation of results. 
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with the multistep tooling are 11.5 to 16.9 % thicker than those pro-
duced with the heated platens, ‘No Tin-P’. This is primarily because the 
edges of the platen formed samples were unconstrained during forming 
leading to some degree of transverse squeeze flow and mass-loss out the 
side of the sample during consolidation [57]. 

The maximum measured ILSS (63.7 MPa) occurs in the radiant 
heated ‘No Tin-R’ control specimens. ‘Tin-IA’ is significantly lower than 
this, at just 40.3 MPa, though ‘Tin-IB’ has a similar strength of 62.9 MPa. 
This difference in the performance of Tin-IA and Tin-IB specimens has a 
few potential explanations: (1) improved temperature/pressure condi-
tions as a result of improved operator control of the heating process 

(specifically, slowing down the heating rate and adjusting the induction 
coil to address cold spots) and the addition of extra silicone rubber layers 
around the sample, (2) the presence of a thin scattered layer of residual 
tin may act to distribute shear stresses away from the midplane location 
of maximum shear [51]. The Yield Strength of the ‘Tin-IA’ specimens is 
48.7 % lower than the No Tin-R Specimens. The Yield Strength of the 
‘Tin-IB’ specimens is also lower than the ‘No Tin-R’ specimens by 26.4 
%, and is therefore an improvement in performance compared to the 
‘Tin-IA’ specimens. 

5.3. Impact of tin content on mechanical properties 

To better understand the sensitivity of various parameters on the 
mechanical properties of the consolidated specimens, Fig. 12 shows a 
matrix of the full test results produced using ‘Tin-IA’ and ‘Tin-IB’. 
Viewing the data in this way allows a granular analysis of the entire 
dataset of results produced using the iMelt heating and consolidation 
process. The matrix allows direct comparison between each of the 
following parameters: tin surface area coverage, specimen thickness and 
the mechanical properties (ILSS, ILSSy & Flexural Modulus). The axes 
related to each plot can be found by referring to the end of the row and 

Table 5 
Overall mean thickness and mechanical properties for the interlaminar shear 
results. Percentage change from the radiant samples (as a reference) is shown in 
brackets.   

Thickness (mm) ILSS (MPa) Yield Strength (MPa) 

No Tin-R 2.31 63.7 46.1 
No Tin-P 2.07 (− 10.1 %) 55.4 (− 13.1 %) 48.7 (+5.5 %) 
Tin-IA 2.35 (+1.9 %) 40.3 (− 36.7 %) 23.7 (− 48.7 %) 
Tin-IB 2.42 (+4.9 %) 62.9 (− 1.3 %) 34.0 (− 26.4 %)  

Fig. 12. Pair plots of the full set of results obtained from the tested tin based specimens: Top right shows linear regression + adjusted r2 value over all results. Bottom 
left shows results segregated by sample type: (a) tin surface area vs mechanical properties, (b) tin surface area vs mechanical properties by sample and (c) rela-
tionship between ILSS and Yield Strength. 
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column occupied by the plot. The colours in the legend represent the 
various discs, ’Tin-IA1′ to ‘Tin-IA3′ and ‘Tin-IB4′ to ‘Tin-IB5′, from 
which mechanical test specimens were cut. The figures on the top right 
show linear regressions carried out on the full dataset, along with r2 

values. Table 6 shows p-values for the significance of the correlation 
between tin surface area cover and the mechanical properties for the 
overall dataset (all samples taken together) and for the datasets sepa-
rated by sample. 

There is a statistically significant (all p-values < 0.05) negative 
correlation between surface area and the measured mechanical prop-
erties when looking at all samples together (see Fig. 12a). This corre-
lation is quite weak with r2 values of 0.13, 0.09 and 0.10, respectively. 
The significance of this correlation disappears when the results are 
separated by sample as seen by the high p-values in Table 6 (See also, 
Fig. 12b). As might be expected, there is a correlation between the ILSS 
and the ILLSY of the tested specimens (r2 = 0.55). It is also possible to see 
clustering of results by manufactured samples (Fig. 12c). Given the weak 
correlations found between tin content and mechanical properties, and 
no correlation within single manufactured samples, it appears that 
variation in a manufactured sample’s processing conditions continues to 
have an impact on the final properties. The difficulty in optimising the 
induction heating of a molten tin interlayer led to variation in forming 
temperatures within the sample and between samples. In addition to 
this, the addition of extra silicone rubber sheets around the samples for 
‘Tin-IB4′ and ‘Tin-IB5′ will have smoothed over pressure discontinuities 
from the multistep tool as applied on the sample during forming and also 
will have changed the cooling rate after forming. 

The experiments were designed to assess the impact of the residual 
tin on the mechanical properties of the produced part. There was a 
significant differences between manufactured samples, and a weak 
negative correlation between tin quantity and mechanical properties 
when all results were considered together. However, there was no evi-
dence of any direct correlation between mechanical properties and tin 
content within manufactured samples (See Table 6). Some possible 
reasons for this are: (1) the distribution of the tin within the sample is 
likely to have an impact and this may be more significant than simply 
the quantity, (2) the marginal impact of additional tin may be smaller 
than the impact of variable conditions between samples such as tem-
perature, pressure and cooling rates. These factors are widely 
acknowledged to be crucial in determining material properties of com-
posites [47]. During the work, the induction heating process was in 
development, and as such, there is likely to be significant scope to 
improve repeatability. For example, we have shown that the addition of 
the extra silicone rubber protection in the ‘Tin-IB’ samples led to lower 
tin content and higher ILSS and yield strength. 

The results obtained with the ‘Tin-IB’ samples (i.e. after refinement 
of the process) are encouraging for the method. Interlaminar shear 
strength for these samples was comparable with the ‘no tin’ (platen 
heated) samples. A number of tin based specimens responded similarly 
to Fig. 9 where significant bending deformation occurred without any 
drop-off in loading. This suggests that the tin may play a role in 

increasing energy absorption by facilitating further deformation of the 
samples as opposed to sudden failure by detrimental propagation of 
cracks. Unfortunately, work to failure could not be reliably evaluated in 
the experiments as many of the specimens were sufficiently ductile to 
deform in bending until being compressed between the loading plunger 
and the support pins without showing any drop-off in load (see Fig. 9). 

6. Conclusions 

The concept of using metal interlayers to achieve low friction in-
duction melt thermoforming of composite parts (iMelt) was proposed 
recently by the present authors in Harrison et al. [13]. The metal (in this 
case tin) facilitates the induction heating of the part and, when molten, 
enables very low friction in forming due to its low viscosity. This helps to 
reduce wrinkles and defects in the final part. A multi-step forming 
approach (moving outward from the centre) was used in Harrison et al. 
to execute the forming, but also to try to evacuate the tin from the final 
part. This paper addresses the critical next question; namely, how to 
characterise how much tin is present in the final part and how to eval-
uate its impact on mechanical properties? 

The present paper outlines how 2D x-ray and 3D x-ray CT approaches 
can be used to estimate the quantity of residual tin. The x-ray CT results 
demonstrated a strong linear correlation (r2 = 0.92) between volume of 
tin and total projected surface area of tin. Hence, 2D x-rays directly 
measuring projected area were also explored. The 2D approach detected 
similar patterns of tin as the 3D scans, but somewhat underestimated the 
total projected surface area of tin. This is likely due to resolution limi-
tations with the film-based x-ray used in the experiments, but there is 
scope to improve this. It appears that the 2D approach is ideal for fast 
quality control checks on mass produced parts, while 3D x-ray CT is 
preferable for more accurate characterisation and research. The results 
indicate significant scope for reduction in residual tin quantities with 
improvement and refinement of the process: residual tin volume drop-
ped from about 5.7 % in the early samples to about 1.6 % in the later 
samples. 

Mechanical properties were assessed via interlaminar shear testing in 
three-point bending on small rectangular samples cut from the formed 
sheets and having known tin content (i.e. measured from the x-ray 
analysis). Results were compared to those from testing of samples pro-
duced without interlaminar tin sheets (’No Tin-P’ and ‘No Tin-R’). With 
refinement of the process, interlaminar shear strengths of 62.9 MPa were 
achieved and this is comparable to the 63.4 MPa achieved with control 
specimens produced without interlaminar tin (‘No Tin-R’). There was, 
however, a reduction of about 26 % in the value of interlaminar shear 
stress at yield when the optimised tin based samples were compared 
with the radiant heated control samples. Furthermore, a number of tests 
exhibited a more ductile failure in the samples containing tin. A statis-
tically significant, but weak, negative correlation was found between tin 
content and ILSS (r2 = 0.13), ILSSy (r2 = 0.09) when looking at the entire 
sample set. However, the significance of the finding disappeared when 
looking within individual samples. There is also evidence of results 
clustering based on manufactured sample. Given there were challenges 
in controlling the heating process and continuing variability between 
manufactured samples, this suggests that processing parameters such as 
temperature, pressure and cooling may influence both tin removal and 
mechanical properties. Other aspects such as the spatial distribution of 
the residual tin may be more significant (at least in our results) than tin 
quantity alone. 

In summary, preliminary work on this new processing approach has 
already shown that parts with as little as 1.6 % residual tin can be 
formed and that interlaminar shear strength can be maintained at this 
level of tin content. Additional reductions in residual tin content are 
probable with further refinements and automation of the process (such 
as more controlled & uniform heating of the tin during forming). Finally, 
2D x-rays are ideal for fast quality checks and 3D x-ray CT approaches 
are preferable for more accurate characterisation of residual tin content. 

Table 6 
Adjusted P-Values from linear regression on relationship between surface area 
of tin and selected mechanical properties. Significant results (<0.05) are shown 
in bold. A significant relationship appears when looking across all samples, but 
when data is segregated by sample this correlation disappears (Excluding ILSSy 
in Tin-IA2).   

ILSS 
(MPa) 

ILSSy 

(MPa) 

All Samples  0.01  0.02 
Tin-IA1  0.27  0.18 
Tin-IA2  0.54  0.03 
Tin-IA3  0.32  0.89 
Tin-IB4  0.96  0.80 
Tin-IB5  0.21  0.34  
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[3] O’Brádaigh CM, Pipes RB, Mallon PJ. Issues in diaphragm forming of continuous 
fiber reinforced thermoplastic composites. Polym Compos 1991;12:246–56. 
https://doi.org/10.1002/pc.750120406. 

[4] Harrison P, Gomes R, Curado-Correia N. Press forming a 0/90 cross-ply advanced 
thermoplastic composite using the double-dome benchmark geometry. Compos 
Part A Appl Sci Manuf 2013;54:56–69. https://doi.org/10.1016/j. 
compositesa.2013.06.014. 

[5] Ahn H, Kuuttila NE, Pourboghrat F. Mechanical analysis of thermo-hydroforming 
of a fiber-reinforced thermoplastic composite helmet using preferred fiber 
orientation model. J Compos Mater 2018;52:3183–98. https://doi.org/10.1177/ 
0021998318762547. 
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[56] Ou Y, González C, Vilatela JJ. Interlaminar toughening in structural carbon fiber/ 
epoxy composites interleaved with carbon nanotube veils. Compos Part A Appl Sci 
Manuf 2019;124:105477. https://doi.org/10.1016/j.compositesa.2019.105477. 

[57] Shuler SF, Advani SG. Transverse squeeze flow of concentrated aligned fibers in 
viscous fluids. J Nonnewton Fluid Mech 1996;65:47–74. https://doi.org/10.1016/ 
0377-0257(96)01440-1. 

I. Campbell et al.                                                                                                                                                                                                                                

https://doi.org/10.1007/s10854-019-01040-6
https://doi.org/10.1007/s10854-019-01040-6
http://refhub.elsevier.com/S1359-835X(22)00467-5/h0225
http://refhub.elsevier.com/S1359-835X(22)00467-5/h0225
https://doi.org/10.1016/j.engfailanal.2020.104976
https://doi.org/10.1016/j.compositesb.2021.109196
https://doi.org/10.1016/j.compositesb.2021.109196
https://doi.org/10.1080/09243046.2019.1651083
https://doi.org/10.1148/rg.246045065
https://doi.org/10.1016/0734-189X(85)90125-2
https://doi.org/10.1111/str.12050
https://doi.org/10.1016/J.COMPSTRUCT.2017.09.021
https://doi.org/10.1016/J.COMPSTRUCT.2017.09.021
https://doi.org/10.1016/j.compositesb.2020.108372
https://doi.org/10.1016/j.compstruct.2018.03.097
https://doi.org/10.1016/J.COMPSTRUCT.2016.12.070
https://doi.org/10.1016/j.compositesa.2019.105477
https://doi.org/10.1016/0377-0257(96)01440-1
https://doi.org/10.1016/0377-0257(96)01440-1

	The influence of residual tin following induction melt thermoforming of composite parts
	1 Introduction
	2 Materials and manufacturing
	3 Optical and radiographic analysis
	4 Mechanical testing
	5 Results and discussion
	5.1 Radiographic and optical analysis of residual tin content
	5.2 Effect of heating and consolidation method on mechanical properties
	5.3 Impact of tin content on mechanical properties

	6 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


