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ABSTRACT

Continuous Tow Shearing (CTS) is a novel automated fibre placement process that enables fibre-
steering using wide unidirectional prepreg tapes without tape buckling. However, when the CTS process
steers the fibres utilising the in-plane shear deformation of the tape, the inherently misaligned fibres
within the tape buckle generating fibre waviness. This behaviour may pose a new challenge in assessing
the fibre waviness in a large area and predicting its impact on mechanical properties.

In this work, a large-area optical scaning method in conjunction with a Structure Tensor based image
Analysis (STA), which is often used in cellular biology to analyse fibrillar structures, was applied, and
its feasibility to quantitatively assess the fibre waviness in a non-destructive way was investigated. First,
the STA process parameters were calibrated by comparing microscopic STA with a conventional
method. Then, STA was used to investigate the relationship between the shear angle and the fibre
waviness level within CTS fibre-steered lay-ups. This process was followed by finding correlations
between the fibre waviness and the mechanical properties of the cured laminates obtained
experimentally. The results showed that STA is a fast and cost-effective way to analyse the quality of
CTS produced fibre-steered laminates with potential for in-line quality inspection.

1. INTRODUCTION

Developed in response to the shortcomings of Automated Fibre Placement (AFP), Continuous Tow
Shearing (CTS) utilises the in-plane shear deformation of carbon fibre tapes to produce high-quality,
fibre-steered laminates with minimal defects when compared to similar fibre-steered AFP laminates
[1,2]. However, due to the inherently stochastic distribution of fibre alignments within the tape material
[3], not all fibres can be perfectly aligned and thus some in-plane fibre waviness is generated during
shearing. The magnitude and severity of in-plane fibre waviness increases with the shear angle of the
tape due to micro-scale in-plane buckling of the fibres with excess lengths during shearing. The exact
influence that this waviness has on the mechanical properties of CTS-produced laminates has not been
investigated yet.

The quantitative assessment of fibre waviness is as challenging as its detection. In the past, light
intensity scanning algorithms [4] and Fourier transform algorithms [5] have been used, with the latest
method being a binarised image analysis algorithm called High Resolution Misalignment Analysis
(HRMA) [6,7]. However, the key limitation with these methods is that they work for micrographs taken
from samples in destructive ways. Shear-induced fibre waviness in CTS fibre-steering can vary along
the steered path, thus fibre waviness is not a localised feature but a global feature, so a new fast and non-
destructive approach that can measure fibre waviness on a macroscopic scale is needed.

This work proposes a unique image analysis approach based on structure tensors for measuring fibre
waviness in high-resolution image scans taken from the tape surface. The proposed method, Structure
Tensor Analysis (STA), is popular in the bio-medical field for measuring the alignment and waviness
of microscopic collagen fibres. In this work, the STA method was calibrated against the current state-
of-the-art HRMA method, and was applied to image scans, taken before and after curing, of the tensile
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specimens prior to testing. The tensile properties of the CTS produced laminates were subsequently
correlated to the fibre waviness levels measured by STA.

2. IMAGE ANALYSIS METHODOLOGY
2.1. Structure Tensor Analysis (STA)

Structure Tensor Analysis (STA) relies on image gradients to calculate the structure tensor; more
information on the mathematics of the STA method have been elaborated in [8]. The structure tensor is
a localised covariance matrix that shows how the greyscale intensities vary in an image with respect to
changes in the x and y positions within a Gaussian local window. Since image gradients are sensitive to
noise, the image is smoothed by first applying a Gaussian blur [8]. The convolution and gradient
operators are associative and commutative, thus the image’s gradient can be calculated directly by
convolving the image with the gradient of the Gaussian distribution [9]. This is done by creating a local
window that is equal in size to four standard deviations of the Gaussian distribution (o) away from the
centre pixel. The local window is convolved with an identically sized Gaussian kernel which is a matrix
composed of the discretised and normalised values of the gradient of the Gaussian distribution. The
result is the gradient of the Gaussian blurred image which is used to calculate the structure tensor. The
significance of the structure tensor is that it contains information on the dominant orientation of the local
window as well as the coherency in its alignment. The local predominant orientation, 6, in the local
window is the direction given by the largest eigenvector. The maximum absolute value of all 6
measurements iS fmax Which is used to relate the fibre waviness level to the laminate’s mechanical
properties. The STA method is available as a plug-in called OrientationJ [10] for the open-source image
analysis tool ImageJ/FLJI.

2.2. Calibration
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Figure 1: (Left) Constant shear angle layup using a CTS prototype machine; (Right) Scanned sub-
ROI for 45° (top) and 0° (bottom) and microscopic inset regions in yellow.



23" International Conference on Composite Materials
Belfast, 1- 6th August 2021

Pixel resolution (um/px) 0.27
Detectable fibre diameter (um) 2.00
Minimum fibre diameter (um) 0.8
Cell size (um) 20
Minimum aspect ratio between fibre length and diameter 3

Table 1: HRMA parameters

Local window size (pixels) 6
Cell size (um) 300 um
Gradient sampling method Gaussian derivative method
Resolution (dpi) 1200 dpi to 4800 dpi
Omax calculation method 1.5 interquartile range method

Table 2: Calibrated STA parameters
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Figure 2: (Left) Scanned surface of the 45° sub-ROI from a CTS-steered laminate surface (yellow
lines show the local fibre angles calculated by the STA); (Right) the fibre misalignment distribution
for the 45° sub-ROI for 1200 dpi and 4800 dpi case.

The image processing parameters used in the STA method were calibrated by selecting those that
returned a result closest to those of the HRMA method’s microscopic measurements. Two CTS
produced cured laminates were imaged; one was unsheared and the other was sheared at a constant angle
of 45° as these specimens embodied the two extremes of fibre waviness levels. The CTS production
methods are described later in Section 3.1. A region of interest (ROI) of approximately 20 mm x 20 mm
was marked on the surface of the samples and was imaged using a microscope (Axio Imager M2, Zeiss,
DE) at 200x magnification and with a resolution of 3.704 px/um. It should be noted that micrographs
were captured without polishing the surface by automatically controlling the depth of focus within the
microscope’s software. The micrographs were stitched using the Microscopy Image Stitching Tool
(National Institute of Standards and Technology, US) in FI1JI.

Scans of the same ROI were captured using a Contact Image Sensor (CIS) scanner (Perfection V39
scanner, Epson, JP) at the scanner’s maximum resolution of 4800 dpi (0.189 px/um) and then scaled
down to 1200 dpi (0.047 px/um) in increments of 400 dpi to check the effect of scanning resolution. For
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efficiency of the image processing, sub-ROIs were selected for analysis as shown in Figure 1. The size
of the sub-ROI for the 0° and 45° specimens were 4.2 mm x 3.3 mmand 6.7 mm x 2.3 mm, respectively.
Due to the circular cross-section of the carbon fibres, the light absorptivity of the fibre/matrix system is
dependent on the light’s polarisation [11]; the absorptivity is minimised when the light is polarised
parallel to the fibre direction, thus the scanning direction was oriented transverse to the fibres, i.e. the
integrated LED light bar was oriented parallel to the fibre direction.

The micrographs were analysed via HRMA with the parameters shown in Table 1, whilst the scanned
images were analysed via STA and the calibrated parameters are shown in Table 2. Note that HRMA is
sensitive to the input fibre diameter, and since the samples were unpolished, the visible section of the
fibres was limited to above their midplane. Thus, a detectable fibre diameter of 2 pm was measured
from the micrographs and used as the input for the HRMA.

Due to image noise, outlier measurements exist and can skew the Omax Value. Wilhelmsson et al. [7]
calculated the 99" percentile value of all fibre misalignment angles and used it as &max, and removed
values beyond fnax. The HRMA method in this work uses the same approach, whilst the 1.5 interquartile
range method provided by MATLAB?’s built-in ‘rmoutliers’ function [12], which was found to be more
accurate at processing the STA results and was used to calculate the STA’S Gmax.

Figure 2 shows a portion of the scanned surface of the 45° sub-ROI and its fibre misalignment angle
distribution from the HRMA and STA methods. It was found that the scanning resolution did not
significantly affect the results above 1200 dpi (0.047 px/um). However, the 45° sub-ROI has a different
microscopic orientation distribution than its corresponding scan orientation distribution. Individual
fibres within a wavy tow have their own orientation distribution, and whilst their mean value equals the
orientation of the tow, the 6max is strongly affected by the extreme orientation of individual fibres. Thus,
HRMA measured a greater fmax Value of 14.8° and a higher standard deviation of 6.2° compared to 10.8°
and 4.1° for the STA method. This discrepancy was accounted for by groupping the individual HRMA
measurements into 300 um cells (the same cell size used for STA), which led to the Gnax and standard
deviation of 11.8° and 5.4°, respectively. By comparison, the 0° sub-ROI does not have this difference
in distributions because there are no wavy tows to affect the alignment and distribution of the fibres,
therefore the Onax and standard deviation from the HRMA (4.4° and 1.3°) were very close to those from
the STA measured 3.4° and 1.3°, respectively.

3. EXPERIMENTAL METHODOLOGY
3.1. Specimen manufacture

As shown in Figure 1, unidirectional (UD) carbon fibre/epoxy prepreg tapes (IM7/8552 (12K)-134-
33%, Hexcel, US) with a width of 100 mm were sheared at a constant shear angle using the University
of Bristol’s prototype CTS machine. The selected shear angles were from 0° to 45°, at a constant speed
of 5 mm/s, a processing temperature of approximately 80°C. The shear-induced fibre waviness is
dependent on process parameters such as tape temperature and tension as well as the inherent fibre
misalignment within the tape material [13]. In the present study, the fibre direction tension applied to
the prepreg tape was maintained to approximately 0.8 N/mm, which was not to minimise the waviness
but to deliberately introduce waviness.

Multiple tapes were laid along the same path and then the sheared section was cut into a rectangular
shape. As a result of the shear-induced tape thickness change, the cured ply thickness increases as a
function of shearing angle (t = t,/cos (¢)), where to is the unsheared CPT (0.125 mm) and ¢ is the
shearing angle [2]. To maintain a constant laminate thickness of approximately 1 mm for tensile tests,
the number of plies was reduced at greater shearing angles. After the plies were laid up, the sheared
plies were cut and stacked, and then were cured in an autoclave following the curing cycle recommended
by the material supplier (2 hours at 180°C and at 7 bar). Caul plates were used to ensure a uniform
specimen thickness and a good surface finish. Tensile test specimens were cut from the cured laminates
using a CNC precision diamond wheel cutter and tapered fibreglass end tabs were bonded using epoxy
adhesive (Araldite 2011, Huntsman, US).
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3.2. Sample imaging and waviness analysis

For fibre waviness analysis of the tensile test specimens, the sheared section of each laid tape was
scanned at a minimum resolution of 1600 dpi. Also, the surface of the cured laminates was subsequently
rescanned to check any changes in fibre waviness after curing. The fibre waviness of each specimen was
analysed using the calibrated STA method described in Sections 2.1-2.2 and the maximum misalignment
angle, 6max, Was obtained.

3.3. Tensile testing method

The tensile tests were carried out following ASTM D3039 [14]. The calibrated STA’s fmax Values
were correlated to mechanical testing data to investigate any mechanical property knock-down factor
related to in-plane fibre waviness. Specimen dimensions were 250 mm x 15 mm x =1 mm, these
dimensions were checked prior to testing by measuring the specimens with a micrometer. They were
tested using a universal testing machine with a 100 kN load cell (Instron 8801, Instron, US) at a constant
crosshead speed of 2 mm/min. Strain was measured with a video extensometer (MG146B PoE,
iIMETRUM, UK). Table 3 shows details on the number of specimens tested.

Shearing angle Number of Total number of | Plies per panel | Thickness (mm)
(°) panels specimens
0 2 8 8 1.0
15 2 10 8 1.0
30 3 12 7 1.0
45 4 12 6 1.1

Table 3: Tensile testing matrix
4. RESULTS

4.1. Tensile testing results
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Figure 3: (Left) Tensile moduli for the specimens with different shearing angles, material spec. 164
GPa shown as a red dashed line; (Right) Tensile strengths vs. Gmax, note that Omax is measured on a
panel level and the value is compared to strengths which were measured on a specimen level.

As shown in Figure 3, the tensile modulus for all the specimens fell within a statistically similar
range of an average of 163.6x£7.4 GPa, which is the same as that in the material datasheet of 164 GPa.
The average ultimate tensile strengths for the 0°, 15°, 30°, and 45° samples were 2843.3 £100.9 MPa,
2240.0 £ 113.0 MPa, 2225.3 = 78.0MPa, and 1911.5 + 144.7 MPa, respectively. Prior to testing, the
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uncured and cured panels were analysed via the calibrated STA method, described previously. The
difference between the uncured and cured Omax Values was marginal at 0.64°. Thus, to have more data
points the data from both the uncured and cured scans was used to calculate the average max of each
panel. It is important to note that the image analysis was carried out on a panel level rather than a
specimen level, hence specimens from the same panel have the same nax value. The specimens failed
with transverse splitting as well as localised fibre failure.

5. DISCUSSION

Figure 4: Close up view of fibre waviness within the tensile specimens, as captured by surface
scans.

As shown in Figure 4, fibre waviness is not uniformly distributed throughout the specimen, and
because of the initial stochastically varying fibre alignments, wavy fibres are mixed with straightened
fibres. Fibres that are aligned positively to the shearing direction must be straightened, whilst those
aligned negatively to the shearing direction would buckle and become wavy. Therefore, to reduce the
severity of fibre waviness that would occur, fibre tension should increase as the shear angle increases,
which was shown in the previous material level shear tests [13]. Furthermore, if the inherent fibre
misalignment within the material is too high, tensioned fibres might not be able to be straightened even
with an increase in the fibre tension level. Both material and processing conditions are important.

With the fibre tension, which was not ideally set for the purpose of this study, it was clearly
demonstrated that in-plane shear-induced fibre waviness can significantly decrease the laminate’s tensile
strength in the CTS process. As shown in Figure 3 and Figure 4, the level of fibre waviness increased
with shearing angle and correspondingly the laminate’s tensile strength decreased. There is a correlation
between the fibre waviness level (fmax) and the tensile strength, and the proposed STA method was
demonstrated to be an effective method to quantitatively assess the fibre waviness level.

6. CONCLUSION

Shear-induced fibre waviness can be a by-product of the CTS process when the inherent fibre
misalignment level within the unidirectional tape is high or the process parameters such as fibre tension
and temperature are not chosen based on a proper material characterisation test. In this paper, fibre
waviness was shown to negatively affect tensile strength whilst having no impact on the tensile modulus.
Therefore, a method of analysing fibre waviness in a macroscopic level is crucial to certify the CTS
processing conditions as well as the suitability of the material used.

In this paper, a proposed STA method was demonstrated to accurately detect the fibres and was able
to measure their local orientation without the need for detailed micrographs. The STA method requires
careful consideration of the Onax calculation method as it will greatly impact the accuracy of STA if
outliers are not properly removed. Compared to the microscopic HRMA method and other similar
microscopic approaches, the macroscopic application of STA has the advantage of being able to globally
analyse a large surface, and this method has potential as a non-destructive evaluation tool for quality-
inspection of laminates produced by the CTS process or other similar processes such as AFP.
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