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Abstract: Achieving right-first-time-manufacture (RFTM) of co-infused textile assemblies is chal-
lenging, without improving the accessibility to design knowledge of trade-offs between different
tooling and infusion strategies. As demonstrated in previous work, the choice between a flexible
or rigid mould material can result in trade-offs between dimensional accuracy and geometrical
precision. Similarly, the choice of an infusion strategy can result in trade-offs in infusion quality
and time. Building on past work, an investigation into forming variability across the length of six
co-infused multi-textile components, with three different tooling inserts and two infusions set-ups,
was conducted. To quantitatively assess variation, a method adapting principles of statistical process
control was employed to analyse the yarn crimp measured from high-resolution cross-sectional scans
of the components. The results were compared to a geometrical and dimensional analysis of the
manufactured parts presented in a previous work. The analysis represents a method for capturing
forming differences in textile preforms, which can be used to inform designs for the manufacture of
textile CFRPs. The results were used to improve a hybrid rigid-flexible tooling design for an infused
multi-textile component.

Keywords: textile CFRPs; crimp; statistical process control; design for manufacture; flexible tooling

1. Introduction

Co-infused assemblies of mid-large aerostructures (i.e., integrated door surrounds,
wing skins, fuselage sections, etc.) have the potential for significant reductions in weight
and labour, due to a reduced need for bonding and assembly [1]. Obtaining right-first-time-
manufacture (RFTM) of these large scale co-infused assemblies is difficult to achieve without
correctly identifying and understanding potential sources of defects or scrapped parts early
in their design [2]. Currently, iterative design cycles, where design and manufacturing
engineers require a feedback loop between design and prototype, result in a lengthy process
and higher associated costs [3]. Concurrent engineering (CE) principles can be used to
transition from iterative design for manufacture (DfM) to more simultaneous DfM, reducing
design hours and improving manufacturability [4].

One approach to CE requires effective knowledge management strategies, to enable
designers to make more informed decisions. For manufacturing co-infused assemblies, an
effective knowledge management system would allow designers to foresee manufacturing
problems with infusion or tooling strategies, prior to manufacture [5]. There are two hurdles
to developing such a system: (1) Capturing the manufacturing knowledge associated
with different infusion and tooling strategies, and component materials and geometries;
(2) Structuring the captured knowledge to enable its reusability.
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This paper focuses on the first hurdle, working to expand the understanding of design
trade-offs in tooling or infusion strategies for carbon-fibre reinforced plastics (CFRPs).
There is a general lack of process know-how for tooling design as it relates to specific
geometries or reinforcement types. This is especially true for textile-reinforced compos-
ites [5]. Following a series of infusion set-ups with multi-textile preforms, this paper
presents a methodology for capturing quantitative data that can inform future designs. The
structuring and organization of this knowledge is addressed in a complementary work [5].

Historically, most CFRPs used in aircraft have been 2D laminates made from autoclave
processing and mainly present in secondary structural components, such as wing movables
(flaps, spoilers, etc.). These CFRPs are primarily pre-impregnated materials made from
2D unidirectional and woven plies. More recently CFRPs have been accepted for primary
aerostructures, including horizontal and vertical stabilizers. The development of through-
thickness reinforced textile preforms can further expand the use of CFRPs into more
primary aerostructures. Textile CFRPs can offer improved mechanical and manufacturing
performance efficiency, especially in components where high damage tolerance is required.
One such use of 3D textile CFRPs is exemplified in the CFM International LEAP engine,
found in the Airbus A320 Neo and Boeing 737Max, where both the fan blades and fan
casings are made from 3D woven-RTM preforms [6].

Furthermore, a combination of textile forms (weaving, braiding, stitching, knitting) can
be used for additional tailoring of reinforcement, to manufacture fully integrated structures,
and these set-ups are referred to as multi-textile preforms. Multi-textile preforms can
be fabricated into a range of complex geometries, incorporating features with variable
thicknesses, contours, and seams. By co-infusing these preforms, weight and costs can be
saved, as exemplified by the examples listed in Table 1 [1].

Table 1. Industry examples towards integration of composite assemblies.

Example Details Ref.

McDonnell Douglas
AV-8B Strike Fighter wing and forward fuselage Eliminated 60% of fasteners and reduced part count by 62% by co-curing subcomponents [7]

Dasa Airbus
A300 and A310 vertical tail fin A 95% reduction in part count (from 2000 to 100) [8]

Airbus
A380 Rear Pressure Bulkhead Transitioned to non-crimp fabric preform design with two-step cure and integrated pre-preg stiffeners [9]

Lockheed Martin
Joint Strike Fighter (F-35) inlet duct

Demonstrated that 36 kg of weight and USD 200,000 could be saved by using 3D woven stiffeners,
eliminating 95% fasteners [10]

Airbus
Wing of Tomorrow

Developing an integrated dry-fibre infused wing structure for single-aisle aircraft, to simplify
assembly and reduce fasteners [11]

2. Background
2.1. Challenges with Manufacture

Difficulties in manufacturing large textile assemblies come from the forming and
moulding process steps. This is largely attributed to the tooling design and infusion
strategy. For forming fibre reinforcements, the reinforcement type, process, and tools need
to be carefully considered, to ensure consistent quality and reduce part–part variation. The
drapability and compressibility of textile reinforcements can vary significantly, depending
on the preform architecture. For example, 3D woven preforms are incorporated through
thickness binder yarns that create a more stable preform structure that is less sensitive to
handling compared to traditional dry-fibre lay-ups. In contrast, biaxial braided structures
can be manipulated by changing the braid angle, length, and width of the preform when
preforming. In addition to forming limitations due to reinforcement type, implementing
the correct tooling strategy, from preform loading to tool closing, can reduce the risk of
forming defects, such as fibre misalignment, fibre bridging, fibre damage, pinching, or
wrinkle formation.

Shifting the focus onto moulding (infusion, consolidation, and cure), from tool closure
to part demoulding, understanding the compaction and permeability of a preform can
reduce the likelihood of these defects affecting the part quality and fibre volume fraction
(FVF). The permeability of the reinforcement will decrease when force is applied to compact
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a preform. This consolidation pressure is not always uniform, and as mentioned previously,
various reinforcements have varying compaction and relaxation responses [12]. Therefore,
it is difficult to achieve uniform consolidation pressure and resin content for complex
geometry multi-textile assemblies, resulting in defects such as porosity, dry spots, and
resin-rich zones, which cause a non-uniform load distribution and undesirable structural
performance [13]. For vacuum infusion processes, both dry and wet preform responses due
to resin pressure and textile compressibility need to be considered to accurately capture
these effects on reinforcement consolidation and cured part thickness.

Software models have been developed to overcome these issues through simulation
prior to any physical trials [14]. However, while models can use real permeability data
to simulate the wet out of parts, the tooling designs require significant input from manu-
facturing engineers, to give accurate constraints; reducing the usefulness of these models
to inform tooling and infusion design concurrently [13]. Furthermore, these models are
still largely in development, take time to run, and need data to validate [13,14]. There-
fore, a designer informed about tooling types and infusion strategies could minimize the
number of simulations that have to be run to achieve RFTM, resulting in a faster, more
cost-efficient, and economical design process. Automating these feedback loops is necessary
for cost-effective design and reducing risk of unwanted variation in manufacture.

2.2. Manufacturing Analyses

Gupta et al. presented a review on automated manufacturability analysis as a part
of DfM procedures in the late 1990s. The review identified three defining characteristics
for evaluating the manufacturability of designs: (1) Determine if the design can be man-
ufactured; (2) If manufacturable, evaluate the difficulty with which the design can be
manufactured; (3) If not manufacturable, identify potential problems with the design [15].
Manufacturing analyses are often presented as DfM rules or guidelines to support RFTM
and minimize committed production costs. Examples include the work by Haffner et al. [16],
to identify DfM guidelines for a range of geometries and production volumes for advanced
composite manufacturing processes; and Konstantopoulos et al. [13], in systematically
evaluating where defects or uncertainty can arise in the supply, prep, forming, filling, and
curing steps of liquid composite moulding (LCM) processes.

As evident in Sivanathan’s review of DfM/A rules covering geometry limitations
for laminated CFRPs [17], the procedure towards DfM has not evolved much since the
1990s. One exception is the work by SAAB Aerostructures that proposed a DfM framework
for commercial CFRP products [18]. Most companies produce in-house DfM guidelines,
limiting available design knowledge for the wider CFRP community. Additionally, when
DfM rules are published, they include knowledge rules that cannot easily be adapted
to components with different materials or geometries. Butenko et al. proposed the de-
velopment of a standard system for categorizing DfM rules, based on their relevance to
different CFRP manufacturing stages [19]. However, there has still not been much uptake
of this system.

Cong and Zhang defined manufacturability as the “compatibility between the process
constraint and the design parameters” and controllability over quantitative indices, repre-
sentative of cost, time, and quality. As demonstrated by investigating porosity in laminates,
they employed a systematic approach to manufacturability analysis using a hierarchal
system of quality indices associated with the main manufacturing steps. Their process was
limited by failing to highlight how more qualitative or tacit knowledge in DfM rules can be
transformed into quantitative indices. More research is needed to translate manufacturing
observations into more explicit, discrete, or quantitative formats, to improve the reusability
in design and capture lessons learnt from costly or failed designs. In this paper, methods
for statistical process control are adapted from six sigma practices, to better capture quality
differences between components with different manufacturing approaches.
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3. Methodology
3.1. Previous Work
3.1.1. Materials and Manufacture

Six components were manufactured with a multi-textile pi-stiffened geometry, repre-
sentative of a stiffened aerostructure. The components consisted of a 3D woven pi-preform
on a non-crimp fabric (NCF) skin and were infused as per the manufacturing details in [1].
The pi-preforms were woven by Albany Engineered Composites, Inc. with Hexcel IM7TM

6K and 12K carbon fibre. Four plies of Formax™ 750 gsm triaxial (−45/0/+45) 24K carbon
fibre fabric made up the skin. The modular aluminium tool, shown in Figure 1a, was
used to investigate the impact of two infusion strategies (flow ‘up’ and ‘down’) and three
tooling insert materials (silicone, polyetherimide, and aluminium). Both infusion set-ups
are shown in Figure 1b, with green and red arrows representing the location of resin inlets
and outlets. For each infusion trial, an insert was placed between the pi-legs, the aluminium
blocks were placed on the outer sides of the pi-legs, and the assembly was loaded onto
the flat plate infusion tool. The preforms were infused at 120 ◦C with Solvay PRISM™
EP2400 RTM resin and cured at 180 ◦C for 2 h. Table 2 lists the manufacturing data for the
infusions. Refer to [1] for additional information on insert design and manufacture, and
pi-NCF forming and moulding process steps.
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Figure 1. (a) Modular infusion tool design; (b) Flow “up” and “down” infusion set-ups with red and
green arrows representing direction of resin flow.

Table 2. Manufacturing parameters and data for pi-NCF infusions.

Sample
Name

Insert
Material

Infusion
Strategy Inlet Outlet Infusion

Time (min)
Average Flowrate

(g/min)
Peak Flowrate

(g/min)
Estimated
FVF (%)

ALUP Aluminium Up NCF Pi 8 70 90 70
ALDO Aluminium Down Pi NCF 45 20 60 68
SIUP Silicone 1 Up NCF Pi 8 80 150 69
SIDO Silicone 1 Down Pi NCF 50 20 90 68
ULUP ULTEM™ 2 Up NCF Pi 20 30 100 67
ULDO ULTEM™ 2 Down Pi NCF 28 20 75 68

1 https://alanharpercomposites.com/wp-content/uploads/2019/01/EN_VBS26_TDS-2018.pdf. 2 https://
support.stratasys.com/en/materials/fdm/ultem-1010.

3.1.2. CT Analysis

The analysis captured trade-offs between the controlled net surfaces, fibre volume
fraction (FVF), and ease of manufacture. All six parts were sectioned and scanned using a
Nikon XT H-225 X-ray Computed Tomography (CT) system. Reconstruction of the images
into a 3D volume was performed using Nikon CT-Pro. Cross-sectional profiles of the
components were evaluated at five locations along the part length using Volume Graphics
VGStudio MAX 2.2.7 software, as shown in Figure 2a. Five measurements were taken with
each cross-sectional profile, as shown in Figure 2b, to capture the external geometrical
conformation of the parts.

https://alanharpercomposites.com/wp-content/uploads/2019/01/EN_VBS26_TDS-2018.pdf
https://support.stratasys.com/en/materials/fdm/ultem-1010
https://support.stratasys.com/en/materials/fdm/ultem-1010
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Figure 2. (a) 3D reconstruction of pi-NCF geometry showing five locations of cross-sectional CT
measurements along the part length; (b) Measurements taken from each of the five CT scan cross-
sections, corresponding to the results presented in Section 4.1.

3.2. Extended Through-Thickness Analysis
3.2.1. Sample Preparation

The samples were carefully sectioned by wet cutting using a Sharp & Tappin Compcut
200 saw by University of Bristol workshop. Samples of 2 mm thickness were trimmed at
25 mm intervals along the total 100 mm length of the pi-NCF components, as shown in
Figure 3. The sections were carefully tracked along the length and labelled with a sample
and through thickness (TT) number. Prior to scanning, the samples were manually wiped
with a diacetone cloth to remove machining grease. No sample polishing was required.
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3.2.2. Data Capture

An EPSON Expression 12000XL high resolution digital scanner was used to obtain
cross-sectional images of the 2-mm samples. The sections were loaded into the scanner
and images taken at a 2400 dpi resolution for a total of 5 scans per component. Each scan
covered an area of roughly 87 × 40 mm (8210 × 3770 pixels). Between scans, a microfibre
cloth was used to keep the glass of the scanner free of debris.

3.2.3. Image Analysis

The files were analysed using ImageJ v1.53 software. Crimp, C, is defined as the
measure of waviness or undulation in its yarns. This can be measured by taking the angle
of deviation from a straight line or as the ratio of difference in curved path length over its
straight length. For textile composites, typically angular measurements are made, but this
can be difficult to measure repeatedly with varying standards of scanned images [20]. For
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this reason, crimp factors were estimated using Equation (1), where LC is the net length of
a yarn in crimp, and LT is curved path length of the yarn.

C =
(LT − LC)

LC
(1)

A visual representation of LC and LT is shown in Figure 4. The undulation of the
crimped yarn results in LC being less than LT. Using ImageJ, the freehand tracing tool with
a line width of 15 pixels (~0.16 mm) was applied to capture LC and LT (see Figure 5a). For
each sample, measurements were taken in the four zones labelled in Figure 5b.
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3.2.4. Data Analysis

To analyse the quantitative crimp data for each sample, X-R control charts were created
using Matlab. Classically, control charts present the evolution of a group of measurements
over time. This allows multiple subgroups of measurements to be presented in the chart.
In production, control charts are a six sigma tool for identifying root causes for sources
of error or trends present on the charts. By mapping to time in a production setting, the
measurements can be linked to different operators, toolsets, machinery, or material batches.
Additionally, the control charts can help monitor the stability of the process with time.
When applied to a product or a component, an X-R control chart can capture insights
on design choices or manufacturing error TT for one component, or across an average
measurement for similar components.

X-R control charts have two plots, measuring both the process mean (X) and process
variation (or range, R) over time. The X chart measures the deviation of the average of
a subgroup of measurements from X, while the R chart presents the change in range of
subgroups. For each chart, an upper control limit (UCL) and lower control limit (LCL)
is determined assuming the dataset follows a normal distribution. The Matlab control
chart function uses Shewhart control rules (see https://uk.mathworks.com/help/stats/
controlchart.html). Shewhart defined control limits as three times the standard deviation

https://uk.mathworks.com/help/stats/controlchart.html
https://uk.mathworks.com/help/stats/controlchart.html
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of the measurement mean [21]. To represent crimp data for each component, X-R control
charts were plotted against TT intervals, replacing the time dependence in the charts. The
raw measurements for crimp are provided in Table 3.

Table 3. Measured crimp (%) used for creating control charts.

Sample TT
Num

Pi Legs Pi Base

Zone 1 (%) Zone 2 (%) Zone 3 (%) Zone 4 (%)

SIUP

1 3.1 3.4 2.5 3.1 1.7 2.0 1.4 1.2 1.6 1.4
2 5.1 2.1 3.6 3.2 2.7 1.8 2.7 1.6 1.1 1.8
3 3.1 1.9 3.3 1.4 1.7 2.6 1.4 1.9 1.5 1.5
4 4.1 2.8 2.6 2.7 2.0 1.4 1.7 1.6 1.6 1.4
5 4.5 3.0 2.8 5.1 1.4 1.6 1.3 1.9 1.6 1.7

SIDO

1 2.2 5.8 3.0 3.4 2.1 1.7 2.8 1.3 1.2 1.7
2 2.9 2.3 3.4 4.2 1.8 1.3 1.4 1.4 1.3 1.6
3 2.1 1.5 2.3 5.2 2.0 2.0 1.5 1.7 1.8 1.4
4 2.6 2.2 2.9 3.7 2.0 1.3 1.7 1.6 1.4 1.3
5 2.3 2.2 3.2 3.1 2.0 1.4 1.3 1.4 1.6 1.2

ALUP

1 2.8 2.7 2.5 2.4 1.8 1.4 1.7 2.1 1.4 1.5
2 2.9 2.6 1.9 2.4 1.6 1.6 1.9 1.6 1.2 1.8
3 2.4 3.0 2.8 3.4 1.3 1.6 1.4 1.7 1.4 1.4
4 3.0 2.6 2.6 2.5 2.1 2.1 1.7 1.6 2.3 2.0
5 2.8 2.1 2.2 3.2 1.6 1.4 1.9 1.8 1.1 1.8

ALDO

1 3.1 3.4 2.3 1.8 2.2 3.3 2.5 1.5 1.6 2.2
2 3.4 4.5 2.8 3.8 2.1 1.9 1.7 2.4 1.8 2.3
3 3.2 4.2 4.4 2.2 2.2 2.6 1.7 1.7 1.3 2.2
4 3.2 2.6 2.7 2.6 2.1 2.0 1.3 2.1 1.4 1.8
5 2.2 3.7 3.3 1.7 2.2 1.0 1.4 1.2 1.6 2.0

ULUP

1 1.9 2.5 1.9 3.7 2.6 2.8 2.1 1.6 1.6 2.9
2 3.1 2.7 2.0 3.4 2.9 1.7 1.6 1.7 1.9 2.2
3 1.6 2.8 3.0 2.2 1.5 1.4 1.1 2.0 1.8 1.5
4 3.3 2.8 1.9 2.3 2.1 1.1 1.9 2.0 1.5 1.7
5 2.1 2.0 1.5 1.4 1.7 1.6 2.2 2.1 1.3 1.0

ULDO

1 1.4 3.6 3.0 4.1 2.6 1.7 1.8 2.2 2.5 1.7
2 3.1 3.4 2.0 3.7 2.5 1.7 2.0 2.8 1.8 1.2
3 2.5 2.3 2.4 2.0 2.0 1.6 1.6 1.3 1.6 1.7
4 2.6 4.3 4.1 2.8 2.6 1.2 1.5 2.2 1.9 1.7
5 3.6 4.0 3.3 4.8 2.5 1.7 1.7 1.8 2.0 2.0

4. Results and Analysis
4.1. Results—Summary of Previous Work

External geometrical conformation was assessed by the average and standard devia-
tion of measurements taken from the CT scans of each component, presented graphically in
Figure 6. The dotted lines represent the design targets for each measurement. The infusion
quality of each part was characterized visually, based on the presence of dry spots and resin
cracks in the CT scans (shown in Figure 7). FVFs could not be taken from the CT results,
but these gave an indication of porosity in the part and at the pi-NCF interface [1].

Figure 6 revealed that the ALUP and ALDO parts had higher geometrical precision
and lower variation across the length of the pi-preform. The SIDO and SIUP parts resulted
in the smallest average pi-leg width, suggesting improved consolidation. Additionally, the
SIUP and SIDO parts had higher accuracy to the design targets in base height difference,
external angle, and internal angle measurements, but possessed a more uneven surface
finish. The high variability in base height difference measurements suggests that this was
due to a handling and forming issues during preform loading.
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When comparing the observations in Figure 7 with the infusion data presented in
Table 3, a faster infusion resulted in poorer infusion quality. The “up” infusion strategy
with approximately a 30% increase in peak flow rate had shorter fill times, but resulted in
dry spots on the surface and porosity for the ALUP and SIUP parts. This porosity was not
present in the ULUP part, which suggests it is a result of the variation in processing due
to a longer infusion time. Extending the infusion time for the ALUP/SIUP set-ups could
eliminate the larger void presence but additional trials are required to verify this.

Finally, in Figure 7, the ULUP/ULDO had an elevated presence of resin cracking along
the pi’s internal channel, suggesting that the use of the ULTEM™ insert contributed to the
formation of resin rich regions, which are prone to cracking. Cracking was also present on
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the external and internal radii of the pi-legs in the ALDO part, and the external radius of
the pi legs in SIUP parts.

4.2. Results-Extended TT Analysis
4.2.1. Cross-Sectional Images

There was insufficient clarity in the CT scans to investigate the preforming and
infusion quality of the parts post-demoulding. The presence of a Bekanox® (a hybrid
kevlar/stainless steel fibre; http://old.swicofil.com/bekintex.html) resulted in minimizing
the detail produced by the CT scans (Figure 8). Examples of cross-sectional images taken
using the high-resolution scanner are shown in Figure 9. The images revealed details of
tow waviness, defects in fibre alignment, resin rich zones, and cracking, as exemplified in
Figure 9. Table 4 presents a map of the defects observed TT in each part.
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Across all parts, defects in fibre alignment were seen to different degrees. This was
mostly prevalent at the inner base of the pi, where pinching of fibres in the upstanding
pi legs was possible. Fibre pinching was more pronounced with rigid aluminium and
ULTEM® inserts, whereas with a flexible insert, such as silicone, it was less common. This
indicates it could have been caused by difficulty the during forming and tool loading
processes, when the insert was loaded between the pi-legs and the outer aluminium blocks

http://old.swicofil.com/bekintex.html
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were closed around the preform. With the silicone insert, less force was required to load
the preform into the tool and to demould the infused component. The insert could be
stretched and pulled for both assembly and removal. The flexibility of the silicone resulted
in easier assembly and manufacture, contributing to an improved forming quality in
these components.

Table 4. Map of defects observed TT on parts from scanned images.

Sample SIUP SIDO ALUP ALDO ULUP ULDO
TT# 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Defects On scale of 1 (low/none) to 5 (high)
Dry spots/Voids 1 4 3 3 1 1 1 1 1 1 2 4 4 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Fibre misalignment 1 1 2 2 1 1 1 2 2 1 2 3 3 2 2 1 3 2 2 1 4 2 3 3 4 3 2 1 2 3
Resin Rich Corners 1 1 2 2 1 2 3 5 2 3 1 3 3 2 1 3 3 2 5 5 4 5 4 3 4 3 3 3 3 3
Resin Rich pockets 2 2 1 2 2 1 3 2 3 2 2 2 2 2 3 2 3 3 4 3 4 4 3 4 4 3 3 3 4 3

Resin Cracking 1 2 2 2 1 1 2 2 1 1 2 2 1 1 1 3 2 1 3 3 3 3 4 2 1 1 2 1 2 1

Large zones of resin richness were observed in the corners and inner base of the
pi-preforms. In addition to these large zones, there were smaller resin-rich pockets within
each part. Due to the lighting, distinguishing resin richness and porosity was difficult in the
scanned images. This was mitigated by cross-referencing the CT scans from the previous
work for each component. The analysis verified the cracking identified in the CT scans
stemmed from resin rich areas identified in the images. Although resin rich pockets were
observed across all parts, there was a higher presence of resin richness in the flow “down”
configurations. The images also confirmed the higher resin richness of the ULUP/ULDO
parts, as hypothesized in previous work analysing the CT scans.

With the high-resolution images, fibre paths could be traced, and defects in alignment
within the different components were identified. In some parts, there was misalignment
in the NCF where the pi was tooled, causing a curvature in the NCF ply. This was
more common in the down infusions. Waviness and crimp was quantitatively evaluated
through the control chart analysis. However, overall, the defects observed with this process
demonstrate the need to establish a standardized process for documenting qualitative DfM
rules, to eliminate unexpected sources of variation in manufacture in the tooling or process
design stages.

4.2.2. Crimp Data Control Charts

The X-R control charts created for each sample are displayed in Figures 10 and 11.
Measurements in the base of the pi and upstanding legs of the pis were separated. For
each sample, 10 datasets were charted, with a subgroup size of 2–3 measurements. These
datasets correspond to measurement sets taken from each of the five scans per sample.
The numbers on the x-axis correspond to the measurement areas labelled in Figure 5b.
In Figures 10 and 11, the X measurements represent average crimp factor (calculated by
Equation (1)) for a subgroup of measurements, and the R measurements highlight the range
of crimp factors for each subgroup.

A summary of observations made from the control charts are listed in Table 5. The
control charts indicated that: (1) For all infusions, the preforms were better consolidated in
the base of the pi-section than the legs of the pi. The choice of tooling insert and infusion
strategy did not have a noticeable impact on the level or range of crimp present in the pi
base. (2) For both the flow “up” and “down” configurations, aluminium inserts resulted in
the lowest crimp and range of crimp. In the flow “up” configuration, the silicone insert
resulted in the highest crimp and largest range. Evaluating these crimp values with the
geometry measurements presented in Figure 6, shows that SIUP/SIDO parts resulted in the
lowest pi-leg thickness, but not the lowest crimp values. This suggests the silicone insert
solution did not evenly consolidate the textile reinforcement, as evidenced by the higher
degree of crimp in these parts compared to the ALUP/ALDO parts.
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Table 5. Control chart observations.

Subcategory Observations

Flow “up” infusions

• Average crimp (X) in the Pi legs was between 2.5 and 3%, and between 1.5 and 2% in the Pi Base.
• Comparing across the different insert materials in Pi Legs

# SIUP had the highest X and largest R. The R chart also had the largest deviations from
the centreline.

# ALUP had the lowest X and smallest R.
# ULUP presented a slight decreasing trend in both X and R across part length.

• Comparing across the different insert materials in the Pi Base,

# One of the SIUP X values was beyond the UCL.
# ALUP had the lowest X and smallest R.
# ULUP had the highest X and largest R. In line with the Pi leg control charts, there was a

slight decreasing trend in X.

Flow “down” infusions

• Average crimp (X) in the Pi legs was between 3.5 and 4%, and between 1.5 and 2% in the Pi Base
• Comparing across the different insert materials in Pi Legs

# SIDO and ALDO had a very similar average X and R across part length
# ALDO had a slight decreasing trend in X across part length.
# One of the SIDO R values was beyond the UCL. On average, the SIDO X values deviated

more from than centreline than ALDO and ULDO.

• Comparing across the different insert materials in the Pi Base,

# ALDO and ULDO had a very similar X and R across part length.
# ALDO had a slight decreasing trend in X across part length.
# One of the SIUP X values was beyond the UCL.

5. Discussion

To better understand and interpret the observations recorded, to inform tooling and
infusion design guidelines, a larger dataset of TT measurements is required for each sample.
Therefore, a final X-R control chart was created to present pi-leg measurements across
all sample TT measurements (Figure 12). The centrelines on these charts were calculated
from the crimp data of all parts. By combining these data, the variation between the
different infusion strategies and tooling inserts could be directly compared. Due to its more
pronounced effect on the data, only the pi-leg measurements were consolidated.

The average crimp and TT variation in crimp in pi-legs for flow “down” parts was
greater than the flow “up” configurations. From the high resolution scans, these parts also
had a higher resin richness and lower porosity. Therefore, the “down” infusion set-up
induced variability, which can likely be attributed to difficulty in bagging the assembly with
this set-up. In terms of the tooling insert, average crimp and variation in crimp were lower
with more rigid inserts (aluminium) for both “up” and “down” configurations. Along the
part length, the SIUP/SIDO parts had the highest variation in range (R) of crimp, which
means within a part there were large discrepancies between the measured crimp values
per cross-section. On the other hand, the ULUP/ULDO parts had a low variation in R but
higher variation in X. This suggests that with the ULTEM® inserts, variability was induced
across the part length, rather than internally, within a cross-section. This is supported
by the observations from a previous work that documented the difference in handling
and loading characteristics between rigid and flexible inserts [1]. The greater difficulty
of manufacture with more rigid inserts is more likely to cause global variability across
the part length, whereas a flexible material, that is easier to load, can induce unexpected
localised variabilities.
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To achieve RFTM, it is necessary to understand how manufacturing variability and
risks are impacted by these different strategies in designing an infusion set-up and mould.
Design guidelines for mould or tooling material selection and design typically account for:

• Cost of Materials and Machining: Raw material costs form only part of tooling costs.
The machinability of the materials and manufacturing processes drive tooling costs
up. For example, Invar, while having a similar raw material cost to composites, is
extremely costly to machine [1].

• Service Temperature and Coefficient of Thermal Expansion (CTE): Service tempera-
ture must exceed the cure temperature of the resin selected. Additionally, if different
materials are coupled, the effect of CTE mismatch needs to be accounted for, to en-
sure part consolidation and geometry. (For example, silicone has a much higher CTE
compared to metals).

• Durability/Longevity: Tooling longevity and durability factors in maximising reusabil-
ity. For high volume process, tools must resist thermal and mechanical deformation
over repeated curing and demoulding cycles. With low volume infusion processes, a
balance between ease of manufacture and durability is required.

When considering the design for an infusion tool for a complex multi-textile compo-
nent, as the work presented in Section 5 supports, additional factors must be considered:

• Consolidation/Infusion Quality: With dry fibre reinforcements, preform consolida-
tion is achieved within the tool design. Sometimes an additional step to remove bulk
from the preform is required for high fibre volume fraction requirements.

• Manufacturability: Tooling design can have a large impact on TAKT time and turnover
rates. As demonstrated in this work, ease of manufacture can induce local variabilities
in a part, resulting in unintended consequences from the forming and tool loading
process steps.

To support design, pertaining to consolidation, infusion quality and manufacturability,
simulation efforts do not yet go far enough in informing design. Furthermore, the emphasis
of simulation currently is on conventional tooling materials. For elastomeric or rapid
prototyping materials, there is an even more limited body of information. Figure 13
summarises the trade-offs in the key tooling design factors identified between aluminium,
silicone, and ULTEM®. The inserts were evaluated using values normalised to a baseline
metric, determined for each design factor. Insert cost, CTE, longevity, and manufacturability
were determined based on the cost and tooling suitability analysis presented in [1]. The
baseline was set to equal the lowest cost, least number of tooling cycles, and shortest
manufacturing time across all insert materials. The CTE values were normalised according
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to proximity to the estimated CTE for CFRPs. No baseline was defined for the CTE design
factor, due to its dependence on design intent; for example, whether the design is intended
to rely on expansion of the tooling material to consolidate a preform. Consolidation and
variability were defined as a measure of crimp and variation in crimp, using the data from
the control charts averaged across both flow “up” and flow “down” configurations. These
baseline values were set to equal the lowest crimp and variation in crimp in the pi-legs.
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The radar chart demonstrates how these attributes shifted with a different tooling
inserts. The most notable source of differences are range in crimp, longevity, and cost with
insert type. This analysis helps to systematically capture design trade-offs in variability
and ease of manufacture for achieving production rate and quality targets. For example,
while use of a silicone insert can improve ease of manufacture, it ranks lower on cost and
variability design factors. On the other hand, the aluminium insert results in low variability
and better consolidation, with a slight difference in manufacturing rates. In order to reuse
this knowledge to enable RFTM design, a KBS can work in a similar network fashion
to the radar plot, to determine the preferred tooling design requirements and promote
understanding of cost–quality trade-offs. A modular ontology-based framework is under
development to support a KBS design tool for high-performance textile CFRPs.

6. Conclusions

As the previous work had begun to highlight, there are clear effects on part quality
and defects from the different tooling materials used, while keeping a constant outer tool
strategy. Utilising the flexibility of a material can result in trade-offs between ease of
manufacture and internally induced part variation. Furthermore, there is a clear effect on
part fill time from the injection strategy through being upside down. By employing an
innovative and low-cost high-resolution scanning process, statistical process control was
used to track variations within a component, to help inform design trade-offs in production
rate and quality prior to manufacture.

This type of in-depth analysis, to accurately check the quality of internal parts (such
as a 3D woven preform) through normal production means (CMM, Ultrasonic NDT, XCT)
is often not possible, resulting in lost understanding of the defects and variability demon-
strated in production parts. By utilizing the aforementioned DfM methodologies and
employing knowledge systems for tooling and infusion design, potentially catastrophic
defects can be avoided, without multiple part manufacture, testing, and tooling design
iteration loops.
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