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1. Front Matter

1.1 Abstract
Composite lattice structures (CLS) offer high performance and demonstrate significant
mass savings in space structure applications. Local modifications of regular lattice
designs have the potential to further improve the lattice performance. This research
explored the micro-structural quality features of CLSs manufactured with pre-preg fibre-
placement, and how quality is impacted by lattice modifications.

Modifications to a regular lattice for a representative case of an attachment point load
are identified using a topology optimisation tool. Three lattice modifications techniques
were identified: rib width variations, rib angle variations and additional ribs. A sample
lattice with modifications was manufactured and evaluated by C-scan, CT techniques
and micro-sections. An explanation of quality features in CLS is described and quantified
using a presented characterisation model based on node transition waviness.

Using the presented explanation, a quantitative quality model was developed to relate
lattice design geometry to manufactured quality for this process. The model was used to
design and manufacture a second panel with improved implementation of lattice
modifications. The quality model was improved and shown to explain more than 75% of
all observed quality variation in the two panels with a linear regression. Future work and
limitations the of the quality model are discussed.
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2. Introduction

Composite lattice structures generally refer to thin walled cylindrical or conical shells that
are comprised of a system of ribs aligned at a positive and negative angle to the shell
axis, and a system of ribs circumferential to it. Composite lattice structures may also
have a skin, but generally do not behave as skin stiffened structures, as the grid is the
primary load carrying element. Lattice structures have natural applications in space
engineering as inter-stage adapters and satellite structures due to their high
stiffness/mass performance. This is presented in the table below.

Table 1 Comparison of weight savings achieved with composite lattice designs

Application Mass Saving Baseline structure
Conical Payload Adapter [1] 60% | Aluminium prototype
Upper Inter-stage [1] 20% | Stringer-stiffened aluminium prototype
Lower Inter-stage [1] 38% | Stringer-stiffened aluminium prototype
Communications Satellite Central 2704 Aluminium honeycomb sandwich with
cylinder* [2] ° | CFRP face sheets
Ballistic missile payload Shroud [3] 61% | Aluminium shroud

* Based on finite element analysis estimate for requirement load cases

Several lattice arrangements are available, the choice of which is based on specific
performance requirements and manufacturing limitations. Design optimization of the
lattice geometry can improve the performance of the grid for particular load cases, and
has been the subject of significant work in the industry. The ability to manufacture
structures and the effect of the process on the performance of the manufactured lattice
are essential factors in effective design efforts. The specific manufacturing process of
interest in this research is pre-preg tape laying with expansion tooling, as this process
can result in a high fibre volume fraction structure (FvF), thus maximising the mass
efficiency.

This manufacturing process has been tested for regular grid geometries with good
results, including destructive testing and analysis correlation. The quality of structure
produced with this manufacturing method is known for certain geometries. However,
irregular design geometry may lead to differences in the quality of the manufactured
panel that the design process would need to account for, but so far cannot. Irregular
designs may result in microstructural details that are significantly different from what is
currently achieved with regular lattice designs, namely the characteristic fibre waviness,
low void content and minor rib width deviations as noted by Smeets [4]. If these features
are found to be sensitive to lattice geometry changes, the analysis method which
accounts for them will need to adapt depending on the particular lattice geometry.

Irregular geometry lattice designs could provide performance improvement in cases
where additional loads are required to be integrated into the structure. For example, load
introduction points could be locally reinforced by including additional members, or locally
modifying the grid pattern. Deeper understanding of the manufacturing process and its
effect on manufactured quality will improve design freedom by providing a basis for what
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geometries are possible with the manufacturing method, and what quality of structure
can be expected.

3. State of the art

Lattice structures have been in development for decades with research coming from
USA [5], Russia [1] and Japan [6]. Since 2000, increasingly reliable methods have been
developed by institutions and universities to analyse grid structures, allowing designers
to explore the potential of lattice structures for high performance applications. The trend
has moved from analytical tools, mainly based on Smeared Stiffness Theory, towards
the Finite Element Method (FEM). Totaro began with a preliminary design for a launcher
structure based on numerical optimisation before being further developed with a FEM
model [7]. Pavlov developed a semi-automated approach to optimise lattice structures
using FEM and the multiple requirements of a satellite central cylinder [2]. The main
advantages of the FEM are the level of geometric detail that can be accounted for, as
well as the results it can provide for multiple load cases and failure modes. Whereas
analytical methods are limited in applicability to certain geometries or global buckling
modes, detailed FEM analysis provides more flexibility to account for variations such as
curved surfaces, cut-outs or mid-structure attachments, all of which are critical
considerations for global analysis of lattice structures in the context of practical design
requirements.

However, some areas of lattice analysis using FEM are less clear. As noted by
Huybrechts, areas of grid structure analysis that are not well understood analytically and
are not typically captured by FEM models are the effect of nodal offset (Figure 3-1), rib-
skin attachment (Figure 3-2), and rib behaviour at and near nodes [3]. Nodal offsets are
a modification to the lattice layout thought to facilitate the manufacturing process by
minimising the build-up at node regions.

Figure 3-1 Nodal offset modification for 3 members meeting at a node: (left) zero offset where 3
members overlap and (right) offset node eliminates 3 member overlap, resulting in 3 regions with
2 member overlap

These detailed areas require special attention to capture the behaviour of the structure in
the form of modifications to the FEM model. However, the particular modifications can be
specific to the grid geometry, manufacturing method or the loading case. Therefore
significant effort is required to test manufactured structures and correlate the
performance to FEM models and obtain accurate predictions in detailed design analysis.
Such correlation efforts are costly and impractical when considering the number of
possible variations to grid structure.
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Figure 3-2 FEM model of a rib-skin attachment to capture separation behaviour leading to skin-
buckling failure [5]

Details of the grid structure geometry are heavily dependent on the manufacturing
method used. Very little data is available on the effects of various manufacturing
processes on grid structure behaviour. As noted by Huybrechts “some examples are skin
print through (mark-off) near ribs where rubber tooling deforms the skin, wavy fibres in
ribs due to lateral compaction, resin rich/dry areas at or near nodes, and non-uniform
fibre volume fraction from rib top to rib bottom” [3]. These phenomena show that the
details of the process are both complex and not understood in detail.

Regarding pre-preg tape laying, recent developments have produced regular grid pattern
designs using expansion tooling [8], as shown in Figure 3-3, but do not investigate the
structural quality differences in relation to other lattice designs or manufacturing
techniques i.e. filament winding with resin infusion.

Cell width

Cell height

Node Hoop rib Helical ribs

Figure 3-3 Typical grid nomenclature (left) Regular Isogrid manufactured by ATG Europe by pre-
preg tow placement (right) [8]

3.1 Grid Geometries
The geometries for regular grids can be described by ribs arranged in 2-4 directions.
Following the nomenclature described in Figure 3-3, grids typically have helical angles
between 10-35°, as angles outside this range result in poorly performing lattice solutions
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[9]. The position of hoop ribs in the circumferential direction determines the geometry of
the resulting cells.

In some cases, demonstrated in the previous figures, the hoop ribs cross the helical ribs
at the point where the helical ribs intersect each other (with a nodal offset). This
produces a node region where the three tows are close to one another and results in
regular triangular cells almost equal in size. This architecture is generally associated with
lattice designs from the USA [5] and industry development efforts [8], and has been used
with pre-preg tape laying [8], automated tape laying and filament winding [10].

Other design ideas arrange the helical ribs such that the hoop-helical intersection occurs
at the mid-point between helical-helical intersections, as shown in Figure 3-4. This
results in a large hexagonal cell, smaller triangular cells and binary lattice intersections.
This design type is utilized by Russian structures, where it is typically produced using
wet filament winding [1].

Figure 3-4 Conical payload adapter with binary lattice intersections, produced with wet filament
winding [9]

3.1.1 Irregular geometries

Specific load cases might benefit from an arrangement of additional ribs in a globally
optimised regular structure. Such additional ribs could provide increased stiffness or load
carrying capacity, as shown by Bakhvalov to provide a load path between attachment
points on interface rings [9]. Additional members interrupt the regular pattern of a lattice
structure, resulting in divided and smaller cells. The additional intersections will reduce
the length of some members. This may also result in mixed intersection modes, where
additional members form node regions at some points in the lattice. The effect on the
guality of the lattice was not discussed, although mechanical testing was said to agree
with FEM predictions with an accuracy of 10%, suggesting that quality effects of placing
additional elements are limited for this the wet filament winding technique.
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Figure 3-5 Lattice cylinders with irregular helical rib pattern, produced by wet filament winding [1]

The lattice modifications described above represent a relatively simple design change
that can be incorporated to the manufacturing process, offering a performance benefit.
To date, irregular lattice designs have not been seen with lattice structures produced
with pre-preg tape laying, while the effort in design and manufacturing modification would
be similar to the filament wound counterparts.

3.2 Manufacturing Process

3.2.1 Continuous Tape Laying with Expansion Tooling

In a review of the manufacturing theory of grid stiffened structures for a simple rib
element [11], Huybrechts proposes a simplified theory for the governing behaviour of
expansion tooling (generally silicone rubber is used) as a starting point for tooling design
to achieve suitable compaction during cure. This theory is demonstrated with simple,
single rib elements, with good correlation. Essentially it provides the required tooling size
or a suitable scale factor based on the processing conditions and the material properties
of the silicone in use. This theory of tooling sizing suggests minimum dimensions for rib
geometry that would be limited by the expansion of the tooling to take up compaction of
the tow width to the rib geometry. The impact of this constraint is explored in the
Discussion section.
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Figure 3-6 Expansion block model proposed by Huybrechts [11]
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However, for practical lattice structures, that is systems of ribs in a flat panel or body of
revolution, it is found that the rib geometry can deviate from the nominal design [4].
Some areas of the rib experience greater compaction compared to other areas. This
suggest that a more complex process is active in practical structures consisting of
multiple elements.

3.2.2 Tow Consolidation

The theory of compaction and consolidation of pre-preg composites has been
investigated in order to achieve high FvF and low void content [12]. The key features of
the investigation relate to the effective pressure applied to the resin, which is the applied
pressure less the elastic response of the fibre network. For this reason, the processing of
composite lattice structures presents challenges as the build-up of fibres is not constant,
where there can be two or three times the number of plies at node regions, compared to
the unidirectional ribs.
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Figure 3-7 Compaction curve for an intermediate modulus carbon fibre pre-preg, 0° and £45° [12]

Compaction experiments show stacking of crossed-plies will increase the pressure
required to achieve high FvF composites as the elastic response of the fibre network
cross-ply laminates is greater compared to uni-directional laminates [13]. Therefore
significant differences in consolidation response exist in the ribs compared to the node
region. This factor increases the complexity of the compaction process of composite
lattices.

Attempts have been made to build a holistic framework for composite processing [14]
which aid the detailed understanding of the consolidation process. The model consists of
a nonlinear compressible fibre network and an incompressible fluid phase and attempts
to account for coupling effects at the preform and ply level. However the application of
this framework has not been verified with experimental results to the knowledge of this
researcher. It is also unclear if these models are applicable to lattice structures using
unidirectional tows with expansion tooling.
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3.3 Evaluation of quality

3.3.1 Transition areas
Some work is published regarding the microstructural quality at the transition point from
rib to node for the filament wound processes. Totaro found resin rich pockets in the
nodal regions in a filament wound resin infused composite lattice [7]. Beside the resin
pockets, Totaro noted the difficulty in controlling the final dimensions of the ribs, with the
dimensions being up to 20% lower than hominal. The suspected cause was stated as the
interaction with the expansion tooling and the level of tension applied to the fibres during

layup.

Figure 3-8 Microstructural quality of a dry-wound resin infused node of a lattice structure with
resin shown in red, helical-hoop (left) [7] and helical-helical (right) [15]

Besides the resin pockets, Totaro does not discuss other features of the transition area
identified as a helical-hoop nodal region. However, it is clear from the microstructure
image that there is some distribution in the fibre orientation in the transition area. In
conference proceedings [15], Totaro presents another image of a node region identified
as a helical-helical transition. Comparing the images highlights differences in fibre
orientation, resin pocket size and shape. This disparity was not discussed on the
conference slides but it demonstrates that factors in design and/or manufacturing result
in distinct microstructural characteristics in different lattice regions.

3.3.2 Fibre waviness
Previous manufacturing efforts with pre-preg tows found the presence of fibre waviness
at rib-node transitions manufactured with fibre-placement and expansion tooling [4].
Smeets noted that the plies deviated from the intended orientation with intensity that
diminished further away from the node transition. Out-of-plane waviness can be
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observed in micro-sections of the transition. Also visible are resin rich pockets that are
present at the transition.

Rib Node

Void Resin pockets

Figure 3-9 Micro-structure of rib-node transition for pre-pre fibre-placed lattice [4]

The sensitivity of this feature to the lattice geometry and tooling design is of great
importance, as fibre waviness generally results in significantly deteriorated mechanical
performance of traditional composites, such as compressive strength [16]. Since the
origin of the waviness is not well understood, there are no details available concerning
the sensitivity of fibre distortion at the rib-node transition in relation to the lattice design.
Thus it is difficult to estimate if the observed waviness will be improved or deteriorated by
other lattice geometries. The details of rib-node transition waviness have not been
compared for different manufacturing methods in literature to the knowledge of this
researcher e.g. dry winding and infusion versus pre-preg tapes with expansion tooling,
and it is possible that they do not exhibit the same characteristics. One general
comparison was made by Terashima [6] between pre-preg and wet winding processes
and is discussed in the Discussion section.

The manufacture and characterisation of waviness defects in traditional composite
laminates has been the subject of several studies [17, 18, 19]. Fibre waviness can be
described using a sine approximation where the mean fibre position is parallel to the
longitudinal axis of the fibre:
— Asi 2mx
y = 4 sin I

The intensity of fibre waviness can be described using the ratio of amplitude to
wavelength A/L.

In some studies [20], manufacture techniques are used to deliberately and precisely
introduce waviness of different severities into a laminate layup. The cured laminate part
can then be tested and correlated to simulations to estimate a “knockdown” factor based
on measured waviness severity. The knockdown for a uni-directional GFRP laminate
with various waviness severities is shown in Figure 3-10.
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Figure 3-10 Comparison of compressive strength of GFPR laminates with various waviness
severity [20]

Generally, localised waviness in manufactured specimens resulted from plies that were
oversized for the laminate that contained them. This forced the plies into a smaller area
and lead to fibre buckling before the laminate was cured and resulted in-plane and out-
of-plane fibre waviness [19]. An example of the tool used is presented in Figure 3-11.
Pre-preg plies are laid over the arc of the former such that the plies on the lower layers
had a shorter path than the outer plies. After layup, the laminate is flattened between two
surfaces and results in the upper plies buckling to accommodate the constant thickness.

Figure 3-11 A layup former to manufacture specimens and microscope image showing in-plane
waviness [19]

Another technique that resulted in manufactured ply waviness was ply drops, as
investigated by Wang [18]. Using this method, and by varying the parameters described
in Figure 3-12, specimens with a waviness severity between 5-28% were produced. The
main factors tested were: g — the gap between the discontinuous plies, T; — the thickness
or step size of the discontinuous layers and N; — the number of plies traversing the step.
This is not necessarily fibre buckling, and produces waviness without the local thickness
of the laminate changing, the applicability of this to lattice structure rib-node transitions is
evaluated in the Discussion section.
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Figure 3-12 Fabrication of waviness using discontinuous plies [18]

3.3.3 Waviness Measurement

Several non-destructive methods are available for detecting fibre waviness. Advanced
ultrasonic testing is able to identify and characterise, among other defects, in-plane and
out-of-plane fibre waviness [21]. This technique analyses C-scan images from different
depths of the composite using 2D-Fast Fourier Transforms to determine the directionality
in 2D space. The distribution of the analysis results can show how the fibres in a
particular ply or depth are oriented, and can be used to determine the severity of
alignment distortion.

Computed micro-tomography is another method that can provide detailed
characterisation of fibre directionality in carbon composites due to the high resolution
[22]. This technique rotates a sample in the path of an x-ray source and records the
transmitted radiation with a digital detector, a projected radiograph. The cross-section
images are used to reconstruct a 3D image of the sample. Fibre directionality can be
computed from individual cross-sections using the same analysis techniques as
described above. CT inspections have been performed on lattice structures
manufactured with a pre-preg and wet winding process to evaluate their quality by
Terashima [6]. The study cites the paucity of voids and mentions the lack of fibre
misalignment in regard to high quality. CT scanning appears to be an effective inspection
tool for lattices.

Figure 3-13 CT Inspection of a wet-wound filament lattice structure and corresponding lattice
location [6]

Destructive techniques can be simpler and include direct measurement using protractors
on micrographs of sectioned composites, or using angular reticules on microscopes.
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Digital image analysis (Fourier transform misalignment analysis, as discussed above) is
also a possible technique to measure fibre directionality in micrographs. These are
described in [18].

3.4 Discussion

3.4.1 Geometry and manufacturing method

The difference in grid design noted in the Grid Geometries section could be related to
limitations in the manufacturing method rather than perceived structural efficiency, as
this design choice is generally not discussed. The trade-off in structural quality and
manufacturing complexity was explored by Terashima ‘Basically, we tried some pre-
preg-based processes and wet winding processes, and compared them by compressive
tests and CT inspections. As a result, we chose the wet winding process for the full scale
demonstrator, which was considered to be the most well-balanced in the quality and
manufacturing cost” [6]. The exact quality differences the process produced are not
discussed in detail but allude to void content and fibre misalignment, while emphasis is
placed on the low-cost aspects of semi-automated wet winding and the use of an
internally heated mandrel that eliminates the requirement of an autoclave or conventional
oven.

One difference between the processes is that the wet winding method designs relies on
a lower FvF in the ribs compared to the nodes as shown in the table below.

Table 2 FvF at lattice locations compared for two manufacturing processes

FvF at Lattice Wet Winding, vacuum bag Pre-preg &
Location & heated mandrel [6] autoclave [4]
Ribs 30.7 — 35.9% 63.1 — 63.4%
Node Intersections 57.6 - 59.7% 61.8 - 62.0%

Using the wet-winding method there is a greater availability of resin in the structure
which might allow more freedom in lattice design regarding cell size or rib length, as
resin would more easily be able to fill any deviations in fibre orientation and minimise
void formation.

The variation in rib FVF between the manufacturing processes will directly impact the
stiffness and strength of a lattice structure as it changes the rib element stiffness and
buckling behaviour. For a given material, a higher FvF improves the elastic modulus in
the fibre direction that will benefit the performance of a lattice structure. However,
Smeets noted that higher FvF are linked to reduced rib dimensions [4]. Rib height
reductions will significantly reduce the rib buckling load in compression, as noted by
Huybrechts [23], and may change the failure mode from material failure to local buckling
failure. Therefore, a detailed understanding of the cause of rib width variations and the
sensitivity of this phenomenon to different lattice geometries will aid the designer and
analyst in evaluating the performance of lattice designs.

Returning to manufacturing aspects, accuracy in winding may mean the formation of a
node region, where three tows meet at a point is problematic. Vasiliev noted that early
trials in the 1980s that used free winding without the guide of the expansion tooling
resulted in poor rib surface quality [1]. Filament wound lattice structures where tows are
located by grooves in a silicone expansion tools may therefore favour designs with
binary intersections.
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Another difference in the manufacturing process that may influence the quality of the
manufactured structure is the tension applied during layup. It was noted by Totaro [7]
that the tension applied could have an influence on the manufactured rib geometry,
whereas a fibre-placed manufacturing method will have very little or no tension applied.
Automated fibre placement may be able to apply tension to a pre-preg layup.

Therefore it is possible that lattice designs suitable for wet winding or dry winding with
resin infusion may not be applicable to the fibre-placed manufacturing method, or that
the quality produced by wet winding method may be unachievable with fibre placement.

Regarding lattice geometry, small cells may be an issue for expansion tooling due to a
minimum size required for the expansion of the tool to equal the required compaction of
the rib. If the cell is below the minimum size, the expansion tool will interfere with the un-
compacted tows at room temperature. Solutions to overcome a minimum size limit could
be explored to open the possibilities for cell geometry design with tow placement.

3.4.2 Uni-directional tows consolidation at nodes

In regard to consolidation, node regions have a significant difference in layup and
compaction pressure compared to rib regions. Where the plies cross over, it is believed
that there will be an increased elastic response from the reinforcement compared to the
ribs, since this area approximates a cross ply laminate as discussed in the Tow
Consolidation section. On the other hand, in the rib sections where the fibres are not
supported, the elastic response should differ as this area approximates a uni-directional
laminate. Therefore it is expected that effective resin pressure in the two regions is not
equal and could therefore result in resin flow. If a consolidation model cannot account for
these distinct regions of resin pressure and reinforcement response, it may not be
applicable to describe the consolidation process of lattice designs.

Based on Huybrechts’ consolidation model, compaction pressure from the silicone
tooling should be equal around the cell. However, it is known that the details of rib
geometry for pre-preg fibre-placed lattices deviates from the design geometry [4].
Therefore the assumption of equal pressure could be invalidated depending on the cell
geometry or size. Some geometries may result in larger deviations from the design that
influence the quality of the manufactured structure.

Furthermore, the consolidation from the caul plate will, at least initially, not be equal at all
points in the lattice due to the build-up at rib intersections or node regions. Other
parameters may be required to describe the effect of the silicone tooling and the caul
plate on the composite.

An important factor to consider for industrial processes is the tolerance required for
tooling design. If the method described is applicable for realistic cell shapes, it is not
clear what tolerance would be applied for the tooling size. Additionally, research has not
shown what the effect of manufacturing lattice structures with tooling that deviates from
the proposed size, either under or oversized. It is not clear what the sensitivity of the
process is to these deviations.

It is likely that tooling which significantly deviates from the “ideal” size would result in
lattice dimensions that show a systematic deviation from the design beyond what might
be attributed to resin migration effects discussed above. Undersized tooling could
possibly result in lower rib heights, while oversized tooling could produce greater rib
heights. Variation in tooling sizes could reduce the quality of transitions by a mechanism
that is not currently understood. Better understanding of the interaction of the silicone
expansion tooling with the composite structure will help define the limits and tolerances
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of the manufacturing process that will contribute to the production of high quality lattice
structures.

3.4.3 Applicability of fibre waviness experiments to lattice structures

Of the methods of manufacturing traditional composite laminates with controlled fibre-
waviness reviewed in the Fibre waviness section, the most relatable method to
composite lattice structures is the constant thickness ply-drop method, as lattice
structures generally have a constant rib height. However the constant thickness ply drop
method is primarily experiencing out-of-plane consolidation, whereas the rib-node
transition of a lattice structure experiences simultaneous out-of-plane consolidation from
the caul plate and in-plane compaction from the expansion tooling. The resulting
waviness of lattice structures seems to be more complicated compared to the
manufactured waviness samples, as the waviness cannot be reliably described with a
single sine function. Rather, the intensity of the waviness diminishes at a distance from
the node transition as shown in Figure 3-14, suggesting that a modified sine function
would be more appropriate.

2a 2a l Node

A
L

Figure 3-14 Comparison of fibre path for manufactured waviness sample with typical
measurements (left) and waviness observed at a node transition with possible measurements

(right)

A decaying sine function could approximate the fibre path at distances from the node
region that describes the observed amplitude, wavelength and decay period. Such a
characterisation would be useful to quantitatively compare the differences of transition
regions.

Despite the differences in waviness characteristics, the factors that contribute to
increased waviness described in by Wang [18] may still be relevant, namely: the
thickness of the discontinuous step and the thickness of the plies that traverse the step.
Such factors may be of interest in the design and manufacture of irregular lattice
structures.

3.4.4 Fibre directionality characterization methods
Ultrasonic scanning may have difficulties inspecting the thin sections of ribs (generally
5mm or less in width), as edge effects could interfere with the area of interest.
Furthermore, it is possible that other defects such as voids or resin pockets may form in
the same location as the fibre waviness. The ability of ultrasonic methods to distinguish
and quantify these features is unknown in the context of lattice structures.

Micro-section analysis has been explored in this work and shown to be effective in
observing the fibre waviness in the rib sections, nodes and transition areas. Clearly this
has the disadvantage of destroying the samples such that they cannot be tested
afterwards.

Computed micro tomography has the potential to show lots of detail but may require
additional preparation given the irregular shape of a node section. Furthermore,
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significant post-processing of data is necessary to interpret the resulting images, which
may become impractical if a large number of samples need to be characterized.

3.5 Conclusion

Composite lattice structures are shown to be high performance solutions in space
engineering applications. Some examples of irregular lattice structures are thought to
further improve performance for specific loading scenarios. However manufacturing
irregular structures with pre-preg fibre-placement has not been researched. Lattice
design likely has an effect on the quality of the produced lattice structure for a given
material. Regarding pre-preg fibre-placement, rib geometry, such as the width of ribs,
angle of ribs, cell size and the design of nodes could be important factors for the quality
of the produced lattice structures as these will affect the compaction and consolidation of
the tows. The sensitivity or relation of these factors is not discussed in literature.

The governing theory of tow consolidation with expansion tooling has been explored with
a simplified model, with possible limitations identified. The sensitivity of tooling size, and
its effect on the lattice quality is not known.

The quality of manufactured lattice structures can be characterised using a variety of
techniques, the most simple of which are destructive techniques. Lattice structures
produced using pre-preg tows and expansion tooling have been shown to have complex
localised fibre misalignments in the transition region between ribs and nodes. The
applicability fibre waviness theories for traditional laminates is unknown for composite
lattices due to the complex compaction behaviour.

Characterising the severity and extent of these regions based on the geometry of a cell
would be a useful tool for designers considering particular lattice geometries, as fibre
misalignments are related to a reduction of mechanical performance of the structure.
Improved understanding of the mechanism that results in such quality should lead to
more accurate analysis predictions, and serve to diminish one the remaining barriers to
composite lattice analysis. Furthermore, such understanding could lead to improvements
in the design or manufacture process to result in higher quality lattice structures.
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4. Concept exploration

It is desirable to develop a method to determine localised modifications to a regular
lattice structure in order to accommodate specific point loads efficiently. Such a method
would be useful to generate lattice arrangements that improve the strength or stiffness
performance for specific load cases. Ideally the method would be flexible enough to
allow a variety of lattice configurations and load cases to be considered and produce
several modification possibilities with improved performance. A designer could then
evaluate which modifications would best fit the general requirements and manufacturing
limitations.

A topology optimisation approach was considered suitable for this task for the following
reasons:

e Automated and requires minimal input from the designer. The optimisation can
take input from existing models rather than requiring additional models to be
setup.

e Quickly produce lattice concepts within FEM software already being used for
analysis of lattice structures. No additional programs or packages are required.

o Flexibility to accommodate lattice configuration and load cases. Numerical
optimisation methods may require adaptation to work with specific geometry or
load cases.

This section will describe the design case considered, the topology optimisation
approach, results interpretation and a brief trend study of the lattice modifications
identified.

4.1 Topology Optimization Approach

This section describes the approach taken for using the ABAQUS Tosca topology
optimisation tool applied to lattice structures. The goal of the optimisation efforts is to
produce cell-level lattice modifications and rib sizing guidance for a generalised point
load case. Effectivity, the tool should guide designers to modified cell shapes or suggest
which rib elements should be reinforced in order to improve the strength performance of
the lattice structure in the region around an attachment. Modifications to the lattice
geometry outside of the optimisation area will not be considered. Complex, sub-cell sized
truss like structures should be evaluated in from a manufacturability perspective, and will
be generally be rejected.

4.1.1 Design case
In order to develop a method for lattice modifications utilising topology optimisation, it
was necessary to setup a realistic design case with a regular lattice geometry and a
defined point load. Recent work at ATG included a design proposal for a composite
lattice structure in the application of a communications satellite central tube [2]. Such a
design includes multiple load attachment points in the lattice structure with specified
loads.

The introduction of point loads in composite lattice structures has been the subject of
prior research at ATG [4]. The key findings are the use of a laminate patch integrated
into the ribs and nodes of the lattice that completely or partially fills a cell, and an
aluminium insert that facilitates a bolted connection. The design specifies a minimum
size for the aluminium insert, as well as the laminate patch thickness and size.
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Representative communication satellite loads, regular lattice configuration and
attachment requirements were used as a design case for the optimisation process.
These are detailed in Table 3.

Table 3 Lattice configuration and attachment point requirements

Lattice Geometry

Grid Angle 22°
Rib Width 4.4 mm
Rib Height 6 mm
Helical Spacing 70 mm

Load Introduction

Patch Thickness 4 mm
Layup Quasi-isotropic
Bolt size 10 mm
Insert Diameter 26 mm

Attachment Loads

X-component 1.5kN
y-component 7.5 kN
z-component Not considered

The out-of-plane z-component loads were not considered for this exercise. Out-of-plane
loads in lattice structures are most closely related to the rib height design parameter, and
are less sensitive to the in-plane design features. Since the topology optimisation is
primarily interested in lattice geometries that are described by the in-plane features, and
do not vary through the thickness, the z-component load was omitted. Bending loads
were not considered for the same reasons.

The patch is thinner than the full height of the ribs, and is placed such that it is flush with
one face of the lattice structure. The applied load is therefore not aligned with the mid-
plane of the lattice, and some bending forces result from the applied in-plane load. This
is typical for attachment load cases. From a structural analysis perspective, this results in
critical stresses and strain on one surface of the lattice, where the bending normal
reaction and in-plane loads are aligned.
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Figure 4-1 Design case lattice configuration, with attachment laminate patch and aluminium
insert, point load direction indicated by arrow

The design case was defined with the attachment point located off-centre from the cell in
order to test a more general optimisation problem and avoid special case results that
could be symmetric, as shown in Figure 4-1. The blue highlighted inner ring of cells
represents the optimisation space where local modification can occur.

Furthermore, it was defined that optimised solutions must have a continuous lattice
structure. The resulting designs should represent modifications to the lattice, and not a
separate structure within the lattice that would undermine a layout suggested for global
lattice loads. This suggests that basic rib elements, although modified in direction or
dimensions, must be continuous through the modified region. Ribs connected to the
regular lattice structure should not terminate and begin again at any point. However,
additional ribs may be added which do not align with the principle positive, negative or
horizontal directions of the regular lattice. The results of the FEM analysis of the design
case are presented in Figure 4-2.
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Figure 4-2 FEM results for the design case, displaying strain in the fibre direction

The boundary conditions of this model are fixed, being applied at the protruding rib
elements on the perimeter. The fibre strain results of the design case show a typical
response for a composite lattice structure. The load is distributed from the attachment
point to the surrounding lattice elements, with the nodes above and to the right of the
attachment point showing regions of higher strain in tension and compression. These
strains are further distributed into the surrounding elements. The clear regions of high
strain are due to the modelling approach taken, whereby the rib-node transition is
modelled with reduced stiffness. This approach is one taken in previous testing and
correlation campaigns to account for areas of fibre misalignment and resin rich pockets
at the rib-node transition, and has been shown to correlate with test results in previous
testing.

In composite lattice structures, composed primarily of uni-directional ribs, the key failure
criteria is maximum strain and has been found to represent the lattice failure reasonably
well. The results of the design case show peak strain values of +1302 pe and -1929 pe,
which is within the material allowable. Therefore it is expected that that design case will
not fail. Optimisation efforts will aim to increase the efficiency of the layout within the
design area to reduce peak strain values. The addition of material should be justifiable.

4.1.2 Topology Optimisation

Topology optimisation with traditional composites is complicated by the anisotropic
nature of composite materials. However composite lattice structures utilize uni-directional
ribs that are loaded along their axis, in the direction of the fibre. The results of an
optimisation could be valid for interpretation as a composite lattice structure in the case
that the topology results in material that is loaded in tension and compression, with
negligible shearing or bending. The topology layout could be approximated with uni-
directional material aligned to the topology member’s axis such that the material is
loaded in the fibre direction.

With the above in mind, the optimisation was carried out using the topology optimisation
package available in ABAQUS. The approach was to fill the design area with an isotropic
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material with elasticity equal to the fibre direction to approximate the stiffness of a uni-
directional rib element. Clearly this approximation is unrealistic but served as a starting
point for the optimisation efforts since the optimisation package does not support
anisotropic material. The sensitivity optimisation method was selected, with minimum
strain energy as the objective function. Volume was selected as the optimisation
constraint. 8 elements were used in the thickness direction of the optimisation area.

Several geometric restrictions were necessary to obtain results that resembled lattice
structures and satisfy the requirements described previously. Firstly, the thickness
envelope constraint was activated to reject thin truss-like structures from the optimisation
result. The constraint means that the resulting topology should have a thickness with an
upper and lower bound, and that the structures should maintain a minimum gap to
surrounding material in the optimisation area. It was foreseen that truss structures within
a cell would result in manufacturing complexities, if at all feasible.

Another required constraint was to freeze the material that makes up the base lattice
structure. Since no global compression load was applied, many parts of the base lattice
show very low strain. The base lattice structure was rather inefficient in supporting point
loads. This led the optimisation to completely remove the base structure and directly
connect the load introduction point to the boundaries of the design area. This is a logical
result for a single attachment load case but is unsuitable for adaptation to a lattice
structure because horizontal and helical ribs were entirely absent. As discussed above,
the lattice elements are the primary load members and should remain continuous,
removing them will likely have a significant effect on the global behaviour i.e. global
buckling. Freezing the base structure to allows the optimisation algorithm to consider
additive solutions that build on the existing structure and result in feasible lattice
modifications that are foreseen to have a lesser effect on global behaviour. The result of
an optimisation is shown in Figure 4-3.

MAT_PROP_MNORMALIZED

(Avg: 75%)
+1.000e+00
+9.834e-01
+9.668e-01
+9.501e-01
+9.335e-01
+9.169e-01
+9.003e-01
+8.857e-01
+8.670e-01
+8.504e-01
+8.338e-01
+8.172e-01
+8.005e-01

Figure 4-3 Topology optimisation result showing kept material, with members identified and
discussed below.
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The results are displaying the remaining elements with a density (and so elastic
stiffness) greater than 0.8 of the nominal material. This provides a good representation of
the topology that results in the minimum strain energy of the design area [24]. The
volume of material remaining in this optimisation case is 15% of the original volume, as
defined by the optimisation constraints.

Inspection of the maximum principle strain in the elements remaining show that the
direction of maximum strain is aligned to the longitudinal axis of the remaining members.
This indicates that the topology could be reasonable approximated with uni-directional
ribs in the respect that the anisotropic material will be aligned with the loading direction.

Clearly, some artefacts remain from the optimisation process such as the isolated
elements that were connected with very low density elements (Label D), and the
generally rough boundary of the remaining structure. The suitability of this topology to be
produced as a lattice structure without further processing and interpretation is
guestionable. Interpreting the optimisation results as modifications to the existing lattice
structure provides three modification concepts.

First, some members show increased width, as indicated by A. The topology shows that
material is added to existing rib members suggesting that if the existing lattice cannot be
eliminated, it may be beneficial to increase the cross-section area of some members
such that the member can support load with lower strain.

Second, some members show material added asymmetrically to the width of a member,
as indicated by B. This asymmetric addition of material shifts the central axis of the
member, which could be realised by changing the angle of the member with respect to
the regular lattice. Such an angle change could provide a load path more favourably
aligned to support the load, minimising bending strain and loading the rib equally.

Lastly, the results show added material that does not relate to any of the existing
members, as indicated by C. This represents a new load path and could be
accomplished by integrating a new lattice member that is not be aligned or parallel to the
principle lattice directions. Of the modification concepts presented here, this is one most
closely resembles work done concerning irregular lattice designs and so has some
precedent [9].

The potential for these three modifications to improve the performance of a lattice design
was explored with FEM analysis, as presented below.
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Figure 4-4 FEM results for modified geometries, (left) increased 4.8 mm rib-width as marked,
(centre) attachment cell shifted to the right 6 mm, (right) additional rib member of nominal
dimensions.

Each of the modification concepts showed a reduction in the peak strain values for a
modest increase in mass. The reduction in strain was 14-22% while the increase in mass
in the design area was 0.1-3.7%.

For the additional rib width modification, there was an 22% reduction in peak compresive
strain. Given that the modification increased the cross-sectional area of the highly loaded
members by 20%, this result is unsurprising.

The angle modification was acomplished by shifting the three nodes surrounding the
attachment to the right by 6 mm. This changes the angle of the helical members in the
design region and results in the load point being closer to the centre of the patch. This
change seems to promote the balanced distrbution of load among the connected helical
ribs as the peak compression strain is reduced by 14%.

Lastly, the additional rib placed below the load introduction patch improved the peak
compression strain by 21%. The additional rib provides a load path that connects the
load introduction patch to a lightly loaded node, reliving a portion of the load
concentration elsewhere.

The results support the idea that simple modifications can improve the performance of
the lattice surrounding an attachment point. Furthermore, it suggests that an isotropic
topology optimisation can provide guidance for composite lattice structures. In the
following section a trend study will be performed to investigate the sensitivity of each
modification or combinations thereof to the improvement in structural performance.

4.2 Evaluation of Lattice Modifications
This section will evaluate the performance of the lattice modifications for the design load
with FEM analysis and present conclusions.

4.2.1 Trend study
Based on the previously identified lattice modifications, a trend study was designed to
test the effect of a modification on the strength performance of the resulting structural
configuration. For each of the three modification concepts, configurations were
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developed with various degrees of change to observe the sensitivity of the performance
to the modification. Furthermore, some configurations were tested that included multiple
modification concepts.

The results were compared to an unmodified design case model on the basis of
maximum compressive strain values. In order to do this consistently, a mesh size of
1 mm was used for all models to minimise the sensitivity of the result to mesh effects as
much as possible. Therefore a new model was set up such that CAD geometry could be
generated and exported to ABAQUS for meshing and analysis in a semi-automated
process. This new mesh resulted in an approximate 8% reduction in peak strain values
for the unmodified design case compared to the previous analysis model. Part of the
reduction could be due to the removal of the aluminium insert that was done to simplify
the model. However the observed reduction in peak strain values demonstrates the
mesh sensitivity of the model.

Based on previous work, it is known that the micro-structural effects in the rib node
transition, such as resin pockets and fibre waviness, leads to a reduction in the
mechanical properties in this region. To account for this reduction and make reasonable
predictions about the failure strength of the lattice, it is necessary to model the transition
regions with a reduced material stiffness. Given that the failure criteria adopted is based
on maximum strain, the reduced stiffness directly affects the failure strength of the lattice
structure. At the time the trend study was conducted, it was not known how the lattice
modifications would influence the transition region micro-structure. Therefore the
assumption was made that the modelling approach for the rib-node transition region
would be applicable for all modified members.

A trend study with 21 cases was conducted with the breakdown presented in Table 4,
and a comparison was made to the base case in terms of peak compressive strain:

Table 4 Lattice modification trend study trials

Modification | Number of Trials | Best | Worst
Width 10 9% | +1%
Angle 7 -12% | +19%
Addition Ribs | 3 1% | +22%
Combination | 1 -22%

The comparison by compressive strain is not a complete description of the performance
of the lattice configuration, however it was the simplest comparison to make. Evaluating
other parts of the structure with lower strain found that the difference in strain or stress
values was marginal, meaning that most structures are performing equally. Only the
peak strain values separated different configurations significantly, thus the comparison is
made with peak values.

The width modification was the simplest to implement by reinforcing the highly loaded
members. With the implemented modelling and analysis method, the increase in width
was proportional to the decrease in peak strain values, so greater rib widths reduced the
peak strain value. The best performing configuration was found to be the same as the
one presented at the left of Figure 4-4, with the increased width along the 3 highlighted
members.

The angle modifications explored do show potential to improve the performance, but
there is probably equal potential to compromise it, given the results presented above. In
this case, the best performing configuration is also shown in the centre of Figure 4-4.
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The worst performing angle modification is show at the left of Figure 4-6, where rib
angles were adjusted to reduce the size of the attachment patch. This seemed to
compromise the node interfaces of the structure by exaggerating stiffness discontinuities,
resulting in greater peak strain values.
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Figure 4-5 Best performing lattice designs in terms of peak compressive strain, where colours
represent modifications to the base lattice (left) an additional member, (right) combination of
lattice modifications

Additional ribs modifications were investigated in two locations, either with the nominal
lattice height or a rib height equal to the laminate thickness. In this case, the best
performing modification was an additional member on the left side of the attachment
patch that provided a load path favourably aligned to the loading direction that relieved
strain at the critical node region (lower right of the patch), shown in Figure 4-5. The worst
performing design was an additional rib below the attachment patch, shown in Figure
4-6. Since the additional member was close to the load introduction point and nearly
aligned to the load direction, the additional member did attract a portion of the load. This
resulted in highly localised peaks where the additional member terminated into a node
due to the modelled stiffness mismatch. The sharp transition, which in reality would be a
softer interleaving of fibres, resulted in an exaggerated peak compressive strain.
Therefore this design may have been over penalised on the basis of peak compressive
strains alone.

The combination design looked at taking the best performing modifications and
superimposing them. As presented in Figure 4-5, the lattice included modified rib widths,
rib angles and additional members. Overall this design showed the lowest peak strain
value.
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Figure 4-6 Worst performing lattice modifications in terms of peak compressive strain

4.2.2 Discussion

The trend study shows that lattice modification can reduce the peak strain values in the
region around a load introduction point. The best improvement suggested a 22%
reduction, while even a modest change of rib width for a few members reduced the peak
strain by 9%. Interpretation of the topology optimisation result using the three
modification techniques explored in the trend study can therefore lead to performance
improvement. Besides the identified modifications, other lattice modifications are
possible (e.g. varied rib heights, sub-cell trusses, curved members etc.) but the
manufacturability of such modifications is not known. Only one load case has been
considered, while practical lattice designs must be suitable for a multitude of load cases
and requirements. It is questionable how a design that suggests a radical departure from
a regular lattice could also satisfy other load cases and requirements.

For the trend study considered, the additional weight of the modifications compared to
the base lattice structure is less than 5%, or in the order of a few grams. This is rather
small in the scale of a satellite structure that weighs tens of kilograms. A more relevant
aspect to consider would be the manufacturing complexity increase. Some lattice
modifications could be more difficult to implement than others due to having additional
members, whereas implementing a grid angle change has not been found in literature. In
considering a lattice modification, a trade-off would be made for the simplest modification
that results in the greatest performance benefit. The manufacturing complexity of the
identified modification concepts will be explored in the following section.

Another point to consider is that the modelling method adopted for the modified
structures is not validated by mechanical testing. For example, the details of how rib
width changes will be physically implemented are not known. The effect of such
modifications on the structure in terms of micro-structural quality is also not known. In the
case of additional members, the integration of a member into a regular node as
presented, is an uncertain detail with critical implications. In the previous research on
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attachment point patches, a laminate was integrated into a node by overlapping a small
portion of the plies into the node region [4]. However, an additional member will
potentially increase the number of plies in a node region by 50%, and so the previous
experience might not be extrapolated to include additional ribs. Such changes could
mean that the standard modelling approach cannot be directly applied to the additional
members, and that the results of the trend study may be invalid.

4.2.3 Conclusion
The short investigation shows that lattice modification by rib width changes, angle
changes and additional members could produce strength performance improvement for
point load introductions. Mass increase associated with the 3 maodifications is minimal.
These findings are based on a modelling technique that treats the modified rib-node
transitions as regular lattice transitions.

The mechanism of this performance improvement can be described by 3 aspects:

¢ Reinforcement: increase the volume of material in the highly strained regions.

o Geometric efficiency: adjust the geometry of the surrounding structure to align the
uni-directional ribs to the load direction.

e Additional load path: provide a new load path for the point load to be distributed
into the surrounding structure

In the following sections, manufacturing trials will investigate the modifications presented
in this trend study and determine how they relate to the quality of the lattice structure.
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5. Manufacturing & Evaluation

This chapter will describe the manufacturing process of fibre placed pre-preg lattice
structures through a manufacturing campaign consisting of two irregular lattice panels
measuring 680x355 mm. The investigation will explore the differences of the
manufactured lattice with the designed layout. The geometry and dimensions of the rib
elements and their dependence on the layout of the lattice structure will be examined.
Destructive and non-destructive methods of inspection will be evaluated for their
suitability for characterising the quality of composite lattice structures. Finally, the
particular features of the rib-node transition region will be examined and characterised
for a regular lattice structure. The effect of the various modifications proposed in section
4 on the quality of the lattice structure will be evaluated and commented on.

This discussion will relate to the quality of the manufactured lattice structure. In this
sense, quality refers to the observed and measurable deviation of the manufactured
composite from the ideal design, where greater deviation corresponds to lower quality.
Deviations such as fibre disorientations, resin rich pockets or voids constitute a
degradation of quality that can be expected to reduce the mechanical performance of the
structure compared to a pristine design with nominal material properties. The precise
correlation of quality to mechanical performance reduction for lattice structures is outside
the scope of this research.

Reference will be made to the terms consolidation and compaction, which are familiar to
traditional composite processing where they are sometimes used interchangeably. In the
context of the composite lattice manufacturing process, these terms will refer to specific
actions that form the lattice rib sections. This reference is described in Figure 5-1 that
shows a before/after comparison of the process of forming composite lattice ribs from
uni-directional tows. The left of the figure illustrates the tows as they are laid up and
shows the compressive consolidation and compaction forces that form the tows to the
desired rib dimensions. The right of the figure illustrates the idealised design of the
lattice, showing the designed rib height and rib width dimensions. The intersection of the
rib elements forms a node.
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Figure 5-1 lllustration of lattice conventions and dimensions showing layup tows and formed

elements

The schematic shows the primary compressive forces acting on the lattice during cure
and the key rib dimensions:

Consolidation is the out-of-plane response of the composite to the action of the
caul plate and autoclave pressure. The autoclave process forces the caul plate to
compress the composite part through the thickness of the layup. The effect of the
consolidation is most significant at the node, where the pre-preg tows intersect
and build-up, but is also responsible for forming the upper and lower surfaces of
rib elements.

Compaction is the in-plane response of the composite to the in-plane
compression. The compression results from the expansion of silicone tooling (not
shown above) and is most significant in compressing the tows to form the rib
elements between nodes. Thus all rib elements experience the compaction along
their length. The node region also experiences a compaction force.

Height is the lattice dimension in the out-of-plane direction, that is the direction
of the ply build up. The height of ribs and nodes is equal and interchangeable for
the lattices discussed in this research as the height is constant.

Width is the lattice dimension in the in-plane direction, that is the in the plane of
the fibres. The ideal design considers the width of a rib element to be constant
between node points.

CONFIDENTIAL
27



5.1 Method

One panel was designed and manufactured based on a judgement of what was thought
to be possible with the pre-preg fibre placement process, and aimed to incorporate the
design modifications that were indicated to be beneficial to irregular lattice designs
described in the previous section. Based on the analysis of the first panel, the objective
of the second panel was to incorporate lattice modifications with a method that resulted
in the best lattice quality. The lattice layout and details of the manufacturing choices are
presented in this sub-section.

5.1.1 Metal Tooling
The composite layup and expansion tooling are surrounded by an aluminium dam and
plates that from an enclosed space for the processing of the composite, as shown in
Figure 5-2.

Caul Plate
(cut away)

Edge Dam

Base Plate

Composite and
expansion tooling

Figure 5-2 Diagram of metal tooling used for lattice manufacture

Aluminium base plate and caul plate have a thickness of 4mm. Since these parts are a
mould face, they have been polished to remove any light scratches and improve the
surface finish of the composite. The aluminium edge dams are fabricated from solid
square sections of 15mm edge length but do not require polishing. All the metallic tooling
is covered with release film.

5.1.2 Layup
The layup of both panels was done manually using pre-slit tows. The tows are pre-slit to
a specified width of 6.35 mm and wound onto reels of approximately 60 m. From the
reels, the tows are manually cut to length depending on the position in the panel. The
material used is M55J fibre with RS-36 modified epoxy resin system manufactured by
TenCate ®. The tows had a specified thickness of 0.195 mm that reduces the number of
plies required to reach the desired build-up compared to a thinner tow.

In total, the first panel used 556 tows which required approximately 20 work-hours to lay-
up. The second panel used 684 tows and required approximately 25 work-hours to lay-
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up. The number of tows required depends on the designed rib dimensions, as described
in [11] with the relevant calculation presented below:

_ RwRy

==

Tn

Where:

T, is the number of tows required

Rw is the design rib width, as measured in Figure 5-1

Ry is the design rib height, as measured in Figure 5-1

Tais the cross-section area of the tow, the tow width multiplied by the average tow
thickness, i.e. 6.35 x 0.195 mm in this case

Essentially, the cross-section area of the designed rib is equal to the area of the laid up
tows, which is the area of one tow multiplied by the number of tows. For a greater rib
width, more tows will be required, while a narrower rib width requires less tows. This
design parameter, together with the silicone tooling design determines the final rib
geometry.

Layup is carried out manually and free standing using a printed template calibrated to the
correct size. The layup progresses layer by layer, working by rib elements i.e. hoop ribs,
helical positive, helical negative and then any additional rib elements. The tows are
mildly consolidated with finger-tip pressure where the tows reach an intersection, as
illustrated in Figure 5-3. This results in fibre bridging between the node points as shown
in Figure 5-4. Fibre bridging is desirable as it prevents the additional length of material
being included in the part, as would occur if the tow followed the contours of the build-up.
Additional lengths of material could result in waviness in the cured panel as the length of
fibres is forced into a shorter space.

Figure 5-3 Manual tow layup showing light consolidation at tow intersections and layup template
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Figure 5-4 Layup showing fibre bridging between nodes with silicone expansion tooling

No intermediate de-bulking is carried out. After all the tows are laid, the silicone tooling is
inserted into the cells, also visible in Figure 5-4. Following the insertion of the silicone
tooling, the caul plate is placed over the composite and the whole assembly is vacuum
bagged.

The part is placed under vacuum and de-bulked for several hours. The initial height of
the layup can be calculated as the number of plies at a node multiplied by the average
tow thickness. After de-bulking, the lattice height is near the designed height.

5.1.3 Autoclave Cure
Both panels were cured at the Delft Aerospace Structures and Materials Laboratory. No
thermocouple was included in the layup. The cure cycle used was modified from the
manufactures specification to include several temperature dwells. Briefly, the cure cycle
is:

1. Apply vacuum to 25 inHg at ambient temperature and pressurise autoclave to 6
Bar (gauge). These pressure conditions are maintained.
2. Ramp temperature to 110°C at rate less than 3°C per minute. Hold for 60

minutes.

3. Ramp temperature to 140°C at rate less than 3°C per minute. Hold for 60
minutes.

4. Ramp temperature to 180°C at rate less than 3°C per minute. Hold for 120
minutes.

5. Depressurise autoclave, release vacuum to 0.5 Bar.
6. Cooldown at less than 3°C per minute.

This modification was implemented to improve the resin flow of the composite during
cure. The data from the cycle used to cure the first panel is presented in Figure 5-5.
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Autocalve Cycle Data 20 March 2019 - M55J RS-36
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Figure 5-5 Cure cycle data for the first manufactured panel

Overall the cure cycle was carried out as desired. During the cooldown, the temperature
ramp did lag the desired input, but this is to be expected and should have no impact on
the composite part.

5.1.4 Sample Panels’ Layout
The first panel incorporated rib width variations, rib angle variation and additional rib
members, including several increments of variation detailed below.
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Figure 5-6 Manufactured first panel with layup template

The irregular lattice is a modified regular lattice with the geometry described in Table 5.
The cell geometry refers to the conventions presented in Figure 3-3. Note that helical
spacing is the horizontal distance between helical rib elements and is equal to the cell
width.

Table 5 First panel base lattice geometry parameters

Lattice Geometry Value
Grid Angle 23°
Rib Width 4.0 mm
Rib Height 6.0 mm
Helical Spacing 72.0 mm
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The modifications to the base geometry are shown in Figure 5-6 and briefly presented
here. They are discussed in more detail later in this section.

Rib angle changes are incorporated by shifting the nodes at A and B by 4 and
6mm to the right respectively. This corresponds to a 2.5° and 5° angle change
for the rib elements joining the nodes, and approximately double the degree of
angle change for the rib angles at the nodes A and B.

Rib width changes are incorporated on the helical ribs of the lowest row on the
left side marked with a white outline. The rib widths designed are 3.5, 4.8 &
5.2 mm, representing a change of -10% to +20% from the nominal 4.0 mm rib
width and are labelled respectively. Between two and four helical ribs were
manufactured at each design width.

Lastly, the right side of the panel incorporates four examples of additional rib
elements. The upper and lower rows have short additional ribs which do not
terminate at nodes. This results in a divided cell. To the right is an
implementation where the additional members terminate at nodes. At the
extreme right is an additional rib of half the height of the nominal ribs as shown in
Figure 5-7 below.

Each of the modifications is a novel concept.

= TP

Add3

/

Figure 5-7 Detail of additional rib with half nominal height

A second panel was manufactured, shown in Figure 5-8 below. The objective of the
second panel was to correlate a process model described in section OThis panel
incorporated lattice modifications with an improved implementation that was predicted to
result in higher quality. The modifications are detailed below.
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Figure 5-8 Manufactured second panel with lattice orientation and modifications indicated

The base lattice geometry has two parts: on the left the lattice forms collected node
regions whereas on the right the lattice is comprised of binary intersections, these terms
are defined here in the context of this research.

A collected node is where 3 or more rib elements intersect at a point, forming a region in
the centre where all sides are surrounded by tows. Conversely, a binary node is where
only two rib elements are intersecting. Besides the region of overlapping tows, all parts
of the elements intersecting are compacted by silicone tooling from both sides. A
comparison is presented in Figure 5-9.

Figure 5-9 Comparison of a "collected node" (left) and 3 'binary nodes" (right)

The nominal lattice dimensions for the second manufactured panel are presented in
Table 6.
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Table 6 Second panel base lattice geometry parameters

Lattice Geometry Value

Grid Angle 25°
Rib Width 4.8 mm
Rib Height 6.9 mm

Helical Spacing 76.6 mm

The modifications to the base geometry are as follows:

o The left side of the lattice is divided into three regions: Red, Green & Blue. In the
red region, all rib widths are 4.4 mm. To the right in the green region, the lattice
transitions to 5.2 mm rib widths. Above these two areas is the blue region where
the nominal rib width is 4.8 mm, so the third section is an area with mixed rib
width intersections. This provides several rib elements for each increment of
design width, and several examples of intersections with ribs of different width.

o The right side of the panel maintains the hoop rib and positive helical spacing,
with the nominal rib dimensions stated above. However, the negative helical
spacing (cell width) is shifted by half a step such that it is out of phase with the
positive ribs, resulting in the helical ribs intersecting at the mid-point between
hoop ribs'. With this layout each intersection is comprised of only two ribs, a
binary node.

e The right side of the lattice also includes additional ribs with half the design width
as noted.

5.1.5 Design details
This section will explain in some depth the details of the design modifications and the
reasoning for the choices made.

Rib Angle Modification

Rib angle changes were accomplished by manually manipulating the tow during layup.
By pressing the tow at a node and moving the free end to reach the shifted node, the tow
angle could be altered. This results in a “corner” in the tow path, a curve with a small
radius. It was apparent during the layup phase that this would result in the buckling of
some fibres as the tows would not stay flat, as shown in Figure 5-10. The left side of the
figure shows a diagram of the angle change that results from shifting the node
horizontally. The dashed lines represent the base lattice structure with the nominal grid
angle, while the solid lines show the angle modification. Essentially, the location where
the positive and negative helical plies intersect has been translated horizontally. The
image on the right of the figure shows that the buckling of plies is concentrated at the
inner radius of the angle change, as indicated.

Buckling of tows is undesirable, and occurs when a minimum steering radius is violated.
This minimum radius is related to the tow width as shown by Smith [25]. Using 4" tows,
the minimum radius was found to be approximately 1350 mm, suggesting that the angle
modification presented in Figure 5-10 is theoretically possible. However, the research
conducted by Smith utilised an automated fibre placement (AFP) machine which is able
to smoothly steer a tow on a flat base with a precise and repeatable radius. With the
lattice structures, the tow only contacts the built up node regions (as described in section
5.1.2), so a smooth steering of tows is more complicated and may not be possible. The
manual placement of tow is closer to a “connect the dots” method and results in a much

! For grid nomenclature, refer to Figure 3-3
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smaller inner radius with the associated buckling defects. However this method was
thought to be the most repeatable for a manual layup process. AFP techniques could
possibly utilise a smooth angle change with good repeatability between layup courses
that may reduce the tendency of the tows to buckle for a given angle change.
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Figure 5-10 Node layup with an angle modification showing the buckling of tows

Rib Width Modification
Rib width modifications were accomplished using three methods. As previously
presented, rib widths are altered by changing the volume of material laid up for each rib
member. The simplest method is a step change in rib width that is realised by removing
or adding tows. Wider ribs will be have more layers of tows, while narrower ribs will have
fewer. For the first manufactured panel the number of plies required are presented in
Table 7.

Table 7 Required tows for design rib widths in the first manufactured panel

Design Rib Width [mm] | Required Plies
3.5 18
4.0 20
4.8 24
5.2 26

The simplest method for adding or dropping the tows was to do so at a node, leaving the
free end in the centre of a node, as shown in Figure 5-11. This method has advantages
in manufacture because the termination is at a natural build-up point, meaning the tow
can be pressed securely onto the node. This method generally results in a biased
interleave transition as discussed in section 5.4.3.
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Dropped Plies
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Figure 5-11 Biased node build up with a ply drop (highlighted) occurring at the node

A different rib width modification can maintain an equal interleave at the node by moving
the ply drops to the mid-rib section. The interleave refers to the tows overlapping at the
node, with equal being defined as an alternate stacking of the intersecting tows, one
after another. With ply drops in the rib section rather than the node, a transition can be
made between two lattice regions of different rib widths (and therefore different ply
counts), as shown in Figure 5-12. The length of the rib provides ample distance to
terminate additional tows gradually. From the perspective of traditional laminate ply
drops the ratio is generous. The second panel drops one ply in 8 mm, thus the drop ratio
is approximately 40.

Ply Drops

Figure 5-12 Rib width transitions using a gradual build up, where ply drops occur at the mid rib

From a manufacturing perspective, this method presents more challenges compared to
the step change method as it is undesirable to consolidate or press the tows at points
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between the nodes, meaning that the tow end is free during the layup, being supported
by the tackiness of the layup material at a node. This method was possible with
experienced technicians in the manual layup process, but may have issues with an
automated process.

Another method to produce rib width changes while maintaining equal interleave at
nodes or intersection utilises tows of different width. Simply, narrow tows to produce
narrow ribs, wide tows to produce wide ribs. Given that interleave is equal, the particular
tow width required to produce the desired rib must have the same compaction ratio as
other ribs at the intersection or node. Rib compaction ratio is described in Appendix D.

[ RN

1/4”

Figure 5-13 Schematic representation of mixed tow widths (1/8" and 1/4") before compaction
used to produce ribs of varying width and image of the layup

This method is complicated by the requirement to have tows of different widths to
produce rib width variations, increasing complexity with designs that may incorporate
several different widths.

Tapered tow widths were not investigated regarding rib width changes. This was thought
to be difficult to manufacture with a manual slitting operation. Furthermore, it could result
in more free fibres on the outer edge of the rib element. Combinations of the above
method were also not investigated as it was thought that correlation would be difficult.

Additional Rib Elements

Additional rib members incorporated into the base lattice structure terminated either at
nodes or at other rib members. In regular lattice designs, the elements are continuous
and the tows only terminate at end-zone interfaces where particular attention is paid to
the transition. This has been the subject of earlier analysis, manufacture and testing
research by te Kloeze [26]. Other terminations occur at attachment point patches, where
a laminate is incorporated into the UD rib elements and nodes surrounding the
attachment point cell. The particular details of this interface in composite lattices
structures have been the subject of a more recent research campaign by Smeets [4].
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For the additional rib elements that terminate at other ribs, one aspect to consider was
how the additional ribs would be integrated. It was decided that the simplest
manufacturing approach would be adopted for the purposes of the trial. This meant that
the overlap would not include a tapered drop off, all tows would be the same length. The
length selected was chosen such that the tow would overlap the full width of the ideal
compacted rib, in other words, being just a few millimetres shorter than the distance
between the edge of the un-compacted tows.

For the additional rib elements that terminated at the nodes, an initial concern was that
the extra rib element would cause a significant build-up at the node, where there could
be areas with 3 tows overlapping instead of the regular 2 tows. It was thought that this
could lead to undesirable consolidation behaviour at those nodes, and it would be
beneficial to limit the size of regions with additional build-up. For this reason, node
terminations mainly included an overlap with the other rib elements, and a minimal area
where 3 tows are present. This is illustrated below:

P e AQO3

Figure 5-14 Position of additional members during layup showing the overlap principle adopted.

At the right of Figure 5-14, the additional member is designed to have half the height of
the nominal lattice design. This was accomplished by only placing tows in the first half of
the layup, such that the additional member only had half the nominal number of tows.
For this reason, it was thought that the full overlap at the termination node would be
acceptable.

5.1.6 Expansion tooling manufacture
Two methods were explored to produce silicone expansion tools: individual moulding
and waterjet cutting. Both methods are suitable for producing the required expansion
tools.

The required tooling shape and dimensions depends on the designed cell shape, rib
dimensions and processing parameters. Since the panel is processed as one part, it is
assumed that the processing conditions are the same for each part of the lattice and
each expansion tool. Therefore, the ideal size of the expansion tools depends only on
the cell shape and rib dimensions. Clearly, the cell shape changes for each of the
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various lattice modifications described above, resulting in a range of required silicone
tooling shapes. Since the thickness of the expansion tools is proportional to the designed
rib height, and rib height modifications were not explored, the ideal expansion tools for
each panel had the same thickness.

Regarding the individual moulding process, the various cell shapes would each require a
uniqgue mould. In the waterjet cutting process, a series of large silicone plates can be
produced with the desired thickness. The individual and unique cell shapes are cut from
this sheet.

One difference that resulted from the manufacturing method was the surface finish of the
rib elements. Since the silicone tooling is in direct contact with the resin during the cure
cycle, an imprint is made on the surface of the composite part. The moulded silicone
shows the horizontal layers of the 3D printed mould that are approximately 0.1 mm in
thickness. The waterjet cut expansion tooling produces very fine vertical cut marks that
appears as a roughness similar to 400 grit sandpaper. Overall, the waterjet finish
appears to be the smoother, as shown in Figure 5-15. While Huybrechts mentions that
imprinting is undesired, no elaboration is made on what the effect is or what is allowable
[11]. It is not known what effect imprinting has on the composite performance as both
tools produce a minimal resin layer compared to the rib width.

—_—— : ¥

Figure 5-15 Comparison of surface finish from moulded (left) and waterjet cut (right) expansion
tools

In practice, although the rib height was constant for each of the panels, tooling of
different thickness was produced to work around small cells. For tooling that is scaled
down in all directions, point scaling, cells with a boundary area smaller than ~15 cm?
present a challenge as the tooling at room temperature will interfere with un-compacted
tows. However, if the tooling is only scaled in the in-plane direction, and not in the
thickness direction, the room temperature footprint of the expansion tool will be smaller,
allowing the tools to fit into the un-compacted layup of smaller cells.

Using in-plane scaling, expansion tools with the same mass/volume of silicone material
are placed with less interference to the un-compacted tows. Practically, the difference in
dimensions for the two scaling methods is 0.1 — 0.2 mm in the thickness direction, and
0.3 - 0.5 mm for the in-plane dimensions, or approximately 1.5%. This small margin
provided more freedom in manufacturing cells with bounded areas smaller than 10 cm?.
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This deviation in dimensions from a point scaling approach to an in-plane scaling while
maintaining mass/volume was thought to be acceptable given the other tolerances
applied. These tolerances are detailed in the following section. Furthermore, using the
point scaling approach there is a measurable difference in manufactured cell volume
compared to the ideal design cell volume. Typical manufactured volumes are 1 - 3%
larger than the designed, demonstrating that the process is imprecise. Furthermore, the
almost incompressible nature of silicone rubber was thought to be insensitive to the
marginal deviations.

The tolerance of the expansion tooling used to manufacture the sample panels was
measured on a mass basis. Given that the compaction is provided by material
expansion, and that the shape of the tooling closely matched the desired cell shape,
mass was thought to be the most accurate and convenient determination of tooling
volume. The measured mass is compared to an ideal design value that is the product of
the ideal shape volume and a measured density value.

The tolerance for the tooling used in the manufacture of the sample panels had a mass
tolerance of 2%, although in the case of the second panel, some tools exceeded the
tolerance. For an average expansion tool, this tolerance amounts to £0.30 g.

This tolerance is thought to be suitable given the other approximations made in the
modelling and manufacturing calculations, discussed in the following section. Though the
expansion tooling accounts for approximately 88% of the material by volume, the
process is thought to be determined by equilibrium conditions. Small deviations in tooling
volume from the ideal value may result in small deviations in local lattice geometry and
other effects in neighbouring cells. Again, given the other approximations, it may not be
possible to detect these differences. Furthermore, this investigation is focused on the
general effect and feasibility of larger lattice modifications and design. In order to
precisely study the effect of small tooling deviations, a more controlled study might be
required.

Another point to note is that during the post curing operation performed with the silicone
tooling, approximately 2% of the mass is lost. This is thought to be due to volatile oils or
other substances escaping from the solid silicone. The effect of this is thought to be
negligible and no adjustment is made during design.

5.2 Lattice Dimensions
The dimensions of the manufactured lattice differ from the ideal design values. This is
due in a small part to the approximations in the manufacturing calculations, in the design
method and clean-up operations post cure. The maximum estimated effect of these is
tabulated below:
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Table 8 Maximum estimated effect of design approximations

Source Difference
Manufactured vs

design width

Rounding of ply count + 3%
Modelling + 2%
Slit tow dimensions + 2%
Flash removal -3%
Resin squeeze out <-1%

The number of plies required to produce a rib of a given cross-section is calculated by
dividing the cross-section area by the slit tow dimensions, discussed in section 5.1.2.
This value is generally rounded up to an integer number of plies. When using thicker
plies that are preferred for manual layup, this rounding could account for up to +3%
deviation for typical rib dimensions, meaning the quantity of material is more than
required for the designed rib dimension.

For the typical modelling method used, some approximations are made around the node
region where some regions are not filled, and the overlapping of material is not
accounted for. This deviation systematically contributes an additional 2% to the
composite dimensions.

Regarding slit tow dimensions, the tolerance of the tow is approximately 0.127 mm
based on manufacturer specifications. This equates to 2.0% of random variation in
material quantity that relates directly to the compacted rib dimensions.

After the curing of the panel, it is observed that some plies are not compacted by the
expansion tooling. This is due to the tooling having a smaller thickness than the un-
consolidated layup such that during consolidation, some tows may become trapped
between the tooling and the caul plate. Before the panel can be handled safely, these
thin plies that have a burr like feather edge should be removed. Comparing the weight of
the first manufactured panel before and after flash removal showed that the removed
material accounts for approximately 3% of the total (314 vs 324 g). The flash removed
for the second panel was not measured but is estimated to be less due to the in-plane
scaling method adopted for the expansion tooling design that reduced the tendency for
plies to become trapped.

Another deviation that is noted should be the quantity of resin that escapes from the
composite during cure that is absorbed by the breather material. Generally this is a small
amount that is less than 1% by mass.

With the above sources of error identified, it should be noted that measurement of rib
widths show systematic deviations from the design geometry of approximately -10%.
Essentially, the rib width, measured at the mid-point is consistently smaller than the
design width. Such deviations cannot be explained by the above sources of error and are
explored in the following sections.

5.2.1 Rib width
Inspecting the manufactured lattices, it was noted that the rib widths measured around
the mid-point between nodes were consistently less than the design value. Furthermore,
the deviation was generally larger for hoop ribs. From previous work it is known that the
fibre volume fraction (FvF) in the ribs is higher than the nominal value for the pre-preg,

CONFIDENTIAL
42



with typical values of around 65% versus 60% nominal. Measurements made at the
node, where plies are overlapping, found the FvF to be 62%. However, in the region next
to nodes the FvF was found to be approximately 56%. This indicates that there is resin
migration occurring in the rib sections, since little to no resin in found to be squeezed out
post-cure at locations far from the edge. Given that the fibres are not displaced and that
the rib height is close to nominal, it is not surprising that the measured reduction in rib
width corresponds to the measured increase in FvF. The nominal rib dimensions are
calculated assuming the nominal FvF.

In this case, resin is migrating away from the mid-rib regions and node, towards the
region just outside the node. Resin migration should occur when a pressure gradient
exists in the resin of the composite. The origin of this pressure gradient was not clear in
the case of composite lattices.

It was thought that the expansion tooling might be a cause. However, FEM simulations of
the expansion tooling interacting with the cured cell geometry showed that at cure
temperatures, the contact pressure of the tooling on the composite interface resulted in a
pressure gradient in the opposite direction i.e. lower pressure at the mid-point of the rib
and higher at node, described in Appendix A. This result is consistent with the deviation
of the cured composite from the design geometry, where the rib geometry is “over
compacted” at the mid-point, and “under compacted” near the nodes as shown in Figure
5-16.

Over
Compacted mid-rib

Under compacted

Figure 5-16 Manufactured part with design geometry over-lay with showing rib width deviations

The pressure gradient must only exist in the resin phase of the composite. Based on the
effective pressure principle of porous media consolidation, the fluid phase of a material
only experiences the applied pressure less the elastic response of the solid phase. In
this case, the fibre network provides the elastic response.

At the mid-rib, the UD fibres are well aligned and can be easily compacted, thus
providing a low elastic response and resulting in high resin pressure despite the lower
applied pressure. In comparison, at the transition to the node, the fibres are forced to
spread out by the consolidation of the caul plate such that they become thin enough to
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pass through the node. This spreading out opposes the compaction pressure of the
expansion tooling, resulting in a significantly higher elastic response of the fibre network
at the node transition. In this small transition region outside the node the resin will have a
lower applied pressure, despite the higher applied pressure from the silicone tooling.
Due to the difference in resin pressure in the transition region compared to the rib
sections, the transition region becomes a resin sink where resin from the rib and node
area will migrate to. The migration of resin is represented in Figure 5-17.

Resin Reservoir

Migration l

Fibres spreading N o e Resin Sink

\

Figure 5-17 Resin migration at node and surrounding ribs

The propensity for resin migration to occur under given processing conditions should
depend on the size of the rib members (that act as the resin reservoir) and the size of the
transition regions where fibres spread out or cannot be compacted (and therefore
become a resin sink). With the assumption that the resin cure occurs at equilibrium
conditions, that is, where the expansion tooling expansion is balanced by the fibre and
resin parts of the composite, we expect shorter rib members to be compacted more than
longer rib members for similar transitions. One further assumption is that the void content
is negligible. This measurement is shown in the table below:

Table 9 Measured rib widths compared to design value for various node types

Panel | Rib Type | Length [mm] | Node Type | Relative Rib Width
1% Helical 77 Collected 0.93
1% Hoop 60 Collected 0.90
2" Helical 73 Collected 0.85
2" Hoop 61 Collected 0.83
2" Helical 39 Binary 0.90
2" Hoop 33 Binary 0.91

Relative rib width is defined as the measured rib width compared to the design rib width.
The table shows a trend that supports the above explanation. Considering the first and
second panels had different geometry, it can be seen that the longer rib elements
experienced marginally less compaction for the collected node type. The difference in
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lattice geometry, collected vs. binary nodes as presented in Figure 5-9, together with
other manufacturing approximations, could explain the disparity in relative rib dimension
between the two panels.

Considering the comparison of the binary nodes to the collected nodes in the second
panel, the rib lengths are significantly shorter. However, the relative rib dimensions are
greater, meaning that the ribs are produced closer to the design dimensions. Again, this
could be related to approximations in the design, but also suggests that the binary node
transition is a smaller resin sink compared to the collected node. Considering the
complexity of a collected node, where there are several short sections between overlaps
that also act as resin sinks, the binary node is simpler.

Taking to an extreme, if the length of rib section in relation to the node is short enough,
there will not be a sufficient quantity of resin available to migrate to the sink regions. This
results in a resin starvation situation, where the volume of resin available is less than
required to fill the space between fibres. In this case the resin pressure is minimum and
the formation of voids is maximised. The first manufactured panel included sections with
short ribs (<10 mm). The observations were that the surrounding ribs had smaller rib
widths, while micro-sections of the transition regions revealed several small voids. This is
the expected result based on the process explanation.

Practically speaking, the small variations in rib width do not have a significant effect on
the performance of the lattice since the changes are determined by resin flow while the
performance of the structure is dominated by the fibres. Furthermore, the global bucking
performance that generally drives lattice design is more sensitive to the rib height, the
out-of-plane thickness. However, the measurement of rib geometry is a useful tool to
determine if the manufacturing process has produced a consistent part quality. Isolated
and significant variations in rib geometry indicate issues in the compaction and
consolidation process.

5.2.2 Node Height
The node height is a measure of how much the lattice has been consolidated in the
thickness direction. For flat panel lattices, such as the two manufactured panels, the
node and ribs have equal height due to the flat base plate and caul plate. Options for
panels with varying lattice height have not been explored, and while possible for flat
samples, might lead to additional manufacturing issues with cylindrical lattices.

In general, while the rib width shows some deviation from the design values, the node
height measurements are closer and shows less variation compared to the nominal. An
explanation of this is based on the assumption that at the point when the composite is
cured, the state of the autoclave pressure, expansion tooling and laminate response is in
equilibrium. It is believed that this equilibrium is stable around the design height.

Above the design height, the consolidation of the caul plate is not resisted by the
expansion tooling by design but only by the node build ups that represent a small area of
the panel. Given that the tooling is not restrained in the out-of-plane direction, it can
provide limited compaction to the tows. Therefore the consolidation of the node should
be relatively free above the design height. Indeed, the nodes are consolidated to near
the design height by vacuum pressure alone.

Below the design height, the consolidation force is resisted by the volume of nearly
incompressible expansion tooling. Nearly incompressible materials, such as silicone
rubber, strongly resist compression. For the correct volume of expansion tooling and
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composite plies, consolidation below the design height is expected to require a
significant increase in consolidation pressure.

Based on this explanation, consolidation above the design height has low resistance,
while further consolidation below the design height is strongly resisted. Measurements of
the panels show that the average design height is indeed close to the design values,
presented in the table below.

Table 10 Average node heights compared to design value

Panel | Relative Node Height

15 1.01
2nd 0.98

The deviation compared to design values is significantly less than the rib width
dimensions while the variation across the panel is also very small. The difference
between the first and second panels is within the manufacturing tolerance of the silicone
tools.

5.2.3 Discussion

Given the variety of geometry explored in the first and second panels, it can be said that
the node height is not sensitive to the lattice geometry. This is reasonable given that the
mechanism that determines the node height is a global one which should not be affected
by local variation in lattice geometry. In comparison the mechanism that contributes to
the final dimension of the rib width, the migration of resin, is a local phenomenon. It
depends on the relationship between the reservoir and sink, and this is largely
determined by element lengths and node type. Therefore, in qualifying and evaluating
the manufacturing process is important to consider the meaning of each lattice
measurement.

Measurements of lattice dimension should be taken in the context of the process, of the
lattice design and of the surrounding cells. Isolated or inconsistent measurements could
indicated issues with the manufacturing process or inherent sensitivities in the lattice
design. Observing a manufactured dimension close to the design value does nhot
necessarily indicate that the process was successful or desirable, just as a systematic
deviation does not represent a failure. For example, if a cure cycle is used that does not
permit adequate flow of resin, parts of the lattice may experience resin starvation that
results in the formation of voids. In this case the ribs do not lose any resin, they will
appear closer to the design dimension that is based on the nominal FvF. Without a
physical understanding of the process specific to lattice structures, this result might
indicate a successful cure process, while the manufactured part is in-fact compromised
by high void content in locations already weakened by fibre alignment deviations.

The process explanation suggests there is a relationship between minimum rib lengths
and node regions. If the rib length is short enough compared to the node type, it may
result in a resin starvation situation. If a given node type has a certain requirement in
terms of resin volume, there should be a corresponding minimum rib element volume
that is able to satisfy this resin requirement. Such a relationship limits the geometry that
is can be manufactured with low void content. Specific manufacturing trials would be
necessary to accurately quantify these small changes, since they are likely smaller than
the design and manufacturing approximations discussed previously.
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It is difficult to make a judgement on the effect of a different fibre type or resin system.
Higher viscosity resin will certainly have less freedom to migrate within the lattice.
However, a high viscosity resin may also result in different consolidation and compaction
behaviour that reduces the requirement for resin migration to occur. Thus it is possible
that one effect is mitigated by another.

5.2.4 Conclusions

e Approximations in modelling and manufacture account for a small portion of
deviations in lattice dimensions.

e Resin migration is responsible for larger systematic variations in lattice
dimensions, particularly rib width.

¢ Resin migration is thought to be caused by a pressure gradient that arises due to
the disparity in compaction response between ribs/nodes and transition regions.

¢ Rib widths are sensitive to local lattice geometry, element lengths and node
types.

¢ Rib and node heights are determined by a global equilibrium that is stable about
the design height, thus are not sensitive to local lattice geometry.

e Measurements of lattice dimensions should be evaluated within the context of the
lattice design, process and in comparison to local cells.

o A requirement for void free manufacturing could determine limits for lattice design
with regard to minimum rib element length for a given node type.

e Measurements of rib geometry and noted void locations for the manufactured
panels are consistent with an equilibrium model of compaction and consolidation
as described.

5.3 Quality Evaluation Tools
This section will review the quality evaluation tools used for the two lattice panels. The
review will explain what is shown by the various techniques and how results may be
interpreted.

5.3.1 C-Scan
C-scan techniques are commonly used to assess the quality of composite laminates, for
example to locate areas of delamination. With lattice structures, there is a systematic
variation in quality between the rib and node sections due to resin rich regions and fibre
alignment deviations. This produces a c-scan result as shown for the first manufactured
panel.

Figure 5-18 C-scan result for the first manufactured lattice panel, circled node indicates the CT-
scan sample
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The results show the intensity of the ultrasonic signal that propagates through the
sample. In the free space, the signal is unimpeded and shows green. As the transducer
scans over the composite, the signal is attenuated to varying degrees and shows a blue
to pink colour as the signal intensity diminishes. Generally the results show that the rib
sections and centre of nodes provide a good signal that corresponds to measurements
that the composite is well consolidated at these points with a high FvF and low void
content. The pink highlights appear at the transition zones outside the node area.

One issue with the c-scan is that the results alone cannot distinguish if the highlighted
regions are due to resin pockets, fibre waviness or voids. Each of these features could
reduce the strength of the signal and all of them typically occur in the transition region of
the node. Comparison with the micro-section results and understanding of the typical
transition features is needed to interpret the results.

A transition with low-waviness appears with the following c-scan result:

Figure 5-19 Comparison of micro-section and c-scan results for a helical rib

This comparison shows a helical rib transition through a node and the corresponding c-
scan image. The features of note are the extended waviness in the lower transition
(indicated by the lower arrow) as well as the relatively uniform transition region above the
node (upper arrow). Examination of the section shows that both transitions show resin
pockets at the point where the tows interleave, whereas the obvious difference is the
severity and extent of the ply waviness.

In the lower transition, the waviness extends for approximately 20 mm before diminishing
and aligning with the straight fibres of the mid-rib. The highlighted region on the c-scan is
approximately 15 mm in length, corresponding to the majority of the wavy region. At the
upper transition, little waviness is visible in the section while the highlighted region is just
5mm in length. This suggests that the size of the highlighted region may indicate
transitions with significant waviness if it extends beyond approximately 5 mm. Another
example is presented below.
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Figure 5-20 Comparison of micro-section and c-scan for a hoop rib

This comparison shows a hoop rib with an intersection (with a vertical additional rib) and
a node region. The left side intersects with a half-height rib while the right side enters a
node region. Overall the section shows low waviness with the plies transitioning
smoothly and with minimal deviation. Again, this corresponds with the c-scan that shows
two regions that extend approximately 5 mm into the rib.

A c-scan was also made of the second lattice panel:

Figure 5-21 C-Scan result of second lattice panel, arrow indicating the presence of voids

One aspect that remains unclear is the determination of voids. In the first example there
was not a clear indication in the c-scan results that would suggest the presence of voids.
However, in some micro-sections small voids (<0.5 mm?®) were visible. These typically
appeared in the hoop-helical node transitions. Compared to the c-scan results, the hoop-
helical transitions appear as a small highlighted region with unremarkable intensity.

In comparison to the CT-scan, the voids are clearly visible in a plane montage:
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Figure 5-22 Selection of CT-scan images with void locations indicated

The images show a series of sections through the height of the sample node. This is
discussed in detail in section 5.3.3 and presented here for comparison to the C-scan
results. The void visible in the left image is comparatively small with an estimated area
1.0 mm? and thickness of 0.5 mm, resulting in a volume of 0.5 mm?®. The void visible on
the right side has an area of 2.8 mm?and a thickness of 0.45 mm, resulting in a volume
of 1.26 mm®. Again, since they appear in the transition region, it is not possible to
differentiate them from the other effects with the c-scan results alone.

On the other hand, an unusual C-scan result showed an attenuated signal in the mid-rib
section, indicated by an arrow in Figure 5-21. This is remarkable because the fibres in
the mid-rib section are generally well aligned and compacted, resulting in good signal
propagation. This also means that it is unlikely for there to be significant fibre waviness.
In this case, micro-sections revealed that there were indeed significant voids. The
conclusion is supported by rib width measurements that show the rib was not compacted
to the design width.

Overall the C-scan is a useful check to perform to correlate the expected lattice quality in
transition regions. The results may highlight significant deviations from the nominal
results as described above that could also be flagged by rib dimensional checks. The C-
scan is not able to clearly determine the presence of voids in transition regions or the
areas around the node.

5.3.2 Micro-section analysis
Sections were made in the thickness plane along the axis of the rib elements in order to
observe the rib-node transition. The locations for micro-section analysis were selected to
obtain information about how lattice geometry and lattice modifications effected the
transition regions. The position of the section plane is illustrated in Figure 5-23.
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Typical section plane

Figure 5-23 Example of section plane location

The section plane is ideally along the centre line of the rib axis. This location is thought
to be representative of the rib quality through the width direction of the rib element as
discussed in section 5.3.3. In practice the cutting disc has a thickness of approximately
1.7 mm and the cutting plane needs to be offset to account for the lost material.

For high resolution microscopy analysis it is necessary to polish away the cutting marks.
However, this analysis was principally focused on the mesoscopic behaviour of the plies
in the transition region, and it was thought that the surface quality of the cut parts was
acceptable for this purpose without further polishing. An example of a sectioned rib
element is shown in Figure 5-24.

Uniform alignment
Ply Path (green)

Transition
Region

Figure 5-24 Typical micro-section view of a rib-node transition with the ply path highlighted

The plies in the node region, consisting of alternating layers of UD plies with different
arrangement angles, are clearly visible as lamina. For nodes with a biased build-up, the
ply drops are also visible as indicated above. In the transition region, the plies exiting the
node are briefly separated by small resin pockets that are visible with low (10x)
magnification, and appear as darker areas compared to the fibres that tend to reflect
incident light. Moving further away from the node, the plies orientation may become
distorted. This is clearly visible for distortions in the layup direction, and has been
highlighted in the above figure by the green trace. The region that the distortion is clearly
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visible by inspection is indicated by red horizontal lines, while the vertical red line
indicates that axis of the rib element. It is possible to measure and quantify the extent
and severity of these distortions using low magnification and simple measurement
devices such as Vernier callipers.

Node Lamina Resin Pockets Ply orientations

Figure 5-25 High resolution image of a node transition showing low ply waviness

Distortions in the width direction (i.e. out of the page for the section shown above or in
the plane of the plies), are also visible, though they were more apparent in locations
where the ply waviness is also significant. The in-plane waviness is difficult to measure
with these sections without advanced techniques based on the observation that a plane
section of a circular cylinder (the fibres in this case) becomes an ellipse, as described by
[27]. However this technique may only be applicable for fibre misalignments up to 10°,
whereas observations of the in-plane ply waviness on the surface of the composite
suggest the fibre misalignment w.r.t to the rib axis is approximately 10-20°. In the typical
sections this corresponds to an angle of 70-80° which is clearly outside the range for the
method described.

For the majority of the rib sections made, the location of the section is not thought to
have a significant impact on the observed transition behaviour. The section produces two
surfaces separated by the thickness of the cutting disc, it was generally found that these
surfaces were complementary and showed the same characteristics for a given node-rib
intersection. No significant variation was observed for sections made near the centre line
of the rib samples. CT-analysis supports this observation and is discussed in the next
section. The exceptions to this, as will be discussed in following sections, are node
transitions for ribs with an angle modification as they have shown to exhibit significantly
different transition characteristics.

5.3.3 CT-Scan

Computed (micro-) Tomography is a technique available for composite analysis that
offers a significant improvement in resolution compared to the above techniques. This
facilitates detailed observations of the fibre directionality at node transitions and
guantification of the void content given the sub-micron resolution available. Advanced
techniques are able to reconstruct the microstructure of composite parts [22], as well as
provide other composite quality assessment parameters. Such advanced techniques
could be used to further quantify the characteristics of rib node transitions, and could be
the subject of future research.

For the purposes of this investigation, one node was selected from the first manufactured
sample. This node, and the six constituent rib members, included a hoop rib, a thickness
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change helical rib, an angle change helical rib and two nominal size helical ribs. This
represents a selection of lattice modification techniques and regular lattice geometry.
The selection was limited to a single sample due to the cost of performing a CT scan, as
well as the considerable resources required to post-process the results. Details of the
equipment and software used to conduct the scan are presented in the appendix. The
selected sample is presented in Figure 5-26.

Figure 5-26 Selected node sample and 3D view of CT scan result

A point of interest related to the micro-section analysis was to investigate the sensitivity
of the cutting location to the observed transition characteristics. This is possible with a
CT scan by observing microstructure at sections progressing through the width of the rib
at the node transition. The position of the section planes are represented in Figure 5-27
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Angle Change Nominal Helical

Section Plane ——

Hoop Rib

Thickness Change Nominal Helical Figure 5-28

Figure 5-27 Section planes analysed using the results from CT-scan

This results in a series of images through the width of the rib (approximately 250 images
over the width of 3.8 mm). A montage of the images for a nominal helical rib is presented
in Figure 5-28, beginning with the slice #1 close to the surface on the left side, and
progressing in the direction indicated by the arrows.

Figure 5-28 Montage of section images though the rib width showing the transition region ply
waviness
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In this montage, each slice represents a thickness of 0.015 mm. The initial slices near
the inner surface of the rib show well aligned plies. Progressing through the width of the
rib shows that ply waviness develops within the first 50 slices or approximately 0.75 mm.
Visual assessment of the centre section of the rib shows that the waviness direction
changes, but it is unclear if the intensity changes. At the far edge of the rib, the ply
waviness diminishes in the final images.

The lower observed ply waviness close to the edge of the rib corresponds to
observations of increased in-plane waviness. It is observed that at the node transition
there is smooth increase in the rib width as the fibres spread out. Although the plies
show lower waviness at the edge of the ribs, it is possible that they have more in-plane
deviation.

Waviness development in the other ribs of the sample and the corresponding montages
are presented in the appendix. These ribs show the same development trend as the
example presented above, although the intensity of the observed waviness varies. One
exception is the angle change rib, where the observed waviness is skewed to the rib
surface on the inside radius of the curve. The surface of the rib element on the outer
radius of the cure shows significantly less ply waviness. CT images and measurements
of the angle change rib are presented in Appendix B. This correlates with the
observations made during the layup which showed the tow wrinkling on the inside corner
and flat tows on the outside curve, visible in Figure 5-10.

In relation to the micro-sectioning analysis discussed in the previous section, the
montage shows that the developed ply waviness in centre section of the rib, which is
more than 0.75mm from the edge, does not vary significantly. Therefore it should be
reasonable to measure the waviness characteristics from sections made in the centre of
the rib to quantify the rib transition.

Image analysis tools are available to quantify the directionality and distribution of an
image, a description of the method is presented in Appendix B. Applied to the montage
of images this shows the average alignment and deviation of tows that could help to
characterise the rib transition. The results of the image analysis are presented in Figure
5-29 where 0° is aligned to the longitudinal ply axis.

Ply Angle through Thickness for Helical - Hoop Rib
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Figure 5-29 Image directionality analysis of slices through rib width
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The image analysis shows the mean directionality and the standard deviation. In the
case that the mean direction is close to 0° with a low standard deviation, the plies should
be well aligned. This is visible in at slice 241. In the case that the mean direction
deviates, but the standard deviation is low, the plies should be parallel to one another but
shifted from the 0° orientation. This situation is shown in slice 49. In the case that the
mean direction is close to 0° but the standard deviation is high, it is the situation where
the ply deviations are aligned in a +/- symmetric direction. This situation is demonstrated
in slice 145.

The addition of the absolute mean and the standard deviation gives a value that can be
used as an approximate quantification of the ply waviness present in the transition
region. Using this index a low value indicates the majority of plies are aligned to the 0°
direction. A high value indicates ply deviations. The full ply directionality charts for the
other node transitions are presented in the appendix. The average values of the
analysed slices are summarised below together with the index value:

Table 11 Ply directionality in the transition region for various ribs types

Mean Direction Mean Standard
Rib Type Misalignment [°] Deviation [°] | Absolute Sum
Helical — Helical 1 3 4
Hoop 0 5 5
Helical — Hoop 5 8 13
Rib Width Change -4 5 9
Angle Change -4 6 10

The summarised data shows there is a significant difference in the characteristics of the
rib transitions. The helical-helical and hoop rib transitions both show good ply alignment
with low misalignment values. Due to the complex ply distortions of the helical-hoop and
rib width change rib, the misalignment values are significantly higher and also show a
higher standard deviation.

5.3.4 Conclusion

o There is a qualitative correlation between the c-scan results and micro-sections in
terms of waviness.

e C-scans are not able to distinguish voids in the transition regions from other
effects.

¢ Micro-section analysis seems to be a valid method for assessing transition quality
in ribs (excluding angle change ribs).

o High magnification and advanced techniques image analysis techniques may
provide more information about fibre directionality from micro-sections.

o CT scans provides an extremely detailed view of the node and transition regions,
including fibre directionality and void presence.

e Image analysis techniques can quantify the directionality in CT scan images.

e All of the above can be used to support direct measurements of lattice
dimensions.

5.4 Transition Quality
This section will describe how the lattice quality changes for the various rib intersections
observed in the two manufacturing trials. The two panels were evaluated using micro-
section analysis to determine the waviness at the centreline of each rib. The transition
region is of interest because there is an observed difference in ply waviness
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characteristics and quality for each intersection type, whereas the microstructure at the
nodes and mid-rib sections had consistent quality.

This section will present a method to quantitatively characterise ply waviness in the
transition region. The typical waviness observed for various intersections will be
presented. The effect of various lattice modifications on the observed ply waviness will
be presented. Lastly, a general discussion on the impact of the measured waviness on
the overall quality of the lattice will be made.

5.4.1 Waviness characterization

The observed ply waviness at rib-node transitions is complex. The ply deviation angle
varies with distance from the node as well as height and width position in the rib. It is
useful to describe the complex behaviour with as few parameters as possible in order to
make comparisons of transition quality. The proposed method to characterise lattice
transitions is adapted from the ply waviness approximation for traditional composite
laminates, where waviness defects are modelled with a sine curve approximation [20].
The key values are the wavelength and amplitude. This is demonstrated with an example
rib transition shown in Figure 5-30.

Figure 5-30 Micro-section of a helical rib joining a hoop rib, showing typical ply waviness

The micro-section shows how the waviness is distributed in the height. It is maximum at
the approximate centre line, and practically O at the upper and lower boundaries. Moving
away from the node, the amplitude decreases until the plies are more or less parallel.
The paths of the plies are traced in Figure 5-31 to present them clearly.

This behaviour of each ply 7 can be approximated by a decaying sine wave of the form:

y;(x) = Aje ™ sin(wx) + 2 i - tavg

1y

~ N~~~
nnnnn
:', NS IS

Where:

Ai=a cos(;t—:l) is the amplitude, maximum value a at the centreline and 0 at the upper

and lower plies
A is the decay/damping constant
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w is the wavelength parameter i.e. ZT"
tavg IS Used to separate the individual plots based on the average ply thickness

Figure 5-31 Trace of plies showing their path moving away from the node

Plotting the decaying sine function shows the visual correlation to the observed ply
behaviour.
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Figure 5-32 Idealised ply waviness for a typical node transition with 2a = 0.75, L = 12, Ws = 3.1%

The main features of the waviness are expressed by the ideal function. By selecting the
values of a, A and L, the ply path can be idealised. These values express the maximum
ply deviation at the centre of the rib and the degree that the amplitude of the deviation is
attenuated as the ply progress away from the node.

Additional features of the waviness could be related to three-dimensional nature of the
rib compaction. Similar to the plies at the upper and lower surface experiencing less
deviation, plies at the edge of the rib (in the in-plane direction) also experience less
deviation as discussed in section 5.3.3. Thus this model is valid for sections made at or
near the centre line of the rib where it is expected to see the maximum waviness
severity.

Using this method, the ply waviness in the transition can be characterised by measuring
the approximate wavelength, peak amplitude and extent in a micro-section at the
approximate centre of a rib element. The extent describes the distance from the node
where the ply waviness has decayed such that deviations are scarcely perceivable, that
is when the deviations are much smaller than the thickness of a ply. Using the values of
wavelength and amplitude, the waviness severity can be calculated as follows:

a

Ws=z
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The waviness severity expresses the maximum intensity of ply waviness as the ratio of a
to L. In traditional composites, the waviness severity is linked to mechanical performance
knock down. To correlate the waviness severity of a node transition region would be
useful starting point to estimate the performance degradation of a lattice structure node
transitions.

The waviness severity was measured for the micro-sections made on each of the
manufactured panels. In total 95 measurements were recorded, the results are
presented in Appendix E.

5.4.2 Base Lattice geometry
This section will explore how the regular lattice geometry relates to the measured
waviness severity in transition regions. For regular lattice geometry, each transition type
is presented with the transition region circled. Average values of measured waviness
severity will be reported.
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Transition | Location Waviness Notes

type Severity
Hoop to : 1.3% 13 measurements
Helical from panel 1

Helical to _ 1.9% 10 measurements
Helical from panel 1

Helical to : A 2.8 % 6 measurements
Hoop from panel 1
Binary 1.8% 11 measurements
Node from panel 2

In terms of waviness severity, there is a visible and measurable difference in the
transition type for the studied geometries. Considering the lattice geometry with collected
node, the transitions of a hoop rib to a helical rib consistently showed the lowest ply
waviness. Helical to helical rib transitions showed slightly higher ply waviness, while the
helical to hoop transitions had consistently higher ply waviness. Regarding the binary
node samples, the transitions generally showed similar waviness across all of the
transitions, thus they have not been segmented.

5.4.3 Effect of rib width transitions
At least 3 methods are available for manufacturing ribs with varying widths as described
in section 5.1.5. A comparison of these modifications to the quality of the node transition
is described in this section. Wherever possible a like-to-like comparison is made by
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comparing transitions with the same geometry to isolate the change to the rib width
transition. The comparison is made based on measured waviness severity from micro-
sections. Since waviness severity is measured as a percentage, the comparison is made
by percentage points (p.p.). The increased waviness at a node transition associated with
a modification is presented as p.p. increase in measured waviness severity over a similar
unmodified node transition.

Interleave | Schematic Waviness Comments
Severity Change
Tapered No measurable 4 measurements compared.
=—— | change C-scan comparison shows
—_— no differences.

Rib width changes:
4.41t05.2 mm
4,410 4.8 mm
4.81t05.2 mm

Biased +1.3 p.p average 6 measurements compared.
+3.5 p.p maximum | C-scan shows significant
differences.

Rib width changes:
3.5t04 mm
4.8to4 mm
5.2t0 4 mm

Tow Width Y +0.6 p.p 2 measurement compared to
“ similar rib.

C-scan comparison shows

minor differences in similar

ribs.

A\

Regarding the tapered rib width change, it is not surprising that there is no measureable
change meaning that the measured values show the expected variation within the
tolerance of the manufacturing process. There is no statistical change in measured
quality related to this feature. An explanation could be that the ply drop is occurring
outside the transition region in the rib section where the plies are generally well aligned.
Given the generous 40:1 ply drop ratio, it is probable that the effect on the mechanical
performance of the rib section is minor, and no effect is observable in the transition
region for the geometries studied.

The biased interleave generally showed an increase in the measured waviness. This
was proportional to the magnitude of the rib width change. Larger rib width changes
increased the measured severity more than smaller changes. The rib elements
investigated are all helical ribs from the first panel, thus the measurements are reported
for the helical-hoop transitions that have the highest base values of waviness severity in
general. Although not reported above, it should be noted that the complementary hoop
ribs, that typically show very low waviness, did not show a measureable change in
waviness severity. In other words, the biased node interleave increased the waviness
severity of the helical-hoop ribs, while the hoop ribs were unaffected. This demonstrates
that the consolidation and compactions process at a node is asymmetric and
unbalanced.
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In the case of the tow width modification, it was difficult to make micro-sections due to
the thin rib widths, hence the scarcity of measurements. For the observable sections,
there was a minor increase in waviness severity compared to a similar rib geometry.
However, the measured value was just around 2%, meaning that the quality was
average-to-good. Differences in rib geometry could explain a portion of the disparity in
measured quality. Comparing the c-scan result of other modified ribs shows that the
transition characteristics are similar to the measured regions. Based on this assessment,
the tow width modification does not seem to significantly reduce transition quality, and
this method would certainly be preferable to biased node transitions from the perspective
of manufacturing high quality transitions.

5.4.4 Effect of additional members
Several examples of additional members were investigated in the first manufactured
panel. The waviness severity was measured at the node transition. This is presented in
Figure 5-33.

/| / \ / \

7%

5%

3%

1%

Y43

7 [\ X 7 [\ X
A B C

Figure 5-33 Observed waviness severity for various additional ribs, circled region indicates
observed void location

Several points of interest:

e There is a measureable effect of the additional ribs on the surrounding rib
elements in the case that an additional rib meets a node (ribs B & C). The
observed waviness is slightly higher (~0.5 p.p.) compared to a regular rib when
an additional member is present at the node.

e Additional ribs crossing a hoop rib do not have a significant effect on the ply
waviness of the hoop rib. The quality observed in the hoop rib is similar to that of
a hoop rib at a regular node, in other words it is very good.

¢ The additional rib B has very poor quality where it meets the nodes. It is among
the worst measured in the panel and significantly worse than the regular lattice
geometry.
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e The additional rib C has the same layout as rib B, but the rib height is only half.
The quality observed is slightly higher. This suggests that there is a dependence
on the rib height for the observed waviness.

e Above additional rib A in the circled region, voids were observed in the hoop ribs.
This is thought to be related to the under compaction of the ribs that results in a
paucity of resin.

Overall, it can be concluded that the investigated methods of incorporating additional ribs
result in quality well below that of an unmodified structure. In some cases the additional
ribs cross the base structure with minimal disturbance, but when crossing a node (as in
B & C) the quality is severely reduced. In the case that the additional rib crosses close to
a node (as in A), the small size of the split cell could result in insufficient compaction that
leads to the formation of voids, as discussed in section 5.2 .

5.4.5 Effect of angle changes
Two angle changes were investigated by offsetting the node position, resulting in rib
angle changes between 2.5° and 10°. Overall, the angle change ribs are associated with
a reduction in quality due to fibre waviness that is present during the layup phase.
Clearly, the complex ply distortions introduced during layup are not improved during the
curing process.

Investigating the transition quality, 11 waviness severity measurements were recorded.
Measurements suggest a 2.5 to 3.0 p.p. increase for angle changes less than 5°. For the
ribs with angle changes of 10°, the quality change was a 3.5-5.0 p.p. increase. In both
cases, this represents a significant increase in measured waviness, with a 7.7% value
among the highest measured. This poor transition quality is correlated with the results
from the c-scan. Angle change ribs show extended regions where signal intensity is
diminished, indicating that the ply waviness is more severe and extends further from the
node.

An observation was made during analysis of some micro-sections that the
complementary section surfaces did not result in the same waviness measurement,
particularly for ribs with higher angle deviations. In this case, one section surface
resulted in a higher measurement. This observation is supported by the CT-scan
analysis that showed the ply distortion through the width of the rib was not symmetric but
biased to surface of the rib on the inside radius of the rib angle change. Sections made
in different positions in the rib would therefore result in different observed quality.

This more complex transition characteristic and dependence on section location provides
some explanation for the wide range of the measured values, but also suggests that
meaningful comparisons could be difficult. Overall the trend is that larger angle
modifications result in greater reductions in transition quality, but the quantification of this
phenomenon is significantly more complicated compared to other lattice modifications.

5.4.6 Conclusions
Qualitative conclusions regarding the transition quality are:

o Ply waviness can be characterised by an approximation with a decaying sine
function.

o Analysis of micro-sections can determine the amplitude and wavelength to
characterise the peak waviness severity for a node transition.

e An idealised model based on the peak measured values can reasonably
represent the plies in the transition region.
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There is a visual and measurable difference in ply waviness in transitions at
collected nodes. Binary nodes show a smaller variation.

Biased interleave width changes reduce the quality of the node transitions.
Tapered width changes explored in the second panel did not reduce transition
quality.

Width changes based on different tow widths explored in the second panel had a
relatively small impact on transition quality.

Additional rib modifications that terminate at nodes had the lowest observed
guality, far less than a regular lattice.

Angle changes are difficult to quantify and characterise given the different ply
waviness pattern observed.
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6. Compaction & Consolidation Model

This chapter presents a discussion of the process that describes cause of the observed
ply waviness at node transitions. The lattice geometry factors thought to influence this
process are identified and described. These factors are used to form a quantitative
model of the transition quality. This quality model is calibrated based on measurements
from the first manufactured panel. With the insight provided by the model, the second
panel is designed with the goal of incorporating lattice modifications without
compromising node transition quality. Measurements of the second panel transition
guality are compared to the values predicted by the quality model. A discussion is made
of the model correlation before conclusions are presented.

The process description deals with the intersection of tows from two rib elements, for
which we are considering the transition region in the one of the rib elements. To
minimize confusion, the rib elements will be referred to as the principle tows/elements
and the complement tows/elements, illustrated in Figure 6-1. The transition region of
interest always refers to the principle rib element.

Complement Tows

Principle Tows Transition region of interest

Figure 6-1 Convention for principle and complement rib elements, green and orange respectively,
with transition region highlighted

6.1 Process Discussion

Ply waviness in the transition region is due to the change the tows need to make to enter
a node. It has been shown that the severity of the waviness depends on the particular
arrangement of the node, where members exhibit clear differences in quality. For a given
node arrangement, the transition may be smooth and result in low waviness severity for
one rib element, whereas a different rib element of the same node may have high
waviness severity. To understand this process, the out-of-plane consolidation and in-
plane compaction must be considered.

An explanation for this imbalance is based on how much the piles are spread out by the
consolidation force compared to how this is resisted by the compaction force in the
region around a node. First, consider the composite alone without any silicone tooling.
The out-of-plane consolidation tends to reduce the thickness of the tow bundles in the
overlapping areas. Since the compression of the fibres is negligible, this consolidation
results in the physical spreading out of the tow bundles to accommodate the reduction of
the stack height, as required by conservation of volume. Therefore in the region around a
node, the ply thickness decreases which results in a local width increase, as shown in
Figure 6-2.
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Figure 6-2 (a) Plan and section views of principle and complement tows (green and orange
respectively) at an intersection, (b) consolidation resulting in spreading/thinning of tows at the
overlap

Now consider the additional effect of the compaction force from the silicone tooling.
Firstly, this in-plane force opposes the spreading out of tows near the node. Secondly,
the silicone expansion will compact the tows to the design rib width at some distance
away from the node. This process is shown in Figure 6-3 (a). The tow width is
represented with a dashed green line and the design rib width is represented by a solid
green line. The compaction of the tows to the design rib width appears to exaggerate the
spreading of tows at the node, an observation that corresponds to manufactured parts. In
this idealised situation the resistance provided by the expansion tooling is balanced for
the principle and complement elements. Therefore the spreading of tows at the node
occurs equally for both elements, and so the thicknesses of the tows at the node are
reduced equally. This situation is balanced and equal for the primary and complement
elements. Considering the thickness of the tows, there are twice the number of tows at
the node intersection compared to the rib sections. Therefore the thickness of plies in the
rib is 2x the thickness of plies in the node, given the rib and node height is equal.

Consider now the case where the resistance provided by the silicone tooling is not equal
and balanced for both intersecting elements. Figure 6-3 (b) shows a case where the
compaction force acting on the complement plies is greater than the force acting on the
principle plies. This doesn’t change the thickness of the plies in the ribs far from the
node, at sufficient distance the rib is not affected by the node transition. As consolidation
tends to spread out the tows at the node, the spreading does not happen equally due to
the unbalanced compaction. The restrained complement tows will spread out less
compared to the principle tows because the principle tows are lightly restrained. This
means that the thickness of the plies at the node will be unequal. Since the complement
tows spread out less, the thickness reduction is than the nominal 2x reduction in the
balanced case. While the principle tows spread out more, the thickness reduction is
greater than the nominal 2x reduction of the balanced case. Therefore the situation of
unequal compaction leads to a node where the principle element plies are thin and wide
while the complement element tows are narrow and thick.
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Figure 6-3 (a) balanced compaction force at the node transition, ply thicknesses are equal, (b) un-
balanced compaction force means uneven ply spreading and results in thicker complement plies

A mismatch of ply thickness at the intersection point results in different node transition
conditions for the principle and complement tows. This is illustrated below in Figure 6-4
by section views of a node with unbalanced compaction, one view along the principle rib
and one view along the complement rib. As noted, there is a difference in ply thickness
at the node where the plies have been consolidated. Far from the node the plies are
compacted together by the silicone tooling, and the thickness must be (on average)
equal to the number of plies divided by the rib height. This is true for both the principle
and complement tows as the rib height is found it be constant in manufactured samples,

discussed previously section 5.2.2.

._-B

) _____

at node

Transition zone

Interleaving of plies

T~

Section A

Transition zone

e |

Rib/node height

- |

H e

Section B

Figure 6-4 Section views of a node with mismatched ply thickness
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The key difference to note is the Transition zone, indicated in Figure 6-4 on the plan view
by the red shading and marked in the section views. The transition zone begins where
plies exit the interleaving area and ends where the plies have been compacted (in the in-
plane direction) to the full height of the rib.

Section A shows that the transition between the node and the rib area is a large. For
these principle element tows marked in green, the plies have spread out further at the
node and so they are thinner. There is a greater distance from the point the plies exit the
interleaved area at the node to the point that the spread out fibres can be compacted
and the thickness can increase to reach the nominal rib height, thus the transition zone is
longer. The difference in ply thickness between the principle tows at the node and
principle tows that form the rib sections is more than a factor 2.

Section B in comparison shows same transition from the perspective of the complement
tows. These tows have spread out less at the node and so the thickness reduction is less
in comparison. Therefore the transition region is relatively smaller. The difference in ply
thickness between the node and rib sections is less than a factor 2.

The transition zone is a critical region for the plies because there is a step reduction in
the consolidation force compared to the node region or the rib section. As discussed,
due to the build-up of tows at the node, there is a high consolidation force that
compresses and spreads the tows. The fibres of initially separate tows are in physical
contact as a result of the consolidating force. In the rib section, the plies are well
compacted and consolidated, and the rib section is well formed. Again, fibres from
initially separate tows are physically in contact meaning there is no measurable resin
layer separating the tows. However in the transition zone, the sum of the ply thicknesses
is less than the rib height. There can be no applied force to consolidate the plies in the
out-of-plane direction as the fibres are not in contact.

Low out-of-plane consolidation force can result in ply waviness because the plies are not
restricted from moving in the out-of-plane direction. Therefore the size of the transition
zone as discussed above can be related to observations of ply waviness in the region
where a rib meets at node. Asymmetric compaction leads to a mismatch in ply
thicknesses and results in large transition zones that promote ply waviness. Small
transition zones may be less likely to result in ply waviness because of the short length
that is not restricted.

The special situation is that the spreading out and thinning of tows at a node is equal. As
discussed previously, this means that there is equal thickness for both element plies at
the node, as presented on the left of Figure 6-3. The balanced ply thickness at the node
means that the thickness change required is equal for both rib elements. The size of the
transition zone for both rib elements is equal, as presented in Figure 6-5.
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Figure 6-5 Section views of a node with equal ply thicknesses

It should be noted that the above examples are exaggerated to demonstrate the process
in the simplest form. Measured ply thickness at the centre of an overlap area suggest
that the difference in thickness between principle tows and complement tows is the order
of 15-20%, which amounts to a difference of just 0.02 — 0.03 mm between thick and thin
plies.

In practical lattice designs, the uneven compaction force around a node is likely the
result of the geometry and the behaviour of expansion tooling. Clearly the above
examples use the same geometry for demonstration. Furthermore, the compaction and
ply thickness may vary from one side of the transition to the other, resulting in a wedge
shaped ply cross-section that adds additional complexity. However the general
explanation, that unbalanced compaction can lead to large transition zones where out-of-
plane consolidation force is reduced correlates to observations and measurements of
distinct differences in ply waviness characteristics at node transitions.

The process description proposed provides a framework to understand how different
node types result in particular ply waviness characteristics. For example, the biased
interleave nodes that are associated with increased ply waviness as discussed in section
5.4.3. The process described provides an explanation for the increased ply waviness
associated with biased interleave nodes compared to an unmodified node. Consider the
case that a biased interleave node with equal compaction, as presented in Figure 6-6.

[ I

Biased interleave ~— '

— 1|
L

| ]
[—

Transition zone

Figure 6-6 Transition zone for a biased interleave node
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In the case that the node compaction is balanced, the individual ply thicknesses are
equal for the principle and complement tows. However, considering the principle tows (in
green), there is a smaller fraction represented at the node interleave, whereas they must
transition to the full height in the rib section. In this example, at the node the ply
thickness is 1/7 of the node height while in the rib section it is 1/3 of the rib height. Thus
the thickness change from node to rib is greater than a factor 2 (i.e. 7/3 = 2.33...). This
contributes to a longer transition zone that should be associated with greater ply
waviness.

This process description is qualitative. The following section will aim to use lattice
geometry to quantify the node compaction and consolidation process to provide a
numerical characterisation of the node transition zone.

6.2 Geometry Factors Identified
This section describes three geometric factors identified that quantify the process
discussion above. These factors are based on the ideal lattice geometry and rib
dimensions, thus the factors can be calculated a priori and do not rely on manufacturing
observations. Each factor is presented in a generalised form and its relationship to the
process discussion of the previous section is explained.

Interleave Ratio
The interleave ratio describes how the principle and complementary plies interleave,
presented in Figure 6-7. This is necessary to describe the situation at biased interleave
nodes that are shown to have different transition characteristics.

Ply count 5:5=1.0 6:5=1.2

Equal Interleave Biased

Figure 6-7 Schematic showing different interleave ratios

The left side shows a typical node intersection, where equal numbers of plies are present
such that the interleave ratio is unity. The right side shows a biased node, as with some
rib width modifications, with unequal numbers of plies. The interleave ratio is simply the
number of plies in the principle rib divided by the number in the complementary rib.

Physically, the interleave ratio is a factor that attempts to account for part of the
imbalance at an intersection. Higher interleave ratios indicate greater imbalance that is
associated with increased ply waviness.

Practical interleave ratios from lattice modifications explored in the first manufactured
panel range from 1.0 to 1.3.

Node Consolidation Ratio
The node consolidation ratio describes the degree of consolidation required at the node
to reach the design node height, as shown in Figure 6-8.
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Figure 6-8 Node consolidation - as laid up and after curing

The left side shows the node build up with un-compacted tows, as would be observed
after layup. The right is the consolidated and cured node and rib, with a node height that
is equal to the design height as discussed in section 5.2 . The stack height can be
calculated as the product of the number of tows at an intersection and the tow thickness.
For regular lattice designs node regions, the number of tows at an intersection is twice
the nominal number of plies. Therefore the node consolidation ratio for a regular node is
as follows:

_ Stack Height  2-TyT;
" Node Height Ry

Where:

T, is the number of tows in a nominal rib element
Ry is the resign rib height, as measured in Figure 5-1
T.is the thickness of a the pre-preg tows

A node region may have more than two elements intersecting in the case of additional
members. The node consolidation ratio will also describe this situation by summing the
number of tows that overlap instead of simply taking a factor 2 as in the above equation.
The node height is a basic design parameter, equal to the rib height for the lattice
designs considered in this research.

Physically, the node consolidation ratio describes the factor by which each tow is
compressed in thickness during the cure to reach the design height. Higher ratios mean
each tow becomes thinner with more consolidation, and therefore spreads out more by
the process discussed in section 6.1 . Node consolidation, by definition, is also a
measure that describes the compaction process in the rib sections. If the rib-width
compaction can be expressed a ratio of the design rib-width divided to the pre-preg tow-
width, then the node consolidation ratio is to twice the rib-width compaction ratio. This
point of information is not essential to understanding the compaction and consolidation
process, and is therefore explained in Appendix D.

Node consolidation ratios for typical rib widths manufactured with 74" (6.35 mm) wide
tows are presented in Table 12 to show a representative range.
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Table 12 Node consolidation and rib compaction ratios for 42" tows

Design rib width | Node Consolidation Ratio | Rib Compaction Ratio
4.0 1.25 0.63
4.8 1.51 0.76
6.35 2.00 1.00
3.18 1.00 0.50

Designs with rib widths of 3.18 to 6.35 mm would have node consolidation ratios of 1.0
and 2.0 respectively. This seems to be a logical limit for the use of 74" tows, but no
manufacturing trials have been conducted.

Compaction Ratio
The compaction ratio describes the interaction of expansion tooling with the tows in the
region near the node. Specifically, it attempts to describe how the expansion tooling
interacts with the principle tows compared to the complementary tows. This relates to the
process description because it is thought that unbalanced compaction behaviour results
in lower quality. The geometric measure used is the ratio of principle and complement
member lengths as shown in Figure 6-9.

.

C
1 C,

R>
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Figure 6-9 Schematic of Compaction Ratio

Essentially, the compaction ratio compares the lengths of the principle and
complementary rib elements on each side of the intersection. In more detail, the C
measure is the average length of C; & C, along the complementary rib elements, looking
at each side of the principle rib. Similarly, the R measure is the average of R; & R, along
the principle direction, on the same side of the intersection as the transition region of
interest. Each length is measured from the point of intersection, along the respective rib
to the next intersection of lattice elements, thus describing the length of the lattice
elements. The compaction ratio is simply ratio of average lengths Rayg/Cayg.

In the above example, it seems that R; & R, have the same length. However applied to a
practical lattice design it becomes necessary to have individual measures as shown in
Figure 6-10.
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Transition region of interest

Figure 6-10 Example of RC ratio measures on a practical lattice design

The diagram shows that for practical lattice designs there can be significant differences
in member lengths. The member length depends on the particular geometry of the
lattice, so taking the average of the applicable member lengths provides a flexible and
robust method to characterise a node transition.

High RC ratios indicate that the length of the principle rib is greater than the average
length of the complementary ribs. This relates to the compaction behaviour of the
principle and complementary tows that reduces the quality of the manufactured lattice
because it represents an imbalance in the quantity of silicone tooling that compresses
each rib element.

The compaction ratio associated with each of the transitions around a collected node
depends on the lattice angle. It is insensitive to the helical rib spacing because the hoop
rib spacing is a derived parameter, meaning the compaction ratio is unchanged for
different helical spacings. The compaction ratio is marginally affected by the rib width
since these parameters are small compared to the rib element lengths. The relationship
of compaction ratio to lattice angle is presented in Figure 6-11.
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i RC Ratios for Collected Nodes
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Figure 6-11 Compaction ratio for each transition in a collected node with associated lattice
geometry

For practical grid angles, the RC ratio varies between 1.0 and 3.5. The chart shows there
is a clear difference between the transition types at low grid angles, with the helical-hoop
having a high compaction ratio compared to the other transition types. At 30° the ratios
become equal as the lattice shape approaches equilateral triangles. Initial inspection
shows that the ratios correlate with the average waviness severity measurements for the
first manufactured sample with a 23° grid angle, with the ratio being proportional to
waviness severity.

Irregular lattice designs may have higher ratios than those indicated on the chart.
Additional elements that intersect with a node can significantly increase the ratio since
the R,y can become very small. Practically, Ra,4 Should have a minimum values of 5 mm
to prevent the ratio becoming unstable.

6.3 Correlation to Measurements from first panel
The manufactured panel was sectioned and 63 ply waviness measurements were taken.
The lattice geometry was used to determine values for the three geometry factors for
each measurement. The product of the factors is used to create an index that should be
proportional to the measured waviness severity. The fit of the index can then be adjusted
with coefficients. A fitted index is presented in Figure 6-12.
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Waviness Severity compared to Qualty Index - First Panel
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Figure 6-12 Fitted quality index with measured waviness for the first manufactured panel
The quality index is calculated as follows:
Quality = I X N x R%5
Where:

| is the Interleave Ratio
N is Node Ratio
R is the RC Compaction Ratio

Overall the index correlates to the measured ply waviness between index values of 1
and 5. If the index value is below 1, the transition quality tends to be good (less than
1.5%), though these points do not fit the linear regression. As discussed previously the
Helical and Hoop ribs exhibit different waviness characteristics and this is largely
described by the quality index. The thickness change ribs reduced the quality of
transitions to varying degrees. This is less well described by the index but the measured
waviness severity showed more scatter. This could be related to the higher waviness
values associated with thickness change ribs. Additional ribs accounted for the greatest
variation in measured waviness severity and most fit very well, showing less than 0.5
percentage points difference to the regression line.

Several outliers warrant discussion. Three points above the fit line (under predicted
waviness severity) are highlighted red. These three points are noted because they have
the same geometry as another part of the panel that had a different measured waviness
severity. In other words, there is another point with the same index value that has a
better linear fit. These points could represent the variations in manufacturing and
measurement.
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Below the fit line there are two points from the Additional set with high index values but
low measured waviness. These relate to the half-height rib. It is thought that these are
under predicted since the waviness severity is not normalised for the rib height.
Adjustments are discussed in the following sections.

Two other points from the Additional set with low index values are highlighted red. These
points relate to the additional ribs that did not terminate at nodes and produced very
small cells. It was known that the silicone tooling in these cells was undersized due to
interference with the un-compacted tows. The volume of silicone was approximately 2/3
of the ideal design volume. It is an interesting result that the transitions were measured
with remarkably low waviness, in comparison to the general results as well as the
predicted index value.

Clearly, the quality model presented does not quantitatively describe the case where
silicone tooling is undersized, and these points should not be considered for the overall
fit. However, qualitatively it is less surprising that the transition should have low
waviness. With undersized tooling the transition behaviour is dominated by the
consolidation force with other geometry effects being minimised. The node is simply
compressed and the plies are less restricted in spreading out, resulting in balanced ply
behaviour and low waviness. It should be noted that the node height was as designed,
most likely because the rigidity of the caul plate did not permit additional consolidation.
Further, these members also resulted in the formation of undesirable voids around the
transition region that is also likely due to the insufficient compaction.

It has been discussed in section 5.4.5 that the angle change modifications resulted in
different ply waviness characteristics. Furthermore it was decided that angle change
modifications would not be explored further in this research. In order to maintain the
clarity of the chart, angle modifications waviness measurements are presented and
discussed in the appendix.

6.4 Design changes for second panel
Based on the lessons learned from the quality model, design changes that could realise
lattice modifications without compromising the quality of the structure were investigated
for the second manufactured panel.

Furthermore, it was decided to investigate methods that could improve the quality of a
regular lattice structure, particularly for the helical-hoop transition that is predicted and
found to have the highest waviness severity. If the model is found to be accurate, it could
help to determine which lattice configurations can be manufactured with high quality.

This led to the lattice design described in section 5.1.4. As discussed, the tapered rib
transitions maintain a balanced interleave ratio, that should contribute to minimal
waviness. The tow width variation was included to investigate rib width changes that also
maintained a unity interleave ratio. This line of thought was extended to include thin tows
to produce thin ribs. Again, this should result in higher quality because it avoids an un-
equal interleave.

The biased rib width transitions were included to provide data points to verify the
correlation of interleave ratio at different values. Including discrete regions of different rib
widths was done to investigate the effect of the node consolidation ratio.

Lastly the binary node geometry was included to investigate the accuracy of the RC ratio
in describing significantly different geometries. This would help to characterise
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generalised lattice designs if found to be accurate. Binary nodes are predicated to have
a favourable RC ratio as shown in Figure 6-13.
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Figure 6-13 Compaction ratio for a binary node with associated lattice geometry

Binary nodes transitions also have three characteristic transition types, however the RC
ratio for each transition type is lower for each transition for all grid angles compared to a
collected node design presented in Figure 6-11. This is not surprising since the member
lengths are all of a similar length. Overall this suggests that binary node designs will
have a transition quality advantage for similar grid angles. As for collected nodes, the RC
ratio is not sensitive to the helical rib spacing parameter.

6.5 Correlation to second panel
The second manufactured panel was sectioned and 30 ply waviness measurements
were taken at transition regions. The geometry of each transition was used to determine
the quality index based on the model calibrated from the first manufactured panel without
any adjustments applied. The comparison of the data is presented in Figure 6-14.
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Waviness Severity compare to Quality Index - Second Panel
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Figure 6-14 Measured waviness severity from second panel compared to fit calibrated with the
first manufactured panel data

Overall the correlation of the data to the fit is good with the Binary Nodes and Ply Ratio
groups, with an 84% regression fit for these groups. The ply ratio group consists of
measurements of transition regions where the interleave ratio is not equal, while the
binary node group is consists of measurements from binary nodes.

The node ratio group consists of measurements of transition regions where the node
consolidation is the independent variable. The Node Ratio and Thin Ribs groups are less
consistent with the calibrated curve, with the waviness typically being over predicted.
This means that the modifications generally resulted in lower waviness compared to the
first panel, with the few high waviness severity measurements as expected for the Ply
Ratio group.

Based on the findings from the first panel, it can be expected that the measured
waviness values are above the fit due to the effect of greater rib height (15% increase in
rib height). However, the slight change may not be apparent compared to the
manufacturing and measurement tolerances.

Manufacturing and measurement tolerances generally seem to account for up to 0.5 p.p
variation in measured waviness values for transitions with the same index. Tooling
tolerance was greater for the second panel due to the novel manufacturing technique as
discussed in 5.1.6. It is possible that the lattice geometry could be more sensitive to
variations compared to the collected node samples due to the similar and shorter rib
element lengths, particularly in the binary node region. Further investigation and
manufacturing trials would be required to support this idea.

The discussion of outliers is concerned with two groups: Thin Ribs and Node Ratio.
Specifically, the Node Ratio group shows 6 measurements that fall below the calibration
curve, of which 4 are hoop-helical node transitions, highlighted in blue. Together they
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have an average deviation of 1.2 p.p between the predicted and measured values.
Meanwhile, the measurement for the Thin Rib group is shows a deviation of 1.5 p.p.
Together, there is a systematic overestimation of the quality index for these transition
regions, meaning that the measured quality is better than expected.

The commonalities for these two groups are that they are hoop ribs and that they form
collected nodes. The RC ratio calculation for this transition could be too conservative
because the one side of the principle member is very short, whereas the amount of
expansion material available is in fact considerable. An improvement is discussed in the
following section.

The other outlier of note is highlighted in red. As in the first panel, there is a discrepancy
with two points with the same geometric values but with a measured waviness severity
that differs by almost 1 percentage point. Again, this could be related to manufacturing
tolerances or process that has not been accounted for.

Fewer measurements are recorded for the second panel but it should be noted that the
measurements do correlate with the results from the C-scan. As an example, the Thin
Ribs group only has one sample, but it can be expected that other measurements would
have similar values based on the similar c-scan result pattern.

6.6 Discussion and Improvement
This section will discuss the outliers noted in the correlation of both panels and explore
two changes to the geometric model which aim to improve the fit to measured values.

The first correction is related to the normalization of the calculated index in relation to the
rib height. It is thought that the measured waviness amplitude does depend on the height
of the rib, where taller ribs could have a greater waviness amplitude for a given
arrangement and geometry. In the first panel the half height ribs showed a significant
departure from the model, with an average absolute deviation from the model of 3.8 p.p
below the curve. Since the rib heights are half the nominal value, it is proposed to scale
the index value by a factor 0.5. This would reduce the average absolute deviation to 0.5
p.p, which seems acceptably within the manufacturing and measurement tolerance to
justify that the transition quality can be estimated using the process model.

Given the small sample of ribs and measurements with a significantly different height, it
is difficult to extrapolate this effect without further trials. Therefore the correction is only
applied to the above mentioned index values.

The second modification primarily concerns hoop rib transitions that typically have low
measured waviness and are systematically over-predicted by the quality index. This was
most clearly visible in the second panel, although the effect is also present in the first
panel. As discussed, using a the described definition of the RC ratio to determine the
member lengths could lead to a conservative index for hoop-helical transition regions
due to one side of the intersection having an unrealistic short member. This is illustrated
in Figure 6-15.

CONFIDENTIAL
79



| C,Modified _[\ & '
1"\,‘, \\ % \_1— T
\ \ C, Original ' C, Modified
— R,
— I C, Original
— R, \ ‘ l
A.\ Rz 7 I
/ R
lh\X /i c 1
AN L | c,

A

Figure 6-15 Modification to the RC ratio calculation for hoop-helical transitions

The diagram shows the intended modification to the measurement C, that would affect
the RC ratio for hoop-helical transitions. The change increases the value of C; by
effectively ignoring the short section next to the node and instead measuring the length
up to the next hoop rib. This provides a more physical representation of the quantity of
expansion tooling that will provide compaction force at the transition region, as is the
intent of the RC ratio. The inclination of the new measurement vector to the compaction
direction of the tows (perpendicular to the fibres) is approximately equal to the grid angle,
and in this respect is the same as the original measurement vector. Therefore the
measurement is consistent with the other vectors considered in the calculation of the
ratio. Overall the RC ratio for these transitions is significantly improved with the modified
measurement definition. No change is made to the other measurement vectors for the
hoop-helical transition.

It is not valid to change the RC measurement definitions for other transitions types,
although they also use short C values. Regarding the helical-helical transition, the short
vector is valid to describe the small quantity expansion tooling and no other vector can
be reasonably drawn to describe the behaviour on that side of the transition. Concerning
the helical-hoop transition, one cannot draw another vector that better describes the
guantity of expansion tool material that contributes to the rib compaction at the transition
with a reasonable inclination angle. For practical lattice designs with grid angles less
than 30°, no other modifications to the RC measurement definitions are required for the
described transitions.

With the above changes implemented, as well as removing 4 outlier values (3 from the
first panel, 1 from the second), the overall correlation for all points with the linear
regression improved, as shown in Figure 6-16. The improvement is also tabulated in
Table 13, showing the R?values.
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Figure 6-16 Measured waviness severity from both panels compared to calibrated fit

Table 13 Effect of modification to model fit

Panel _ Rggression Fit
# of Points | Original | Improved
First 60 47% 84%
Second 29 15% 76%

The two modifications have significantly improved the fit of the model to the measured
values. The updated RC ratio chart for various grid angles is presented below:

Modified RC Ratio
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Figure 17 Modified compaction ratio for collected and binary nodes
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The change from the previous RC ratio charts is simply that the Hoop-helical transition
ratios are translated to a lower value. As expected, they show the lowest ratio compared
to the other transitions.

Overall, the improvements demonstrate that a geometric model can be used to
guantitatively describe the node transition quality of general lattice designs, including the
various additional ribs and lattice arrangements with a reasonable accuracy.
Furthermore, this result provides support for the process description and understanding
that the model is based on.

6.7 Conclusions
The following conclusions can be drawn regarding the process model:

e A description is presented that physically describes the consolidation and
compaction behavior at an intersection that results in ply waviness.
e A geometric model is able to estimate the transition quality of general lattice
designs.
¢ The model can be calibrated based on a known manufacturing process.
¢ The model can be adjusted for some changes in rib height.
o The model accurately evaluates:
o Collected nodes, differentiating between each rib element and transition
type
o Binary nodes, for each transition type
o Additional members, whether they terminate at nodes or rib elements
e The model is calibrated for measured waviness severities from 1-7%, which
covers the desirable and realistic range for practical lattice designs.
e The accuracy of the model is within the manufacturing and measurement
tolerances that are typically 0.5 p.p of waviness severity for the studied lattices.
e A qualitative explanation is suggested for the quality of transitions in ribs that are
under-compacted, but at the design rib height.
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7. Closing Remarks

In the context of the presented research, the conclusions will be presented in terms of
those relating to the research question followed by those relating to manufacturing and
quality characterisation of pre-preg fibre-placed structures with expansion tooling.
Following this, the future work suggested by the conclusions will be detailed.

7.1 Primary Conclusions
The goal of the research was to develop a model to understand the manufacturing
process that could be used to determine which lattice designs, geometry and
modification were manufactureable with high quality using the pre-preg fibre-placed
manufacturing process.

The work provided is a first step towards answering the research question. This can be
summarised with the following points:

e Significant differences of micro-structural quality at rib-node transitions of
collected node lattice structures were identified, where collected nodes are
defined as points where 3 rib elements intersect. These quality differences are
characterised by ply-waviness, or lack of, and resin rich pockets.

e A novel description is proposed to explain the systematic deviation in lattice rib
widths based on a concept of resin flow, where resin is migrating from rib
sections and node overlaps to the transition region next to nodes. This local
process is related to a pressure differences that arises due to disparate
compaction response in rib-sections compared to node transitions.

e A description is proposed to explain the lack of variation in the manufactured rib
height that is related to the stability of consolidation behaviour around the design
height. This global process is related to the nearly incompressible behaviour of
silicone tooling below the design height.

e A novel description is proposed to explain the observed transition quality patterns
based on the consolidation and compaction in the region around a node.
Generally, transition quality is compromised by asymmetric and unbalanced
compaction behaviour that is largely determined by lattice geometry. Other
factors identified are the interleaving of unequal numbers of tows at a node.

e The quality of rib-node transition regions can be quantitatively predicted with a
model based on lattice geometry parameters. This has been demonstrated for
the range of lattice structures studied, which represents the spectrum of lattice
designs seen in literature.

e The model accurately predicts the effect rib width modifications and additional
members have on the rib-node transition quality. These modifications are
demonstrated to be incorporated into a regular lattice without compromising
transition quality by following recommendations proposed by the model. FEM
analysis indicates well incorporated modifications improve the performance of
lattice designs around an attachment point.

e A minimum cell size is suggested based on the limits of tooling to provide
adequate compaction. Exceeding this limit in small areas of the lattice results in
the local formation of voids but is not associated with an increase in waviness, by
a process that is explained in detail in the work.
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7.2 Secondary Conclusions
The following conclusions are more specific conclusions from the research that are
directly related to manufacturing or quality characterisation of the lattice designs in this
research.

A basic framework for applying topology optimisation tools to composite lattice structures
was presented. Results from an optimisation using isotropic materials are interpreted as
composite lattice designs using 3 modification principles: rib width modification, rib angle
modifications and additional rib members. Initial analysis suggests this optimisation
process can improve the performance of the local lattice for a point load introduction.

7.2.1 Lattice dimensions
Overall the lattice dimensions in the two panels are consistent with the described
equilibrium model of compaction and consolidation, with isolated exceptions that are
thought to be the result of manufacturing variation. The model suggests that
approximations in modelling and manufacture account for a small portion of deviations in
lattice dimensions, while resin migration is responsible for larger systematic variations in
lattice dimensions, particularly rib width. Other conclusions are:

o Collected node types are associated with thinner relative rib widths that suggest
the requirement for resin is greater compared to binary nodes.

¢ Rib widths are sensitive to local lattice geometry, element lengths and node
types.

e Measurements of lattice dimensions should be evaluated within the context of the
lattice design, process and in comparison to local cells.

¢ A requirement for void free manufacturing could determine limits for lattice design
with regard to minimum rib element length for a given node type.

Two methods were explored for silicone tooling design that are based on the ideal cell
shape that is reduced with a specified scaling factor. The first method reduces the shape
volume by scaling in all directions, such that the in-plane and out-of-plane dimensions
are reduced. The second method only scales in the in-plane direction. This method
reduced the minimum cell size that will allow the silicone tool to be inserted at room
temperature. It is an important conclusion to note that no deviation in lattice geometry is
associated with the different scaling methods employed.

7.2.2 Quality evaluation and quality model
Several non-destructive testing techniques were evaluated in this research. The value of
the techniques is in supporting dimensional measurements of the lattice structure.
Isolated deviations in lattice dimensions, such as rib width and node height, indicate
issues with the manufacturing process, while consistent and small deviations can be
expected based on the explanation presented above. Generally:

e C-scan techniques were not able to distinguish the presence of typical voids in
transition regions as the voids coincide with other transition effects that are
highlighted in the c-scan results.

e There is a qualitative correlation between the c-scan results and micro-sections in
terms of waviness. Larger regions of highlights in the c-scan were related to
regions with extended ply waviness.

¢ Isolated highlights in a c-scan can indicate issues in the manufacturing process,
such as in the mid-section of a rib.
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e CT scan techniques are effective in evaluating the quality of transition regions for
small samples, for example a node. Their applicability as a qualification
procedure for practical lattice structures is questionable.

The quantitative model is based on the compaction and consolidation process
description and is calibrated for the specific material and process in this research. The
model showed good correlation with tow widths of 1/8” as well as 1/4”. Regarding the
range of applicability of lattice geometry, the quantitative quality model has demonstrated
a good correlation for the following geometry parameters.

¢ Rib height: 3—7 mm

¢ Rib width: 3.5t0 5.2 mm

e Grid angles 23° & 25°

e Binary nodes and collected nodes
¢ Nodes with additional rib elements

This list does not represent qualitative limit for the model, as it may well provide quality
insights for lattice structures that fall outside the above limits.

7.3 Recommendations

7.3.1 Mechanical Testing

The research has identified distinct differences in node transition quality related to ply
waviness in the transition region. Understanding precisely how node transition quality
effects the mechanical properties of lattice structures would be valuable knowledge for
design and analysis, allowing the initial performance of variations and modifications of
lattice geometry to be estimated without costly mechanical test campaigns. Detailed
design analysis will still require mechanical test verification, but lattice modifications or
novel geometries can be explored with some confidence regarding the performance of
node transitions.

Current testing has found that the performance of node transitions is less than predicted
by material strength specifications alone, and the reduced performance must be
accounted for in model predictions. Now that it is possible to explore novel lattice
geometry that has not been mechanically tested and predict the quality of the node
transitions in terms of ply waviness, it is desirable to know to what extent reduced ply
waviness can improve the mechanical performance of node transitions. If increased ply
waviness is predicted, it is desirable to know to what extent the performance might be
reduced.

It is therefore recommended to manufacture node transitions with specified and
predictable waviness and to use these samples for a test campaign that aims to correlate
measured waviness to a mechanical performance knockdown.

One method to produce samples with predictable waviness severity is proposed in
Figure 7-1. This sample uses the geometry to manipulate the RC ratio, as this was
identified as a primary factor in predicting transition quality. The sample consists of cells
with an increasing aspect ratio that is predicted to result in incrementally increasing ply
waviness. The range of waviness severity of the node transitions is estimated to be from
1.0% - 4.0%, that qualitatively represents the “best” to “worst” of practical lattice designs.

Such a sample could be separated into 11 individual ribs with a transition region. Each
rib will have a known transition quality, either by prediction or by measurement. Each
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sample can be mechanically tested, most likely in pure compression as lattice structures
are generally loaded in this scenario.

Figure 7-1 Proposed waviness severity sample

Due to the ply waviness being concentrated in the centre of the rib section, it is expected
that samples with high waviness will also have a high sensitivity to bending effects.
Bending loads will strain the fibres on the upper and lower surface of the rib, where the
fibres are practically straight, whereas the distorted fibres are near the neutral axis and
experience less strain due to bending. Thus the difference in performance between a
node transition with high waviness compared to a transition with low waviness will be
less apparent when loaded in bending because the distorted fibres will be lightly loaded.
Therefore care must be taken to ensure that samples are loaded in uniform compression
to obtain an accurate compression knockdown factor.

Another point to investigate is the effect of rib height and the impact on measured
waviness severity. It has been seen in this research that ribs with half height had a
corresponding waviness severity that was half the predicted. Again the question is how
does this observation affect the mechanical performance of the transition. If the
performance reduction is proportional to the absolute waviness severity measurement,
then ribs with a lower height should experience less strength knockdown. However this
means that increasing rib height would result in diminishing improvements in strength, as
high ribs are expected to have greater absolute ply waviness that is associated with
performance reduction. Conversely, if the knockdown is proportional to the waviness
severity normalised for the rib height, higher or lower rib height should not have a
significant effect on performance reduction at node transitions.

A test campaign would require lattice samples with the same geometry and different rib
heights to be manufactured. Having rib height as the independent variable would identify
the relationship to mechanical performance reduction.

7.3.2 Modelling

With a better understanding of the node transition micro-structure, efforts to model the
transition region with improved detail could be explored in order to improve the accuracy
of simulations for complex loading scenarios. The transition region is currently modelled
with a reduced material stiffness to simulate the fibre distortion and resin pockets with
reduced mechanical properties. This method has demonstrated a good correlation for
tests with in-plane axial loading. Besides its good correlation, this modelling modification
can be implemented with minimal effort.
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However, due to the simplicity of the approximation, it could be over-conservative when
predicting the rib behaviour under bending loads. In bending, the maximum normal
stress occurs at the extreme fibre from the neutral axis i.e. the upper and lower surface
of the rib. Characterisation of the transition region shows that fibre distortion is
concentrated in the centre of the rib section, while the plies near the upper and lower
surfaces have negligible distortion. Therefore it is expected that the performance under
bending loads will be closer to a rib with nominal properties compared to a rib under axial
loading. These changes are illustrated in Figure 7-2.

Micro-structure % Node Modelled Material Properties

Nominal

Current Model

Possible Change Reduced

Figure 7-2 Microstructure compared to modelling method

The presented modelling change will approximate the observed waviness distribution
with layered properties that represent the degree of fibre distortion. In the centre of the
rib, the material properties are significantly reduced, more so than in the current
modelling approach. Moving from the centre to the outer surface of the rib, the material
properties increase linearly to near nominal material properties, that is greater than the
current modelling approach. This modelling method should be applicable for axial
loading as well as bending loads, and provide a more accurate simulation for combined
loading situations.

The magnitude of material property reduction should be proportional to the waviness
severity noted in the ribs. High waviness severity would be related to a greater reduction
at the centre of the rib, while the outer fibres are essentially unchanged, as noted in the
transition characterisation. Mechanical testing of manufactured samples with measured
waviness severity would be required to correlate the property reduction of the proposed
model. The level of detail and quantization of layers is to be determined depending on
the results of mechanical testing.

7.3.3 Material and Process
The quality model has been calibrated for this particular material and process, as
described in section 5.1.2. Different composite materials may exhibit node transition
behaviour to a greater or lesser extent than is measured with the current material and
process. Changes in the transition behaviour would result in a systematic deviation in
guality predictions if they are not accounted for with modification to the quality model.

Material factors that could change the characteristic behaviour could be the initial tow
thickness, resin viscosity and flow behaviour and other factors. Further work could
investigate how these material parameters influence the expected transition behaviour,
and account for the changes with modifications to the quality model.
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Factors related to the process that could influence transition behaviour could be
autoclave pressure. Out-of-autoclave processes that use a significantly lower pressure
are an attractive process due to an associated reduction in manufacturing cost. However
their applicability for composite lattice structures is currently unknown. Trials that
compare the two processes could be evaluated, among other metrics, on the
manufactured transition quality using the framework and characterisation techniques
presented in this research. A brief exploration of possible outcomes is presented in the
following paragraphs.

Regarding node consolidation, the vacuum applied to the completed layup is known to
consolidate the nodes to near the design height. It is reasonable to expect that at
elevated temperatures, resin flow would allow further consolidation under vacuum
pressure alone. Silicone tooling would be slightly resized to account for the lower applied
pressure. Therefore consolidating nodes to the design height should be possible.

However rib compaction is a local effect that is essential in transporting resin to transition
areas to provide a void free structure. It is not clear how lower processing pressures will
impact this process. It is not clear what pressure is required to compact rib sections and
form them to the design dimension. Insufficient compaction of rib sections would result in
widespread formation of voids, not only at node transitions but also in rib mid-sections.

If vacuum bag pressure is sufficient to compact and form the ribs, there remains a
guestion about resin migration from rib sections to the node transition regions. These
regions have a requirement for resin to fill spaces where plies diverge and interleave at
the node. Without sufficient resin migration, it can be expected that these node transition
regions would show a high propensity for void formation. Such void formation would
reduce the mechanical properties of the node transition and compromise the strength of
the lattice structure such that the performance is not comparable to structures
manufactured with the current process.

Furthermore, a reduction in the ability for resin to migrate could also limit the lattice
designs that are currently manufactureable with low void content. It has been shown that
short rib sections may limit the manufactureable lattice geometry based on the resin
reservoir-sink relationship and migration process. If the migration process is hindered by
the reduced processing pressure, the manufactureable geometry may become more
restricted in terms of minimum rib lengths.

Exploration of the out-of-autoclave requires samples to be manufactured and evaluated.
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Appendix A. Modelling of rubber expansion

An initial investigation was conducted to determine what could be learned about how the
rubber tooling interacts with the composite to determine the cured cell shape. Since it
was known that the manufactured cell shapes deviated from the ideal design, it was
thought that the compaction provided by the silicone expansion tooling could be
responsible. In this respect, it was desired to find the contact pressure the tooling should
be exerting on the composite material at the point of cure.

Several assumptions were made:

Firstly, an assumption was made that the manufactured shape did not change
significantly from the point of curing. The formation of the cell shape should occur at the
cure temperature (180°C), while the cell shape is measured at room temperature. The
difference is thought to be negligible given the low thermal expansion coefficient (CTE)
of the composite. As stated on the data sheet, the fibre has a CTE of -1.1x10%/°C.

Secondly, assumptions of the silicone material properties were made since properties
were not precisely known. The CTE of the material was measured in laboratory
conditions and can be considered accurate. However, the elastic modulus was estimated
based on the manufacture specified Shore hardness value. The value used was 3.2 MPa
that is in the typical range for silicone rubber. A Poisson ratio of 0.45 was used for
modelling the rubber as a representative value for this class of material as no
measurement was made.

Lastly, it was assumed in the simulations that the volume and size of the silicone
material was equal to the ideal designed manufactured volume. In retrospect, it was
found that during the high temperature post-cure of silicone tools (a process that is
carried out before the tools are used with the composite), the mass of the silicone tools
reduced by approximately 2%. Although the manufacturing process is known to be
accurate, the shape, volume or properties of the tools may have changed as a result of
the post-cure operation.

The investigation involved detailed measurements of the manufactured cell geometry
such that a representative surface could be created in FEM software. The rigid surface
represents the cured composite part. Measurement of the bounded volume of this
surface showed that it was approximately 2.6% smaller than the design. The silicone
tooling at room temperature was simulated to expand a uniform temperature load such
that it filled the space bounded by the rigid surface. Frictionless contact was defined
between the silicone and the rigid surface, while the silicone tool was constrained in the
out of plane directions to simulate the caul plates. This is illustrated in Figure 8-1.

The illustration shows the rigid surface in grey and the silicone material in green. A
hybrid formulation element was used to model the silicone material due to its high
Poisson ratio. A linear static solver was used. The output shows the contact pressure
results for the silicone tool. The sides of the tool are in contact with the composite
material surface, while the surface of the tool is in contact with the caul plate.
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Silicone rubber
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Figure 8-1 Modelling of silicone tool expanding into the cured composite shape, at room
temperature (left) and at the cure temperature (right)

The contact pressure ranges from a maximum value of approximately 28 Bar in the
corners of the block, to the minimum value of approximately 15 Bar at the mid-point of
the edge. These pressures are significantly higher than the differential pressure of the
autoclave and vacuum bag (6.8 Bar), due to the fact that the cured cell volume is
approximately 2.6% smaller than the design volume used to determine the tooling size.
Again, the assumption for the tooling sizing calculation is that the expansion tool and
composite are at the hydrostatic pressure this is clearly contradicted by the above result.

One explanation for the discrepancy, that the contact pressure should be so much
greater than the autoclave pressure, is related to the mass loss during post cure. Had
the expansion tool been smaller in volume, the resulting pressure at high temperature
would be less and therefore closer to the processing conditions. This is a systematic
deviation. Other deviations could come from incorrect application of material properties,
such as the elastic stiffness being set too high. The measurement of the cell size could
also have a small influence. These factors would provide a result with a lower pressure
that, on initial inspection, seems a more acceptable description of expansion tool-
composite interaction.

On the other hand, it may not be necessary to strictly adhere to the processing
conditions to validate the result. The autoclave pressure must be resisted by the silicone
tooling and composite part to satisfy equilibrium in a global sense, but local pressures in
once cell do not need to be equal. Comparison to the adjacent cell shows that the
pressure results are significantly lower, with an average of 7.7 Bar, and could be lower
still given the factors mentioned above. In this case, the global pressure condition is
satisfied with local variations. This explanation is rather unsatisfying and rests a great
deal on measurements of limited precision. The conclusions it leads to are also difficult
to validate.

Though the magnitude of pressure may be disputed, the variation along the contact
surface is rather clear. The lowest pressure is at the middle of the rib section and the
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highest pressure is at the node regions. In other words the composite material
experiences a pressure gradient that should result in encourage resin to flow towards the
mid-rib. Since the opposite is true, another process must be active as presented in
section 5.2.1.
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Appendix B. CT scan images

This section presents detail of the scanning and additional CT images from the
investigated node. Some explanation will be made of the visible features.

The scans were performed on a phoenix hanotom® m, which required around 1.5 hours
to expose 1440 images. The results were filtered to reduce beam hardening effects with
the accompanying software suite (a value of 8 was used). The montage images and
directionality analysis was performed using the open source software Fiji (Fiji Is Just
ImageJ).

The directionality analysis in this research was done on a stack of images in the
transition area of investigation. A stack is an ordered sequence of images that represent
a part of the scanned material. Of course directionality analysis can be performed on a
single image. The analysis is based on the Fast Fourier Transform of the image that
transforms the spatial image into the frequency domain. Details of the analysis tool are
available on the ImageJ distribution [28].

The example of the directionality analysis is shown with a cropped section from the
conducted CT scan, Figure 8-2.

Figure 8-2 Sample of fibres visible in CT scan

The output from the directionality analysis is shown in Figure 8-3. The analysis shows
the orientation map for identified directionality in the stack of images. A results table with
several statistics is presented based on the fitted directionality distribution. The fit is
based on a Gaussian function. The results table lists the average directionality (in
degrees) that represents the peak of the Gaussian distribution, also listed is the standard
deviation of the distribution.

Observations of the orientation map suggest that the analysis tool is biased to image
patterns in the centre of the image. Therefore comparisons of ply directionality must be
made with images that relate to similar locations i.e. making like-to-like comparisons.
Analysis of different locations or image sizes may influence the result of image
directionality analysis.
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Figure 8-3 Output of Fiji directionality analysis for an example image

The first image shows the development of waviness though the angle change rib, Figure
8-4.
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Figure 8-4 Montage of images showing waviness development in an angle change rib (helical-
helical)

The first images are taken from the “inside” of the angle change, where the fibres were
initially bucked and creased in the layup stage. Some of this effect seems to remain in
the cured sample, as the ply directionality shows more distortion compared to the later
images in the sequence. These later images show improved alignment, as can be seen
in the image directionality analysis in Figure 8-5.

Ply Angle through Thickness for Angle Change Rib
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Figure 8-5 Waviness development for angle change rib
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The ply directionality chart in Figure 8-5 shows a progression through the width of the rib
that is dissimilar from unmodified rib-node transitions. The distinct peaks in the Absolute
Mean + Standard Deviation marker are uniquely observed in this transition with an angle
change, and demonstrate the change in ply directionality at different section points.

Below in Figure 8-6 is the montage for the corresponding un-modified rib, without the
angle change, and shows the clear difference in waviness development. The nominal rib
has a visually smoother transition region in comparison to the above, as well as the
general sense. The ply direction distortion is low. This is also visible in the ply angle
chart presented in Figure 8-7.

Figure 8-6 Montage of images showing waviness development through an unmodified helical-
helical rib
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Figure 8-7 Waviness development for a helical-helical rib

The hoop to helical rib transition was generally observed to have the lowest waviness in
micro-section analysis. The CT image montage in Figure 8-8 demonstrates this as the
image progression shows very low ply distortion in the transition region.

Figure 8-8 Montage of images showing the waviness development through a hoop-helical rib

The voids in the transition area are conspicuous and remarkable in that they did not
appear in any of the other rib-node transitions for the sampled node. CT analysis and the
above montage supports general observations of the high propensity of void formation in
the hoop-helical node transition. Regarding the ply waviness, the image directionality
analysis supports the observations of the montage. The chart in Figure 8-8 shows the
mean direction is well aligned to the axis of the rib, while there is a fairly constant
standard deviation through the width of the rib.
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Figure 8-9 Waviness development for a hoop-helical rib

The last image montage in Figure 8-10 is from the thickness change rib, where additional
tows were included to produce a rib member with increased width. Overall the
distribution and quality of the rib is similar to the corresponding helical-hoop rib
presented in Figure 5-28

Figure 8-10 Montage of images showing the waviness development of a thickness change rib

The ply directionality chart for the thickness change rib in Figure 8-11 shows a regular
development of ply angle deviation through the width of the rib. The magnitude of the
deviation in the centre of the width for this sample is comparable to unmodified rib.
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Ply Angle through Thickness Change Rib (Hel - Hoop)
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Figure 8-11 Waviness development for a thickness change rib (helical-hoop)

Overall the CT image montages provide a qualitative comparison of the transitions
regions that represent the lattice structure manufactured in the first trial. They also
highlight the effect lattice modifications have on the transition region by direct
comparison for angle changes and rib width changes. The ply directionality analysis
provides support for the qualitative conclusions by quantifying the general ply
directionality. Comparisons of the magnitude and distribution of the ply angle deviations
between the rib-node transitions are used to explain general behaviour in the
manufactured panel.
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Appendix C. Angle Change Modifications

As discussed in the modelling section, the angle change ribs displayed a different
waviness characteristic that could not be described within the model the measurements
are presented in this section and discussed.

From the first manufactured panel that explored modified rib angles, 8 measurements
were made for angle modifications between 2.5 and 10°.These measurements are
presented in Figure 8-12 and are segmented by transition type. For comparison, the
average values for a helical-hoop and a helical-helical transition are 2.9% and 1.9%
respectively.

8.0%
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o X
5 4.0% 9
@ o X Helica | - Hoop
(] 0,
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0.0%
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Angle Change [°]

Figure 8-12 Angle change transition waviness measurements

The chart shows a poor correlation since there are several values with the same
apparent angle change that were measured to have significantly different waviness
severity (>2p.p.). Segmenting the results by transition type does not improve the
correlation. Other factors are believed to influence the observed transition waviness that
were not accounted for.

One such factor is the section location. The waviness characteristics of angle change
ribs were not known at the time the sections were made, so section location was not
controlled or accounted for. Moreover, the section technique does not provide fine
control over the location of the section cut, given the thickness of the blade. Comparing
sections in the same relative location could provide results that result in a clearer
correlation.

However the asymmetric nature of the angle change ribs may exclude the possibility of
describing a node transition with a single waviness severity value in the way that regular
ribs can be. Characterisation of angle change ribs might require additional factors to
describe the degree of imbalance, location or relative severity compared to an
unmodified transition.

Precise understanding of the ply behaviour in angle change ribs is lacking given that only
one sample has been investigated with a CT scan. Furthermore, conclusions based on
this analysis may only be valid for the particular method used to produce these angle
modifications, described in section 5.1.5. A different manufacturing technique could
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eliminate the wrinkling of tows during layup that is likely related to the observed transition
quality.

Appendix D. Rib Compaction Ratio

The node consolidation ratio is related to the rib width compaction ratio. Starting from the
equation used to calculate the number of required tows as presented in section 5.

_ RwRy _ RwRy
TTT Twh

Where the tow area T, is simply the product of the tow width T,y and the tow thickness T,
as shown below.

T Rw
%W| <«
............. )| Tt

%e

Tow Layup Consolidated rib

The rib compaction ratio is defined as the width of the rib compared to the tow width:

Cn =
R TW

Using the equation for the node consolidation ratio:
2-TyT
C. = Nit

n RH
And substituting the equation to calculate the number of tows:

_ 2 . RWRHTt
" RyTwT,

Cancelling like terms:
Ry
Cn = ZE = ZCR

Thus the node consolidation ratio is twice the rib compaction ratio.
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Appendix E. Micro-section Analysis Results
The helical ribs are marked in purple and are numbered separately from the hoop ribs
marked in blue. The Additional ribs are marked in orange. Each node is sequentially
numbered starting from the top left, working along the hoop rib.

Helical 1

Hoop 1

10

e G
A/

Nodes 1-9

Helical 17

VAVAVAVAVAVAVAVAY
NNNNNNNN
VVVVV\

Additional 1, 2, 3

Figure 8-13 First panel naming convention

The table is divided in 4 sections as explained in the diagram below:

NAA

Helical 51

Identification

Index Calculation

Measured Waviness | Comparison to Model

Identification is based on the rib and node number, using the convention described in
Figure 8-13. Index calculations are based on the geometric factors identified in section
6.2 . The measured waviness is based on the model described in section 5.4.1. Lastly,
the comparison is made to the linear fit parameters shown in Figure 6-16. The fit shown
the predicted values and then the difference in percentage points from the measured
waviness severity.
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Table 14 Micro-section analysis for the first manufactured panel with Quality index values

Rib Node A L +/-
# # Cl|C2|R1|R2|R | N Index | [mm] | [mm] | Ws Fit | p.p.
Helical 19 20 0 18| 10] 13 1.76 0.5 15| 1.7% | 2% 0.5
37 29 0 18| 10|12 1.59 0.5 12 | 21% | 2% | -0.2
2 10 0 18| 10] 13 1.76 0.5 12 | 21% | 2% 0.1
2 0 241 10|13 2.00 0.5 10 | 2.5% | 3% 0.0
7 4 0 2411.0[13]| 200 0.5 121 21% | 3% | 04
7 13 0 18] 10|13 1.76 0.8 151 25% | 2% | -0.3
3 2 0 241 10|13 2.00 0.5 12 | 2.1% | 3% 0.4
3 11 0 1810|113 1.76 0.5 12 | 21% | 2% 0.1
24 13 0 241 10|13 2.00 1.0 15| 33% | 3% | -0.8
24 22 0 18| 10| 13 1.76 0.5 12 | 21% | 2% 0.1
25 13 0 23[10[13] 195 1.0 12 | 42% | 2% | -1.7
25 23 0 18]|10]13]| 176 0.5 15| 1.7% | 2% | 0.5
30 16 0 75]1.0[13]| 356 1.0 12 | 42% | 5% | 0.7
30 25 0 18]|10]13]| 176 0.5 15| 1.7% | 2% | 0.5
32 17 0 23| 10[13]| 195 0.8 15| 25% | 2% | -0.1
32 26 0 18|10]13]| 176 0.5 15| 1.7% | 2% | 0.5
33 17 0 1810|113 1.76 0.5 15| 1.7% | 2% 0.5
33 27 0 18| 10] 13 1.76 0.5 151 17% | 2% 0.5
36 28 0 18| 10]1.2 1.59 0.5 15| 1.7% | 2% 0.2
40 30 0 18| 10]16 2.12 0.5 10 | 25% | 3% 0.2
42 31 0 18| 10|17 2.29 0.5 10 | 2.5% | 3% 0.5
47 25 0 2411013 2.00 0.5 10 | 2.5% | 3% 0.0
47 34 0 72110]13 3.49 1.0 10 | 5.0% | 5% | -0.2
41 31 0 18| 10|17 2.29 0.8 10 | 3.8% | 3% | -0.8
Hoop 23 23 0 0.7] 10|13 1.11 0.3 10 | 1.3% | 1% | -0.1
25 25a 0 04) 10|13 0.79 0.3 10 | 13% | 1% | -0.6
12 11 0 0.8 10|13 1.15 0.3 10 | 1.3% | 1% 0.0
11 10 0 0.7] 10|13 1.11 0.3 10 | 13% | 1% | -0.1
11 11 0 0.7] 10|13 1.11 0.3 10 | 13% | 1% | -0.1
12 12 0 0711013 1.11 0.3 10 | 1.3% | 1% | -0.1
6 6a 0 1.2 10|13 1.44 0.3 10 | 1.3% | 2% 0.4
16 15a 0 13| 10|13 1.46 0.3 10 | 1.3% | 2% 0.4
16 15 0 08| 1013 1.17 0.3 10 | 1.3% | 1% 0.0
26 26a 0 04) 10|10 0.59 0.3 10 | 1.5% | 0% | -1.1
16 16 0 06] 10|16 1.31 0.5 10 | 25% | 1% | -1.0
25 25 0 04) 10|13 0.78 0.3 10 | 13% | 1% | -0.6
25 26 0 04) 10|13 0.78 0.5 15[ 1.7% | 1% | -1.0
27 27 0 08] 10|13 1.16 0.3 10 | 1.3% | 1% 0.0
Thickness 37 20 0 241 11)1.2 2.11 1.0 151 33% | 3% | -0.7
36 20 0 241 11|12 2.11 0.5 15| 1.7% | 3% 1.0
39 21 0 241 12|14 2.64 0.5 10 | 2.5% | 3% 1.0
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Rib Node A +/-
# # a Cl|C2|R1|R2|R | N Index | [mm] | [mm] | Ws Fit | p.p.
40 22 0| 28 36 | 39 2411214 2.64 1.0 15 | 3.3% | 3% 0.1
42 23 0] 28 3] 36| 39 241 13|15 2.99 1.0 10 | 5.0% | 4% | -1.0
41 22 0] 28 36 | 39 241 13|15 2.99 1.5 12 | 6.3% | 4% | -2.3
Additional | Add2 16 0 o) 5] 40 | 40 80| 1016 4.60 2.0 15| 6.7% | 6% | -0.2
Add2 25a 0] 13| 13| 31| 31 241 10|13 2.01 0.5 10 | 2.5% | 3% 0.0
Add2 25a 0] 13| 13| 40| 40 301013 2.25 0.8 15 | 2.5% | 3% 0.4
Add2 34 0 5 5] 31| 31 6.2 10| 20 4.86 1.5 12 | 6.3% | 7% 0.6
Addl 0 5] 15| 26 | 22 2411013 2.01 0.3 10 | 1.3% | 3% 1.3
Add1 33a 0] 22 5] 26| 22 18| 10|13 1.73 0.3 10 | 1.3% | 2% 0.9
Add3 26a 0] 14| 14| 21| 40 221 10|10 1.44 0.3 10 | 1.3% | 2% 0.4
Add3 17 0 4140 40])110.0| 10|16 2.57 0.8 10 | 3.8% | 3% | -0.4
Add3 17 0 4| 33 ] 33 831016 2.33 0.5 10 | 2.5% | 3% 0.5
Angle 26 14 ] 10| 28 3| 36 39 2411013 2.00 2.0 13| 7.7% | 3% | -5.2
12 5] 36 5] 36| 39 1810|113 1.76 1.0 151 33% | 2% | -1.2
4 28 3| 361 39 241 10)13 2.00 0.5 10 | 2.5% | 3% 0.0
22 12 28 3| 36 39 2411013 2.00 1.5 10 | 75% | 3% | -5.0
5 28 3] 36| 39 241 10|13 2.00 1.0 12 | 4.2% | 3% | -1.7
14 ] 10| 36 5| 36| 39 1810|113 1.76 1.0 12 | 42% | 2% | -2.0
23 12 5] 28 3] 36| 39 2411013 2.00 1.0 11 | 45% | 3% | -2.0
23 22125 36 5| 36| 39 18| 10] 13 1.76 1.0 15 33% | 2% | -1.2
22 21125 36 5136 39 18| 10|13 1.76 1.0 10 | 5.0% | 2% | -2.8
26 23 5] 36 5136 [ 39 181013 1.76 0.5 10 | 25% | 2% | -0.3
Ouitliers 12 15 0 36 | 17 | 20 09| 1013 1.23 0.5 12 | 21% | 1% | -0.7
12 7 0 4 4| 11 ] 18 3.7 10|13 2.50 1.0 12 | 42% | 3% | -0.9

The naming convention for the second panel is as

Hoop 1

Helical 1

Node 14

described in the figure below.

Hoop 5

Helical 9

Figure 8-14 Second panel naming convention
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Rib Node C C R R R | N Index | A L Ws Fit +/-
1 2 1 2 [mm] [mm] p.p.
Binary 12 T | 61 5 10| 10| 15 1.64 05 12| 21% | 2.0% | -0.1
Nodes 12 20 | 35| 30 10| 10| 15 1.65 05 10| 25% | 2.0% | -0.5
11 T | 61 5 10| 10| 15 1.64 0.5 12| 21% | 2.0% | -0.1
11 21| 35| 30 10| 10| 15 1.65 0.5 11| 23% | 2.0% | -0.3
30 -| 36| 43 10| 10| 15 1.68 0.3 10| 1.3% | 2.0% 0.8
30 36 | 31 6 241 10| 15 2.63 0.5 12 | 21% | 3.5% 1.4
45 35| 30| 35 14| 10| 15 1.98 0.5 13| 19% | 2.5% 0.6
45 -| 36| 42 10| 10| 15 1.69 05 15| 1.7% | 2.0% 0.4
18h 18 | 42| 78 06| 10| 15 1.24 0.3 10| 13% | 1.4% 0.1
34h 35| 42 | 77 06| 10| 15 1.25 0.3 10| 1.3% | 1.4% 0.1
35h 35| 79 | 42 05| 10| 15 1.24 0.3 10| 13% | 1.4% 0.1
35h 36 | 36| 77 06| 10| 15 1.28 05 12| 21% | 1.4% | -0.7
Ply 14| 70| 10 | 70 | 76 18| 09| 1.5 2.35 0.8 12 | 31% | 3.0% | -0.1
Ratio 15 9| 70| 77| 70 19| 12| 15 2.65 0.7 14 | 25% | 3.5% 1.0
4 15 70 | 77 | 70 19| 09| 15 2.60 0.7 12 | 29% | 3.4% 0.5
19 15 | 59 7|75 | 77 23| 11| 15 2.65 1.0 13| 38% | 35% | -0.4
Node 25h 27| 70 | 83 08| 10| 14 1.39 0.3 15| 0.8% | 1.6% 0.8
ratio 26h 27| 70 | 83 08| 10| 14 1.39 0.3 15| 0.8% | 1.6% 0.8
33 27 7| 60 22| 10| 14 2.30 0.7 13| 2.7% | 3.0% 0.3
34 27 7| 60 22| 10| 14 2.30 0.7 13| 2.7% | 3.0% 0.3
33 38 91 71 18| 10| 14 2.10 0.3 13| 1.0% | 2.7% 1.7
34 39 9( 71 18| 10| 14 2.10 05 15| 1.7% | 2.7% 1.0
27h 29 | 70| 83 08| 10| 1.6 1.62 0.3 15| 0.8% | 1.9% 1.1
28h 29 | 70| 83 08| 10| 1.6 1.62 05 13| 19% | 1.9% 0.0
37 29 7| 60 22| 10| 16 2.67 0.8 12| 31% | 3.0% | -0.1
38 29 7| 60 22| 10| 16 2.67 0.8 13| 29% | 3.0% 0.1
23 29 9| 68 16| 10| 1.6 2.28 0.8 12| 31% | 3.0% | -0.1
16h 17 | 70| 83 10| 10| 15 1.64 0.5 15| 1.7% | 2.0% 0.3
23 17 7| 60 22| 10| 15 2.48 0.8 12 | 31% | 3.2% 0.1
Thin 1h 9,10 | 31 | 49 | 66 | 62 16| 10| 1.5 2.12 12 | 21% | 2.7% 0.6
Ribs 0.5
Adjuste 25h 27| 70| 85 08| 10| 14 1.38 15| 0.8% | 1.6% 0.7
: 26h 27 | 70 | 85 08| 10| 14 1.38 gz 15| 0.8% | 1.6% 0.7
27h 29| 70| 85 08| 10| 1.6 1.61 0.3 15| 0.8% | 1.9% 1.1
28h 29 | 70 | 85 08| 10| 1.6 1.61 05 13| 19% | 1.9% 0.0
16h 17 | 70 | 85 09| 10| 15 1.63 05 15| 1.7% | 2.0% 0.3
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