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ABSTRACT

A critically important consideration of stiffened structural panels is the interfacial properties between skin and
stiffener. In the present study a novel implementation of laser-assisted tape placement (LATP) was used to
produce a representative skin-stiffener of a wingbox from carbon fibre reinforced PEEK. First, a stiffener is
manufactured using this method and subsequently the skin is attached using the same method without need for a
secondary bonding process. The interfacial properties between the skin and stiffener have been characterised in
terms of interlaminar shear strength (ILSS) and fracture toughness (Mode-I and Mode-II) properties. LATP
laydown direction and laser power was found to influence the skin-stiffener interface Mode-I fracture toughness,
but not affect the Mode-II fracture toughness. The values of ILSS and fracture toughness compare favourably
with those results reported in the literature, in particular for those reported for equivalent aerospace certified
CF/PEEK material (APC-2).

1. INTRODUCTION

Interest in thermoplastic composites continues to increase due to their potential for fast forming and weldability,
as well as for their superior fracture toughness and excellent fire/smoke/toxicity (FST) properties compared with
thermoset composites. With increasing demand for higher production through-put, out-of-autoclave (OOA)
methods for composite structure processing are of increasing interest for the aerospace industry. Laser-assisted
automated tape placement (LATP) in-situ consolidation of fibre reinforced thermoplastic composite material has
the potential to produce high quality components without the requirement for a secondary consolidation

processing step. Research has focused on the implementation of the LATP process as a replacement for



conventional manufacturing techniques [1-3]. Recently, a large complex wingbox demonstrator with integrated
stiffeners was produced from carbon fibre (CF) reinforced polyether ether ketone (PEEK) using this process
without the need for a secondary consolidation process [4]. This work implemented a number of innovations,
including: the use of fibre steering to produce a variable angle tow (VAT) laminate to increase the skin buckling
load and also to blend in-plane stiffnesses between different components (skin, web and stiffener); a unitized
structure was produced by in-situ consolidation and in-situ joining of the stiffeners as part of the laser
consolidation process. However, the formation of a good interlaminar bond during the process is a major
concern due to the short time available for intimate contact development and polymer healing. The aim of this
study is to examine the bond performance between the demonstrator skin and reinforcing stiffeners.

The bond strength and interlaminar fracture toughness of composite laminates can be characterised using short
beam interlaminar shear strength (ILSS), double cantilever beam (DCB) and end-notched flexure (ENF) tests
[5]. Grouve et al. [6] performed mandrel peel tests to measure the degree of bonding in carbon fibre
(CF)/polyphenylene sulfide (PPS) composites processed by LATP. The bonding strength was quantified through
interfacial fracture toughness. Good bonding was observed for low laser input power at relatively fast lay down
rates. Comer et al. [7] evaluated the performance of CF/PEEK composites by performing wedge peel and ILSS
tests. The toughness of LATP processed laminates were compared with those manufactured by autoclave
consolidation. While the autoclave processed specimens exhibited the highest strength, the interlaminar
toughness was found to be dependent on the processing parameters that affected the level of crystallinity in the
PEEK. Stokes-Griffin et al. [8] studied the influence of temperature and placement rate on ILSS of CF/PEEK
composites; it was found to be independent of process temperature at 100 mm/s up to a temperature of 550°C.
Beyond this temperature, ILSS properties degraded. Many other researchers also reported the short beam
strength of CF/PEEK composites which are produced from heat press [9], autoclave [7,10] and autoclave re-
consolidation of ATP [3,11].

For CF reinforced epoxy composites, typical reported G,. values are around 260 J/m?[12]. Higher
fracture toughness performance is expected from thermoplastic composites; reported G;. values for CF/PEEK
range from 1.2-2.5 kJ/m?[13]. Gao and Kim [14] observed that a faster cooling rate decreases the interfacial
bond strength. A slow cooling rate improves the bond strength, while fast cooling enhanced the ductility of
PEEK, which increased the fracture toughness. This implies that the bond strength and fracture toughness can be
changed relative to each other. The influence of cooling rate on the fracture toughness of CF/PEEK prepreg

tapes was also reported in [15]; the fracture toughness increases at faster cooling rates. It was concluded that



higher cooling rates which increase polymer ductility are beneficial for fracture toughness. A study of fracture
toughness of CF/PEEK processed by autoclave and LATP [13] concluded that the fracture toughness of LATP
samples was almost 38% higher than the autoclave specimens. LATP samples had a more amorphous
interlaminar bondline, due to the temperature profile experienced during processing and significant plastic
deformation in interior plies. In a study of the influence of processing parameters on CF/PEEK [16], it was
found that Mode-I fracture toughness was dominated by matrix properties, while Mode-II energy release rate
was dependent on the bond strength between fibre and matrix. A study of the influence of specimen thickness
and span length on Mode-II response of CF/PEEK [17], determined that Mode-II toughness was independent of
thickness at a span length to thickness ratio greater than 20. In all of the studies reported, the characterisation
specimens were manufactured in a single process. No data for larger representative structures was presented.
Published data on the interfacial characterisation of CF/PEEK is very limited, in particular for LATP processed
laminates.

In this study, a unitized demonstrator wingbox was produced from CF/PEEK using the LATP process,
details of which are given in the companion paper [4]. The completed demonstrator wingbox is shown in Fig.1.
Joining of skin and stiffener directly as part of the LATP process without any adhesives or rivets is a key
achievement of the present work. However, it is essential to know the interface toughness and bond strength of
the integrated skin-stiffener. A representative skin-stiffener was manufactured using the same approach as used
for processing the wingbox demonstrator. The interfacial properties were characterised using ILSS, Mode-I
(DCB) and Mode-II (ENF) fracture toughness tests. Two different processing strategies were adopted for
manufacturing the DCB and ENF specimens. Firstly, the crack is located along the manufacturing (CAM)
direction, i.e. the direction in which the tape was laid down, and then secondly the crack lies opposite to the
manufacturing (COM) direction. Mode-I and mode-II fracture toughness values were obtained for both CAM
and COM specimens. The influence of the manufacturing process on the fracture toughness results were then
analysed.

2. EXPERIMENTAL METHODS

For manufacturing the skin-stiffener laminates, the tape used was supplied by Toho Tenax (carbon fibre (Tenax
-E IMS65 24 K)/PEEK). The width of the tape was 6.35 mm and the thickness was 0.18 mm. The laminate was
manufactured at a laydown speed of 3m/min. A schematic diagram of the LATP method used to process the
representative skin-stiffener is shown in Fig.2. The LATP system at the University of Limerick consists of a

LATP head attached to the KUKA robot arm (KR240 L210-2) which was supplied by AFPT GmbH. The target



temperature was set to 400°C. During manufacturing, the laser power was controlled using a temperature
feedback loop; the nip-point (i.e., the point where the roller presses down the incoming tape on the substrate)
temperature was monitored with an infra-red (IR) camera. The laser angle relative to the substrate was set before
each layer such that the focus of the laser was close to the nip-point. The laser spot size was 20 mm wide in the
tape direction and 40 mm along the length of the tape. The pneumatic pressure on the compaction cylinder was
set to 2.5bar. The roller used was a conformable silicone roller, provided by AFPT. Fibre reinforced
thermoplastic tapes bond with the substrate under the application of heat, provided by the laser, and pressure,
provided by the LATP head roller. A detailed description of the LATP process can be found in [8, 18]. The steps
carried out for the manufacture of test specimens are described in following sub-sections.

2.1. Manufacturing of skin-stiffener for ILSS tests

For the ILSS specimens, a stiffener was manufactured (Fig.3a) and a representative skin layer (Fig.3b) was
subsequently laid-up over this. Steel box sections were placed at each side of the stiffener to support it. These
were shimmed to ensure that the bonding surface was flush with the surrounding tool surface. The box section
had a 100mm nominal width, allowing only a relatively short run-up length for the skin laminate process. As the
CF/PEEK tape does not adhere to steel, a strip of double-sided adhesive (Fig.3) was used to prevent the tape
from slipping during placement. CF/PEEK tapes with a unidirectional (UD) stacking sequence was used for
both the skin and stiffener ([0°]s each), so that the ILSS specimens harvested would correctly adhere to the lay-
up recommended in the ASTM standard [19].

2.2. Manufacturing of DCB and ENF test specimens

To manufacture DCB and ENF test specimens representative of the interface between a skin and stiffener, a
[0°]¢ flat laminate was manufactured and cut into sections. A brass plate of the same thickness was inserted
between the sections to simulate the mould surface between stiffeners. A [0°]s skin layer was then laid-up over
this assembly. Polyimide film strips, 50 mm in length, were placed at the mid-plane of the specimens to
simulate a crack in the laminate, as shown in Fig.4. The LATP head laser is controlled by a temperature
feedback loop from an infra-red (IR) camera. Due to the difference thermal emissivity of material surfaces, the
laser power fluctuates when moving from one material surface to another as it tries to stabilise on the desired
feedback temperature from the camera. The first brass plate was 150 mm long to allow the LATP laser power to
stabilise. For the first two laminates, the polyimide film was located at the finish, as the bond strength at the start

may be affected by the laser power fluctuation as it moves from the brass plate to the composite surface. On the



third laminate, the polyimide film was placed at the start to evaluate what effect laser power fluctuation has on
the initial bond strength.

The manufacturing set-up can be seen in Fig.5a. The brass and composite plates were secured in place by
adhesive tape. Due to the build-up of thermal stresses during lay-up caused by consolidation temperature tape
being laid on a cooling substrate, warping (spring back) occurred across the width of the laminate can be seen in
Fig.5c. However, as the width of the specimens to be harvested are small relative to the curvature of the panel
(25 mm for DCB and ENF; 10 mm for ILSS), the influence of the on the test results should be negligible.

2.3. Mechanical characterisation of bond strength

Mechanical tests were performed to evaluate the bond strength between the skin and stiffener, manufactured
using a novel LATP approach. All specimens were harvested using a diamond blade cutter taking precautions
not to induce delamination.

2.3.1. ILSS characterisation

Interlaminar shear strength (ILSS) tests were carried out according to ASTM D2344 [19]. Specimens were cut
to the dimensions: 20 x 10 mm?. Tests were performed with a Tinius Olsen H25KS test machine with a load cell
of 1 kN (expected accuracy of 0.5%). As shown in Fig.6, the specimen was placed on two cylindrical supports
of 3 mm diameter and a 6 mm diameter cylindrical head was used to apply the load at a rate of 1 mm/min until
the first failure occurred. Laminate warping (spring back) caused issues with specimens harvesting, reducing the
number of valid specimens available for testing to four, rather than five as recommended by the standard [19].

ILSS, a,, was calculated using:

3Pmax
05 =5 (1

where: P, is the maximum load obtained from test, b is the width and 4 is the thickness of the specimen.

2.3.2. DCB and ENF characterisation

For DCB and ENF characterisation, the specimens were prepared according to ASTM D5528 [20] and ASTM
D7905 [21], respectively. Tests were performed with a Tinius Olsen H25KS test machine with a load cell of 1
kN (expected accuracy of 0.5%). Four samples were considered for each test. A schematic of the crack locations
in different Bays and manufacturing direction are shown in Fig.4b.

The size of the DCB specimens was 130 mm x 25 mm x 3.5 mm with an initial nominal delamination length of
44 mm. In the case of DCB test specimens, loading blocks of 25 mm x 12.5 mm were adhered to the specimens
using an adhesive. The load was applied at a displacement rate of 2.5 mm/min. The DCB test set-up is shown in

Fig.7a. Calibration markings were made along the thickness of the specimens from the crack tip to capture the



propagation of the delamination. A digital camera was used to record crack propagation and these images were
successively used to measure the crack length. Mode-I fracture toughness, G,., was calculated using modified

beam theory [20] as

3Ps
Gre =25+ 1ap (@

where: P is the load, ¢ is the load point displacement, b is the width, « is the delamination length. A was
determined experimentally by generating a least squares plot of cube root of compliance (C'?), as a function of
delamination length. The compliance C, is the ratio of load point displacement to the load (6/P).

The ENF tests were carried out according to ASTM D7905 [21]. The specimens were placed on cylindrical
rollers of 5 mm and a roller of 6mm diameter was placed on the top centre of the specimen. A span of 80mm
was used for this test. Markings were made on the specimen as shown in Fig.7b, which assist in the visual
detection of the delamination tip and in making the compliance calibration (CC). The edges were marked with
three vertical CC markings, within the expected crack region, at distances of 20 mm, 30 mm and 40 mm from
the tip of the insert. Loading was applied under displacement control at a rate of 0.5 mm/min for all CC
markings. Mode-II fracture toughness, Gy, was calculated using the CC method from:

3mP,2.a0

Giie=—>, — )

where: P, is the maximum load from the test, a, is the crack length used in the fracture test and b is the
specimen width. m was determined using least square analysis of the compliance versus crack length cubed ().
3. RESULTS AND DISCUSSION

The interfacial properties of LATP manufactured skin-stiffener was obtained through different mechanical tests
and the results are presented in this section. Typical load-displacement curves are shown for ILSS tests, while
load-displacement and resistance (R) curves (toughness vs delamination length) are presented for the DCB and
ENF tests. Fractography analysis of the failure mechanisms for each test is also presented.

3.1. ILSS characteristics of skin-stiffener

The ILSS tests were performed on UD skin-stiffener specimens; the results were compared with the existing
literature. The ILSS load-displacement response, shown in Fig.8, can be divided into three stages; Stage-1
exhibits a linear elastic response up to a displacement of 0.7 mm. For Stage-I1, the load reaches a maximum and
plateaus with increasing displacement. In Stage-III, the load decreases gradually exhibiting progressive failure
of the specimen. Similar behaviour for UD ILSS load-displacement for carbon fibre/PEEK was reported in the

literature [7].



The ILSS data obtained for CF/PEEK material in this study is compared with values reported in the literature for
existing aerospace grade material (APC-2) in Fig. 9. Specimen preparation in the current study is different from
that reported in the literature. The bonding of the skin-stiffener in the present study was achieved using LATP
in-situ consolidation. In the literature presented each ILSS characterisation laminate was manufactured in a
single process. The average ILSS value obtained in the current study (47.4MPa) is higher than the average ILSS
value reported (43.1MPa). Agarwal et al. [23] reported an ILSS of 50+2.25MPa with laser-assisted filament
winding which is 5.2% higher than that achieved in this study. Though the span-to-thickness ratio of both
studies is the same, the consolidation temperature was higher (475°C), compared to the current work (400 °C).
This consolidation temperature difference, in combination with a winding approach, which generally assists in
reducing laminate springback, may have aided the achievement of the higher ILSS value. Tierney and Gillespie
[3] used a gas heated ATP system to manufacture APC-2 laminates for testing. Gas heated systems usually fully
melt the tape and the heat is transferred by convection, rather than radiation for the LATP system. For
comparable lay-down speeds, the current study achieved a 13.8% higher ILSS value. However, higher values of
ILSS in [3] were achieved at much slower laydown rates. Rosselli and Santare [24] achieved 46MPa at a
relatively slow laydown rate of 1.2m/min for curved ILSS specimens. Similarly, Mazumdar and Hoa [22]
reported the ILSS of 35.7MPa for curved specimens. In both of these studies, the specimens were harvested
from a ring winding of 146mm diameter with an approximate thickness of Smm. While the ILSS specimens
were slightly curved, the span-to-thickness ratio was similar to the present work, so a reasonably valid
comparison can be made. Considering that the LATP process used in this study has not been optimised for the
material system investigated, the data obtained compares well with the ILSS values reported in the literature [3,
22-24]. Different failure modes that occurred in the skin-stiffener are shown in Fig.10. The specimens exhibited
a clear interlaminar shear failure and plastic deformation; delamination occurred at either the top or bottom
outermost layers, but no delamination was observed at the skin-stiffener interface, indicating a good interface

bond.

3.2. DCB results or Mode-I fracture toughness results

Representative DCB test load-displacement curves are shown in Fig.11. The initial loading stage is linearly
increased until the crack initiates, the load then drops steadily as the crack propagates. The load-displacement
curve exhibits ‘saw-tooth’ behaviour associated with stick-slip crack propagation. This stick-slip behaviour is
attributed to regions of varying toughness in the specimens [5, 25]. The load drops abruptly as the crack

propagates rapidly, after which the load increases again with displacement until the load drops again due to



further unstable crack propagation. A significant difference was observed between the CAM and COM load-
displacement response. The CAM DCB specimens achieved a significantly higher crack initiation load relative
to the COM specimens.

The resistance curves of CAM and COM specimens for a typical DCB test are shown in Fig.12; the first digit in
the specimen code indicates from which manufacturing bay it was harvested (see Fig.5). Significant scatter was
observed for all specimens. The initial stage was characterized by an increase in G, values with crack length.
Examination of the DCB specimens showed that fibre bridging occurred in the crack tip opening area (Fig.12b),
which helped to increase the G,. values. The initial fracture toughness of CAM samples (Fig.12) exceeds that of
COM samples (Fig.12). Examination of the laser power plots for the manufacturing process indicates that this is
caused by the variation in the laser power, affecting nip point temperature, during processing. On the LATP
system, the laser power is controlled by a feedback loop from an Infra-red (IR) camera which measures nominal
temperature at the nip point. However, as the laser passes over materials of different emissivity, the IR
temperature reading changes causing the laser power to fluctuate. The power as a function of time is shown in
Fig.13. The power traces are averaged over 5 points before and after the actual point to smooth the data. Each
line represents a different track of the panel during manufacturing. At the first brass insert, the laser power
started at 550-580W and reduced linearly to 490-520W, over 70 mm or 1.4s, giving a power loss slope of
approximately 42.9 W/s. For the second brass insert an initial laser power of 490W to 530W at the start,
reducing linearly to 420-460W, giving a similar power loss slope (=42.9 W/s). At the final brass insert, the
initial power was similar to the second brass insert at 490-530W, the plot them exhibited a fluctuation spike,
before the power loss slope follows a similar trend to the other brass inserts, reducing to 425-465W. The power
spike may have been due to some oxidation or tape residue on the surface of the brass insert. In the case of
polyimide inserts, at both the first and second inserts, the power decreased from 540-580W to 490-530W, with a
drop of 50 W which occurred very suddenly (power loss slope ~<100W/s). For the third polyamide tape, there
was too much scatter to say anything useful in terms of numbers, but in this case, an increase in power occurred.
The reason for the drop and increase in the power is most likely the temperature sensor picking up the brass
plate (decrease) or the composite part (increase), which have a different emissivity coefficient, which is not
taken into account during manufacture.

Laser power plots for Bay 1 show that the laser power remains relatively consistent across the bay, particularly
passing from the composite to the polyimide tape, i.e. the crack initiation point for the DCB specimens. The

time taken to reach a steady state in Bay 1 was about 0.3 sec, or 15 mm and in bay 2 it was about 0.45 seconds,



or 22 mm. However, this was towards the end of the sample, so likely only influences the final fracture of the
sample. Looking from the crack tip, the power was constant. Bay 1 specimens exhibit the highest G,. values,
with initial crack initial starting at above 1kJ/m?, and rising rapidly to plateau above 2.3kJ/m?. For Bay 2, the
laser power is less stable, increasing steadily over the bay to the composite/polyimide interface. For the Bay 2
DCB specimens, the Gy values increase to approximately 1.5 kJ/m? near crack initiation, but decrease steadily in
line with the laser power decrease away from the composite/polyimide interface. For Bay 3, the power was
constant from the start, towards the end it started decreasing, approximately 0.4 seconds, or 20 mm, before the
start of the brass plate. At the start, some scatter was observed in the power plot, which could explain (part of)
the scatter in these results. The Bay 3 specimens achieved the worst initial Gy values (below 0.5 kJ/m?), but
increased steadily to approximately 2.0 kJ/m? as the crack progressed. For all other cases, the power only
decreases towards the end of the sample, so its influence should be limited to the fracture toughness in the last
20 mm of the sample.

The laser power plot shows that there is a significant power fluctuation across the polyimide/composite
interface, but it begins to stabilise and increase across the bay. This data indicates that the laser
power/processing temperature significantly influences the interface bond, but more research is required to
determine the exact mechanism by which the bond is affected.

An overview of the Mode-I fracture toughness of integrated skin-stiffener (CAM and COM samples) are
presented in Table 1. This G}, behaviour is similar to that reported in other studies [13,15,16,27] and the values
obtained compare well with the values of carbon fibre/PEEK composites reported previously (see Table 1).

Fig. 14 shows the laser power as a function of crack length. In this figure, thick lines represent the average laser
power over all tracks laid down for each bay and dashed lines represent minimum and maximum values of
power at each point. On the x-axis, from 0 to 50 mm represents the length of the polyimide tape insert. From
Fig. 12, it is observed that the G,c of Bay-1 and Bay-3 follow a similar trend of increasing toughness. However,
there is a significant difference in values of fracture energy between them due to the change in the mean power
at the start of each bay. In addition, the difference in the minimum power along the tracks is larger. From Fig.
14, it is also clear that Bay-3 initially has greater laser power scatter resulting in lower fracture energy values at
crack initiation. The large difference in the laser power traces at the crack initiation point of Bay-2 and Bay-3
corresponds with the trend in the fracture energy values.

A representative DCB specimen fracture surface is shown in Fig. 15a. Unlike the fracture surface obtained in

[13] for autoclave consolidated CF/PEEK, which exhibited grey zones for crack initiation and dark zones for



crack growth, the surfaces obtained in the current study do not exhibit any significant difference on the fracture
surface. However, all the specimens exhibited fibre bridging after crack initiation as shown in Fig.15b.

3.3. ENF results or Mode-II fracture toughness results

Representative load-displacement curves for CAM and COM ENF test specimens are shown in Fig.16. Similar
load-displacement response was observed for CAM and COM specimens, indicating that the ENF Mode II
response is constant from beginning to the end of the interface. All specimens exhibited initial linear behaviour,
followed by a change in the load-displacement response indicating crack initiation. The crack propagation was
stable for each specimen. The response of the current ENF specimens is similar to that reported in the literature
[17, 28]. Mode-II fracture toughness was evaluated based on the compliance calibration method outlined in
ASTM D7905 [21]. Fig.17 shows the compliance of ENF specimens versus crack length for both CAM and
COM specimens. The results revealed that the compliance of all specimens increases linearly with respect to the
crack length. The direction of manufacturing did not show any influence on the compliance. This response of
the Mode-II ENF skin-stiffeners compliance represents the bending stiffness of the specimens [27]. The Gy
values of CAM and COM specimens varied from 1.35 kJ/m? to 2.84 kJ/m?. The average values of G, for CAM
and COM samples were 1.88+0.66 kJ/m? and 1.78+0.35 kJ/m?, respectively. The values obtained are in
agreement with ENF carbon fibre/PEEK values previously reported [17].

4. CONCLUSIONS

A representative skin-stiffener of a stiffened structure (wingbox) was manufactured from CF/PEEK using LATP
in-situ consolidation. The skin and stiffener were joined together as part of the LATP layup process without
need for secondary processing. The purpose of this study was to assess the bond strength achieved at the skin-
stiffener interface by characterizing the bond using ILSS, DCB and ENF tests. In the case of the ILSS tests,
specimens exhibited a clear interlaminar shear failure, but delamination occurred at either the top or bottom
outermost layers, with no delamination observed at the skin-stiffener interface, indicating a good interface bond.
Mode-I fracture tests revealed that the laser power exhibited a significant influence on the fracture toughness of
the skin-stiffener interface. However, Mode-II test results were more consistent and did not seem to be affected
by laser power fluctuation. More research is required to determine the exact mechanism by which the bond is
affected by the laser power/processing temperature. In addition, the processing parameters for the material tapes
used in this study have not been optimised, so further work is required to optimise the process.

The results show that the LATP manufacturing process for the skin-stiffener produced a bond at the interface

that was comparable with that reported in the literature for similar in-situ consolidation methods. In addition, the



values obtained compared well with the properties of certified acrospace grade materials (APC-2) reported in

the literature. While the processing parameters for this manufacturing method are not fully optimised, this data

suggests that the material and processes used in the present study can be developed for implementation in
aerospace structures.
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Tables

Table 1: Mode-I fracture energy of integrated skin-stiffener with respect to crack length

G (KI/m?)
Crack length COM
CAM Samples .
(mm) Samples Literature
Bay-1 Bay-2 Bay-3
44.75 1.17£0.11 | 0.79+0.18 | 0-26+0.15
45.75 126£0.09 | 1.03+0.14 | 0-30+0.14
46.75 1.5240.11 | 1.09+0.18 | 0-43%0.13
0.52+0.16
. L 78£0. .10£0.
47.75 1.78£0.13 | 1.10+0.18 o s
48.75 1.88£0.16 | 1.17+0.16 | 0-56+0.18 [13, 15]
125014 Nominal crack length
58.75 2.07+0.11 | 1.52+0.05 120, ~ Somm
68.75 2.18£0.10 | 1.48+0.10 | 1.36+0.14
78.75 232019 | 1.30+008 | 1-98+0.09
88.75 2.38+0.16 | 120+0.17 | L79%0.15
98.75 2.47£0.19 | 1.00+0.12 | 181012

Note: + indicates the standard deviation




Figure Titles

Figure 1: Representative wing box with skin-stiffener.

Figure 2: Schematic of LATP method.

Figure 3: Skin-stiffener for ILSS test: (a) set-up for laying the skin on stiffener, and (b) laying of the first layer
of skin on the stiffener

Figure 4: Schematic of the manufacturing approach for DCB and ENF tests, (a) the plan view of the initial
substrate set-up and (b) a side view of the final lay-up including crack locations. Bay 1 and 2 CAM and Bay 3
COM. (all dimensions in mm)

Figure 5: Set-up for manufacturing of skin-stiffener for DCB and ENF tests: (a) composite laminate with brass
plates (b) extra layers laid down (¢) final panel

Figure 6: Typical test set-up for ILSS and the test specimen.

Figure 7: Fracture toughness characterisation: (a) Mode I DCB; (b) Mode I ENF.

Figure 8: ILSS specimen load-displacement response for representative skin-stiffeners.

Figure 9: Comparison of ILSS.

Figure 10: Interlaminar shear failure of skin-stiffener.

Figure 11: Representative load-displacement responses from CAM and COM DCB specimens.

Figure 12: Representative Mode-I fracture toughness vs. crack length curves for Bays 1-3.

Figure 13: Laser power as a function of time.

Figure 14: Laser power as a function of crack length, thick lines represent the average laser power, while
dashed lines represent minimum and maximum laser power values.

Figure 15: Mode-I fracture of integrated skin-stiffener.

Figure 16: Typical load vs. displacement of ENF specimens.

Figure 17: Compliance of ENF specimens.



Figure 1: Representative wing box with skin-stiffener.
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Figure 3: Skin-stiffener for ILSS test: (a) set-up for laying the skin on stiffener, and (b) laying of the first layer

of skin on the stiffener
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Specimen

Figure 6: Typical test set-up for ILSS and the test specimen.

Figure 7: Fracture toughness characterisation: (a) Mode I DCB; (b) Mode 1T ENF.
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Figure 15: Mode-I fracture of integrated skin-stiffener.
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Figure 16: Typical load vs. displacement of ENF specimens.
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Figure 17: Compliance of ENF specimens.




