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Abstract

The increasing use of carbon fibre reinforced polymer (CFRP) composites in aviation and automotive industries has led to
the adoption of automated production methods such as pultrusion or resin transfer moulding (RTM) for cost reduction in the
production lightweight structures. These processes however, offer limited freedom to locally reinforce structures. This paper
describes an approach to utilise a basic geometry for several similar parts and add local reinforcement patches only in regions
of load introduction or high local stress. The approach offers the benefit of being able to combine automated production
methods with unprecedented design freedom. The specific bearing performance for three different local reinforcement using
(1) add-on CFRP patches, (2) surface mounted steel foils and (3) steel foil interleaving in replacement of 90° plies with foils
of the same thickness as the CFRP plies (0.125 mm) is compared by double lap bearing tests. The bearing strength improves
with the addition of patches, for surface mounted steel foils, more so as CFRP co-cured patches, and most as an interleaved
configuration. Quasi ductile failure of the bearing joints was maintained due to additional plasticity of the steel foils, produc-
ing a joint that fails safely while enhancing the bearing strength. When examining the hybrid laminates, all samples buckled
and failed in bearing compression/shear. Brooming was evident on the compressive side of the hole where the bolt indented
the laminate. Indentation led to shear kink bands along the washer supported region and appear as large compression/shear
damage above the washer confined region of the laminate. When normalised by weight, the three approaches show similar
bearing performance. However, each approach has specific advantages with regards to processing, electrolytic potential, or
absolute bearing strength, depending on the design of the load introduction.
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1 Introduction

The aviation industry is employing evermore carbon fibre
reinforced thermosetting polymer (CFRP) structures in order
to minimise weight, and hence emissions during flight. How-
ever, much of the efficiency that can be gained by using such
materials is lost due to inefficient joining procedures and
strict certification standards that prevent adhesive joining
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of primary structures in civil aviation [1]. At the same time,
automated production methods such as pultrusion or resin
transfer moulding (RTM) are developing as manufactur-
ing techniques for aircraft structures due to their relative
cost effectiveness. Since these structures usually have few
material orientations, they need to be optimised for their
relative load case, leading to inefficient joining strategies.
Possible solutions include locally thickening structures via
ramping up or a secondary procedure such as co-curing
[2] to increase the bearing carrying load capacity with the
compromise of larger section in the joining region of the
structure. Co-cured joints can provide higher fracture tough-
ness [3] and joint strength [4] than co-bonded joints due to
mechanical intermingling and covalent bonding of the res-
ins at the interface [5] By producing the structure and local
reinforcements separately, this approach avoids the need for
a bonding procedure while opening up valuable freedom to
enhance properties locally, e.g. in the amount of toughener
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[6, 7] that may be introduced, or indeed the reinforcing area
or ply thickness that is chosen [8].

Hybridising the structure locally to enhance properties in
only the regions that demand higher load carrying capacity
is one possibility to overcome the change in section while
still enhancing the composite properties [9]. Such a hybridi-
sation technique was first studied with composite plies being
substituted by thin titanium foils in the joint area, bypassing
the need for local thickening [10]. Steel alloys are especially
suitable as reinforcement and favoured over titanium due to
their lower cost and their high stiffness, strength and elon-
gation at break. For example, reinforcing a neat composite
with titanium or steel, enhances bearing strength by a factor
of 2 and 2.6, respectively. For the same resulting bearing
strength, the composite steel-laminate requires about half the
metal volume needed for a titanium hybrid laminate, hence
leading to manufacturing and cost benefits.

This work compares the specific double lap bearing per-
formance for local reinforcement using (1) add-on CFRP
patches, (2) surface mounted steel foils during the impreg-
nation and curing of the CFRP composite structure and (3)
steel foil interleaving in replacement of 90° plies with foils
of the same thickness as the CFRP plies (0.125 mm). Our
results demonstrate that the local properties of a joint can be
tailored to be application specific.

CFRP plate CFRP plate
:Iz' il ‘\l
- , S
(a) Reference (b) B-stage CFRP patch

2 Materials and methods

Three local reinforcement methods to increase the specific
bearing performance are compared to a reference RTM
plate: using add-on CFRP patches, surface mounted steel
foils during the impregnation and curing of the CFRP
composite structure with steel foil interleaves as shown
schematically in Fig. 1 and explained in Table 1. The
B-stage CFRP patch and steel foil patch approaches allow
for net shape hole preparation which significantly sim-
plifies hole preparation in composites and were therefore
utilised in preparation of the samples as would be the case
in industrial applications.

The resin used was “HexFlow RTM6”, Hexcel, UK, a
monocomponent resin system consisting of a tetrafunc-
tional epoxy component, tetraglycidyl 4—4' diaminodi-
phenylmethane (TGDDM, Araldite MY 721), and two
amine hardeners: 4,4'-Methylene-bis(2,6-diethylanaline)
(MDEA, Lonzacure) with 4,4'-Methylene-bis(2,6-diiso-
propylaniline) (MMIPA, Lonzacure). The resin is a hot
curing system with a high T, developed for infusion and
RTM processes.

CFRP parts were manufactured by a RTM process from
a biaxial stitched non-crimp fabric, “ECS6090- Series

CFRP plate

CFRP plate

(c) Steel foil patch (d) Steel foil interleaved

Fig. 1 Shows the investigated local reinforcement concepts of the bearing area. a Reference RTM plate. b B-stage co-cured CFRP patch. ¢ Steel
foil patch around the hole. d Steel foil integrated in the laminate (not entire figure is shown)

Table 1 Sample geometries

. . . Sample Manufacturing method Hole preparation CFRP Fibre Structure
with their manufacturing volume con- density (g/
process, repsective hole tent em?)
preparation, resulting fibre
volume contents and densities Reference RTM Plate drilled after curing  0.63 1.38

B-stage CFRP patch  RTM plate, CRTM B-stage hole in plate, 0.65 1.44
patch, Co-curing net shape hole after
co-curing
Steel foil patch RTM Plate fibres guided 0.67 1.93
around pin, net shape
patch
Steel foil interleaved RTM Plate drilled after curing  0.63 3.10
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HTS 40, Saertex GmBH & Co., Germany, with an area
weight of 256 g/m”. Quasi-isotropic parts were made from
16 plies: 2[0/90, +45/—45, 90/0, — 45/+45]; to produce
150X 90 x 3.8 mm plates. The plates were completely
cured at 0.4 MPa (4 Bar) and 180 °C for 90 min in the
RTM tool as a reference, or to a partial degree of cure,
a, of approximately 70% for the co-curing samples, in
accordance to [11]. The tool was heated and cooled using
a “LaboPress P200T”, Vogt, Germany. From each plate
two samples for bearing tests were cut.

The reinforcing CFRP patches were manufactured from a
thin ply material, 20 mm tape, 80 g/m? high tensile strength
carbon fibre “TeXtreme Spread Tow”, Oxeon AB, Sweden
which were cured to an incomplete conversion much the
same as a prepreg, termed B-stage. The B-stage cured CFRP
parts were cured at 0.4 MPa (4 Bar), 160 °C in the RTM
tool and then cooled rapidly to stop the curing reaction at a
desired value of o before drilling to produce a 6 mm hole.
Kinetic [11] and rheological [12] models were implemented
in order to monitor the rheokinetic behaviour of the resin
during the cure cycle. Quasi-isotropic, 2 mm thick, 30 mm
diameter, @ 6 mm hole patches were made from 24 layers
of the spread tow with the layup 3[45, 90, —45, 0],. The
CFRP patches were partially cured at near net shape using
compression RTM at 2 MPa (20 Bar) for varying times at
160 °C depending on the desired value of a. To ensure good
adhesion, a nylon peel ply (Econostitch, Aero Consultants
AG, Ninikon, Switzerland) was used to provide a contami-
nation free surface for co-curing. The B-stage plate was then
attached to the B-stage patch applied via a local compres-
sion jig. A co-cured structural reinforcement was possible
with an applied pressure of 2 MPa (20 Bar) as shown in
Fig. 2 [11]. During co-curing, the fibre volume content of
the part remains constant at 63 +3% due to the higher degree
of conversion in the part. Conversely, the patch volume frac-
tion was measured as 50+ 6% before B-stage, increasing
to 65+ 5% as circa 1.5 ml is lost from the patch during the
consolidation process.

To study the role of hybridisation with metal, 1.4310
CrNi-steel foils with a thickness of 0.125 mm were used as
reinforcement, which present a stiffer and more economical

B-staging
) Co-curing
partially cure of part and patch

completion of cure of part and patch

S
Pressure,
~

Part -~

Co-cured structural joint

Fig.2 Shows the concept of local patch reinforcement of a structural
part via co-curing of B-stage cured components

alternative to metal hybridisation with titanium or alumin-
ium, for example. To improve the adhesion between the
steel foil and the epoxy resin, the Boeing sol-gel surface
treatment was adopted [13]. The surface was first subjected
to mechanical treatment (sand blasting [14]) followed by
sol-gel processing. In order to avoid further oxidation, the
surface was coated with an epoxy primer after the surface
treatment process. For the manufacturing of surface mounted
patches, steel foils were directly integrated on the top and on
the bottom of the dry preform layup. Accurate positioning
of the steel foils in the RTM tool was ensured by integrated
pins at the location of the hole to provide both positional and
dimensional tolerance, resulting in a net shape finished hole.
To avoid fibre damage and misalignment of the dry preform,
fibre tows were guided around the locating pin during lay-
up. The same RTM process as for the reference samples was
used for the cure cycle.

The interleaved composite was prepared by beginning
with the 2[0/90, +45/—45, 90/0, —45/4+45], quasi-iso-
tropic CFRP, and removing all of the 90° layers in favour
of 0.125 mm steel foils. This allowed the replacement of
the weaker 90° plies in favour of isotropic steel. Then the
same RTM process as for the reference sample was used, and
samples were cut and prepared for bearing tests by drilling
a 6 mm H6 tolerance hole after the composite was cured.

Double lap bearing shear tests were conducted in accord-
ance to ASTM D5961M-08 employing 6 mm bearing fas-
teners (f9/H6 fit, 12.9 steel) for all tests due to the superior
bearing strength of the hybrid laminates with washers fitted
and the joint tightened to provide 20 MPa (200 Bar) com-
pression stress on the joint. The testing speed of 1 mm/min
was used and the bearing strain was recorded using an LVDT
placed 23.5 mm apart on either side of the bearing joint as
shown in Fig. 3. The samples were loaded to either ultimate
bearing stress or plasticity with no further load drop beyond
approximately 20% bearing strain.

Optical microscopy samples of the co-cured joint were
prepared by polishing epoxy resin-embedded samples with
a “TegraPol-21”, Struers GmbH, Switzerland, using progres-
sively finer grades of emery paper from 240 to 2400 grit.
Polishing was performed up to 0.25 pm diamond polish-
ing solution. A “VKX-200”, Keyence, Germany, 3D laser
scanning microscope was used to obtain the optical cross-
sectional images of the tested bearing samples.

3 Results

The double lap bearing stress was measured as a func-
tion of bearing strain for the different patch configura-
tions is shown in Fig. 4. The first ply failure (FPF), 0.5,
1 and 2% and ultimate bearing strain for each configura-
tion was considered, as shown in Table 2 and Fig. 5. The
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Fig.3 Shows the test set up that
was used for conducting the
double lap bearing tests
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Fig.4 Bearing stress versus bearing strain of the locally reinforced
composites in double lap bearing

bearing strength improves with the addition of steel foil
patches, even more with CFRP co-cured patches, and most
in an interleaved configuration. Optical cross sections of
the reference and reinforced composites after double lap
testing are shown in Fig. 6. The composites were loaded
via a loading pin on the right side of the image towards
the left side, indicating the compression direction of the
bearing pin.

In the reference, damage accumulation in the right side
of the image (close to the bolt) shows kink bands due to
compression stresses, which start to pile up as soon as there
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Fig.5 Compares the bearing stress of the reference composite,
B-staged CFRP patch, steel foil patch and steel foil patch reinforce-
ment methods at progressively increasing bearing strain offsets

is no more restriction from the washer. It is apparent that
the damage has led to loss of structural integrity in the joint.

No noticeable difference in FPF was observed with the
B-stage CFRP patch or steel foil patch composites. The
steel foil interleaved composites improved the FPF bearing
stress by approximately 80—100% compared to the reference
composite.

The B-stage CFRP patch reinforced part increased
strength up to 40-55% for further hole deformation
(0.5-2% bearing strain). The B-stage CFRP patch
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Fig.6 Shows optical micro-
graphs of the reinforced joints
after a double lap bearing tests,
shown represented damaged
samples of the a reference
composite, b B-staged CFRP
patch, c steel foil patch and d
steel foil patch

(c) steel foil patch

(d) steel foil interleaved

Table 2 Summary of bearing

¢ Iy Sample Reference B-staged CF- Steel Foil patch Steel foil inter-
stress o : the locally reinforced patch leaved
composites
Bearing stress (MPa) Mean + Mean + Mean + Mean +
First ply failure 580.0 117.5 460.9 26.4 579.1 85.0 1058.9 56.2
0.5% offset 604.6 166.0 567.4 42.0 737.9 67.8 1226.7 38.5
2% offset 741.6 37.1 752.7 472 890.4 252 1480.2 54.7
Ultimate 839.1 122.4 905.6 23.0 1053.9 232 1689.3 68.1

reinforced sample indicates that a void free bond was pos-
sible, with no evidence of porosity in the interface between
the part and patch. Damage accumulation in the right side
of the image also display evidence of kink bands due to
compression stresses which transition into the thin ply
laminate architecture patch; serving as further evidence
of good interface.

For the steel foil patch reinforced composite, a roughly
20% improvement was measured in the bearing stress at
0.5-2% bearing strain. This was attributed to suppression
of out of plane compression damage in the joint region of
the composite. The sample with the steel foil patches shows
that part of the outermost layer is still connected to the steel
foil, which is evidence of good adhesion. The foil bends and
disconnects from the CFRP plate where the washer ends and
the kink bands pile up. In the washer area, kink bands are
less expressed than in the reference and in the CF patch sam-
ple, which could be due to the locally higher fibre volume

content in the patch area and the additional hindering of the
piling up due to the steel foil patch.

Lastly, the steel foil integrated samples improved bearing
stresses at progressive strains by approximately 80-100%
for the range of strains that were studied. There was exten-
sive plastic deformation in the steel foil interleaved joint,
with evidence of good adhesion between the steel foils and
thin CFRP plies due to damaged CFRP remaining attached
to the steel foils. Plastic failure of the bearing joints was
maintained due to deformation in the steel foils, producing a
joint that failed safely while enhancing the bearing strength.
When examining the hybrid laminates, each sample buckled
and failed in compression/shear. Brooming was evident on
the compressive side of the hole where the bolt indented
the laminate. Shear kink bands reflected up the walls of
the washer supported region and created large compress/
shear damage area above the washer confined region of the
laminate.
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Table 3 Summary of specific

) Sample Reference B-staged CF-patch Steel foil patch Steel foil inter-
bearing stress of the locally leaved
reinforced composites

Bearing stress (MPa) Mean + Mean + Mean + Mean +
First ply failure 417.1 84.5 3194 18.3 293.2 43 341.2 18.1
0.5% offset 434.7 119.4 393.2 29.1 383.2 35.2 395.2 12.4
2% offset 533.3 26.7 521.6 32.7 450.8 12.8 476.9 17.6
Ultimate 603.4 88 627.5 15.9 533.6 11.8 544.3 21.9
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Fig.7 Typical test results for the reference composite, B-staged
CFRP patch, steel foil patch and steel foil patch reinforcement meth-
ods in double lap bearing normalised by density of the bearing region
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Fig.8 Compares the specific bearing strength of the reference com-
posite, B-staged CFRP patch, steel foil patch and steel foil patch rein-
forcement methods at progressively increasing bearing strain offsets

In Table 3 and Figs. 7 and 8 the specific bearing
strength of the different reinforcement methods is shown.
The fact that the data converges when normalised by
weight of bearing area indicates that structures must be

@ Springer

However, this joint technique results in local thickening of
the section. The possibility to net shape and co-cure saves
cost preparing the hole after a drilling procedure. Since
no adhesive is used, the B-stage CFRP patch avoids cer-
tification issues related to the use of adhesives in aircraft
primary structures.

Steel foil patch reinforced samples result in constant net
section, enhancing the bearing properties without adding too
much weight, and can be straightforward to integrate into
tooling. Since the dry preform fibres can be guided around
locator pins, no specific hole preparation is needed, resulting
in a low-cost reinforcement whilst also locally enhancing the
fibre volume content in the high stress regions of a structure.
Therefore, such reinforcement is well suited to RTM appli-
cations found in automotive, or sport applications.

The steel foil interleaved reinforcement demonstrates the
highest bearing strength enhancement with up to double that
of the reference composite material. However, the strategy
is heavy and difficult to implement, therefore cost intensive
using the approach that was studied. The RTM moulding
processing route is viable despite the lack of through thick-
ness permeability due to the steel foils. Post drilling of a
hybrid metal joint presents challenges due the dissimilar
materials in the hybrid composite with post drilling sealing
of the hole required. Nevertheless, the sustaining of high
bearing stress and plastic deformation of the joint without
failure mean the technique is well suited for high end space
or sport applications where bearing strength is vital without
compromising section geometry possibly due to aerody-
namic considerations or to reduce load offset effects.
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5 Conclusions

B-stage CFRP locally reinforced patches can increase the
bearing load of CFRP composites. Steel foil patches were
also found to enhance the bearing strength, increasing bear-
ing strain by delaying surface cracking while also locally
enhancing the fibre volume content. In absolute values, the
steel foil interleaves enhanced the composite bearing proper-
ties the most, up to double that of the reference composite
material. However, when normalised by weight, the reinforc-
ing efficiency converges, indicating that local reinforcement
is important when lightweight is a primary consideration.

The described methods to locally reinforce CFRP com-
posites was shown to be possible using manufacturing
techniques that are readily scalable, and cost effective. The
proposed co-curing approach is free of adhesives, thus may
be applied to aerospace manufacturing without further
additional certification. Addition of steel foils is shown to
be most optimal when supreme bearing strength is needed
locally within a structure without adapting the overall geom-
etry of the structure. Depending on the desired property
optimisation, there is now promising approaches for local
reinforcement of an area without large weight penalties in
the structure using the different approaches.
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