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This article will analyse and discuss the ongoing research into the bonding of composite and metallic materials
and their application in hybrid material driveshafts for the aerospace industry. The introduction of fibre rein-
forced polymers (FRPs) has been shown to dramatically decrease driveshaft weight, improve vibrational char-
acteristics, and offer increased simplicity. However, the limited replacement of metallics with composites in the
aerospace industry owes to the fact that there has been limited research into joining methods, failure modes and
susceptibility to corrosion and temperature changes. This article covers a review of composite lay-up and

coupling design, interface integrity, and the effect of corrosion and coefficient of thermal expansion (CTE)
mismatch on driveshaft performance across a range of operation conditions.

1. Introduction

Composite driveshafts are a hybrid design, consisting of metallic end
fittings and flanges, bridged by a fibre reinforced polymer (FRP), typi-
cally using carbon or glass (E-glass [1]) fibres. Specific to this design is
the ability to keep weight down, with a typical carbon fibre reinforced
polymer (CFRP) density two times and 5 times lower than aluminium
and steel respectively [2]. This is all whilst maintaining the necessary
torque carrying capabilities through the metallic ends. These weight
savings can range from 10 % to 81 % compared with traditional metallic
shafts [3,4,5,6,7]. Hybrid can also refer to differing reinforcements in a
single composite layer; both uses of the term are employed in this article.
With CFRP increasingly replacing traditional metallic driveshafts in
aerospace, as well as studies suggesting they can be used for gas turbine
engine components with active cooling [8] and without [9], it is vital to
exploit these materials to their full potential and limits. There are studies
for ultralight aircraft using CFRP/metallic hybrid driveshafts connecting
piston engines with axial flow fans, where weight-saving is imperative
[10], however, literature on composite/metallic hybrid driveshafts
often focuses on the automotive industry, where the introduction of a
composite to the metal eliminates the need for a two-piece drive-
shaft commonly needed due composite’s higher specific elastic modulus

* Corresponding author.

[11]. A two-piece metallic driveshaft often involves three universal
joints, a bearing, and a bracket, all of which are susceptible to damage
from excess vibration and cause significant weight gain. Furthermore,
an increase in length that a two-piece driveshaft inevitably gives, leads
to a significantly lower whirling speed RPM, which is inversely pro-
portional to shaft length [12].

This review article explores the opportunities and challenges of
several key areas associated with the design and application of hybrid
driveshafts including composite windings, coupling design, interfacial
integrity and the influence of corrosion, moisture absorption and ther-
mal expansion. Mechanical testing under torsion and analysing prop-
erties from torsional strength to natural frequency will be discussed. It
will explore how the composite/metallic interfacial integrity varies
under sub-zero and elevated temperatures, building on a review by
Zhao X et al [13]. Table 1 provides an overview of the different source
materials used in compiling this article, providing details of discipline,
material, research purpose and major findings split across five cate-
gories: windings, couplings, interfacial integrity, corrosion and immer-
sion and, coefficient of thermal expansion. All driveshaft studies
involved full scale testing unless otherwise stated.

Whilst work on these hybrid composite/metallic driveshafts has
increased in recent years, focus on combining hybrid driveshaft research
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Table 1

Details of sourced research material.
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Source Discipline Material /Geometry Purpose Major findings
Driveshaft Design: Windings
Poul R et al [10] Aerospace Material: Compare traditional aluminium and aluminium/  Aluminium shaft: Showed a medium longitudinal
Aluminium/CFRP hybrid CFRP hybrid driveshafts and assess the effect of stiffness, highest torsional stiffness, and weight, all
Geometry: the integrating high-modulus carbon (HMC) on disadvantageous.
Hollow shaft, aluminium torsional properties. Hybrid shaft without HMC showed a relatively low
flanges axial stiffness and of too high torsional stiffness.
Winding pattern: Hybrid shaft with integrated HMC: considered the
HSC [+45/0/4+45] best design.
HSC, HMC, HSC [+34/0/
+85]
Nayak et al [5] Automotive Material: To assess the effect that replacing an all-steel The CFRP shafts showed an 8.5% increase in
CFRP driveshaft with a CFRP/aluminium flange shaft average torsional strength whilst weighing 60%
Geometry: would have on torsional strength. less. SEM imaging suggested that resin rich areas
Hollow shaft, aluminium and outer-surface cracking led to a lower torsional
flanges strength.
Winding pattern:
[85,/+45,/255]5
Tariq M et al [14] Aerospace / Material: To discover how outer winding layer orientation ~ Helix and hoop winding layer addition led to an
Automotive CFRP and number of layers in total effects torsional increase and decrease in torsional strength,
Geometry: properties. respectively. An increase in layers lead to a
Hollow shaft decrease in maximum angle of twist. Torsional
Winding pattern: stiffness increased with number of layers,
[0/4+45], regardless of type. Helix layer offered greater
stiffness addition than hoop.
Sun Z et al [15] Aerospace / Material: To assess how ply angle and thickness affects Natural frequency decreased on average 63% and
Automotive CFRP natural frequency and damping, whilst damping increased with an increase in ply angle
Geometry: comparing how the addition of metallic flanges from 15° to 65°. The addition of metallic and
Hollow shaft, metallic flanges ~ to CFRP and whether the flange is glued or embedded flanges reduced the natural frequency
Winding pattern:[ embedded affects these also. over this range. Natural frequency decreased by
(15-65)(1 —6)/902] 21% and damping also decreased over a ply
decrease of 4.2 mm to 1.2 mm. The addition of
metallic flanges reduced the natural frequency by
34%.
Prasad AS et al [16] Automotive Material: Optimal stacking sequence to meet static torque ~ The torque bearing capability of the E-glass
E-glass/Epoxy composite and bending natural frequency design composite shaft out-performed the steel shaft by
Geometry: specifications. 75%. It was also found to withstand 10.5% greater
Hollow shaft, metallic flanges buckling torque, 25.7 % higher stiffness and 25 %
Winding pattern: higher natural frequency.
[15/454.7/+75/90]s
Sevkat et al [17] Automotive Material: To investigate the effect that torsional strain-rate ~ The results suggested that if carbon was used in

Tariq et al [3] Aerospace /

Automotive

Driveshaft Design: Couplings
Labergeetal [18,19]  Aerospace

Gauntt et al [20] and
Waller et al [21]

Aerospace

E-glass/carbon combined
reinforcement composite
Geometry:

Hollow shaft, metallic
flanges, hybrid
reinforcements in separate
layers

Winding pattern:

[-45/+45]
Material:(E-glass-carbon,
aramid-carbon)

composite

Geometry:

Hollow shaft, metallic
flanges, hybrid
reinforcements in same layer
Winding pattern:
[90/+45],

Material:

CFRP and steel
Geometry:

Sinusoidal composite
webbing in bull gear.

Material: CFRP (BMI or
Epoxy)

and steel

Geometry:

and lay-up sequence on torsional behaviour.

To investigate the torsional performance,
chemical reactivity, hardness, and density and
compare to a pure carbon fibre counterpart.

To determine the performance of hybrid gearing
with respect to torque, temperature and
vibration. [19] also studied stepped composite
thickness change over radius.

Composite layup sequence effect on vibration
properties of the hybrid gear [20]. Effect of resin
type (BMI vs Epoxy) on composite’s ‘oil-off’
performance and compression strength [21].

layers with high shear stress, a higher torque could
be achieved. Using glass in the outer layers offered
a higher maximum twist and therefore ductility. A
higher loading rate showed a decrease in twisting
angle but with maximum torque staying largely
the same, it concludes that very high torsional
speeds of 5°-sec’’ do not jeopardise torsional
strength.

The addition of glass and aramid fibres decreased
torsional properties by 43% and 23% respectively.
No degradation of the shafts was found after saline
submersion, but carbon-aramid shafts showed
21% weight loss after acidic immersion. Hardness
increased 40 HV with the both reinforcement
additions over carbon-only. The carbon-aramid
shaft showed the greatest weight saving at 10%.

Maximum torque response: up to 27100 N-m,
reducing weight by 4.5 kg. Vibration saw little
change across both designs, aside from small
variations at specific powers. No change to overall
thermal behaviour of the gearbox initially, but for
[19], the temperature difference between fling off
and oil inlet was 2 °C to 5 °C higher. Measurements
taken between lobes showed 50% more strain,
decreasing with increasing composite step number
from the inner radius.

Natural frequencies similar across all composite
types, but up to 23.5% below the steel gear for
some modes. Weight loss over the all-steel gear:
14.7% to 18.4% [20]. Over 204 °C, BMI resin
offered the highest compression. Pitch-based

(continued on next page)
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Table 1 (continued)
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Source

Discipline

Material /Geometry

Purpose

Major findings

Kim et al [22]

Lee et al [23]

Choi et al [24]

Henry et al [25,26]

Interfacial Integrity
Kim et al [27]

Alves et al [28]

Carbas et al [29]

Jimenez-Vicaria J et

al [30]

Amraei et al [31]

Aerospace /
Automotive

Automotive

Aerospace /
Automotive

Aerospace/
Military

Automotive

Aerospace/

Automotive

Aerospace

Civil

Civil

Sinusoidal composite
webbing in bull gear.

Material:

CFRP and steel

Geometry:

Scarf joints, Single and
double lap joints:

Circular

Hexagonal

Elliptical

Material:
CFRP/aluminium/

Steel

Geometry:

Hollow shaft with splines on
outer diameter at either end,
connecting to steel flanges
Testing scale: reduced
Material:

CFRP and steel

Geometry:

Single lap joints:

Circular

Triangular

Tetragonal

Pentagonal

Hexagonal

Elliptical

Material:

[25]: CFRP

[26]: CFRP/Steel

Geometry:

Composite tubes with interior
collar steel flanges [26]

Material:

Carbon/glass fibre
composite/aluminium
Geometry:

Hollow shaft with aluminium
inserts adhesively bonded
Testing scale: reduced
Material:

CFRP and aluminium
Geometry:Scarf joint
(plates)

Material:

Metal laminate modified
CFRP
Geometry:Single-lap
(plates)

Material:

CFRP and steel
Geometry:Double-strap joint
(plates)

Material:

CFRP and steel
Geometry:[25]Single and
Double-sided join
(Plates)

Tested the torque transmission capabilities of the
following geometries: circular and circular with
scarf single lap, circular and circular with scarf

double lap, hexagonal and elliptical single lap.

Looked at the feasibility of designing a drive
shaft where the flanges were designed with
splines to increase their torque capabilities.

To study the effect that adhesive thickness,
interfacial geometry and stacking sequence have
on their torque transmission capabilities.

[25]: Multi-objective optimal design for
composite rotorcraft driveshafts and [26]: to find
a composite driveshaft design intended to reduce
hanger bearings and increase survivability
against armour piercing rounds.

To assess how adhesive bonding length and
insert thickness alters torque transmission
capability of a driveshaft.

To determine the effectiveness of dis-similar
adherends in scarf joints, as well as the scarf
angle effects on the joint’s mechanical
properties.

To assess the effect of adding aluminium sheets
during composite manufacture to enhance the
through-thickness mechanical properties,
creating a fibre metal laminate.

To assess how CFRP stiffness and adhesive
ductility had on bonding with steel and
subsequent failure load.

To assess how high and ultra-high strength steels
compare to mild steel when bonded with CFRP.

laminates retained a thermal conductivity similar
to that of the steel comparison: (50 to 60) W-(m-K)
!, but had a lower compression strength.
Combining both fibre types led to a balance of both
properties [21].

Hexagonal single lap joints had maximum torque
capability. Both the hexagonal and elliptical joints
had higher capabilities over circular, the circular
double lap joints had higher torque capabilities
than single lap. The scarf joints showed no
improvement in torque capabilities.

A Slip amplitude of 10 um could be achieved with a
spline aspect ratio of 0.25. The average shear
strength of the spline joint was 34 MPa, 1.5 times
higher than of a similar adhesively bonded joint
without splines. Finally, neither delamination nor
spline failure was found before buckling when
torque testing.

The static torque transmission capability of the
adhesively bonded circular single lap joint
increased as the adhesive thickness decreased. The
adhesively bonded circular single lap joint had the
largest static torque transmission capability when
the stacking sequence of the composite material
was + 25°. There was a decrease in torque
capability for triangular and tetragonal with an
increase in angle, whilst pentagonal and hexagonal
showed no clear correlation over the angle change.
For elliptical, maximum torque capability was
found at + 30°.

[25]: A reduction in bearing and lamina number in
the mid-span region had a negative impact on the
whirling and buckling safety factors respectively.
Lower fibre angles led to fibre-direction
compressive stress. The matrix with the highest
modulus of elasticity gave rise to the lightest
designs.

[26]: Higher damage influence on residual
torsional stiffness for driveshafts with higher outer
winding angles.

The torque transmission capabilities after 15 mm
bonding length saturated in general, with 15 mm
giving 4850 N-m. A 3 mm insert thickness led to
the highest capabilities of 4840 N-m.

Stress variation along the width of the bond varied
very little, and peaks were much reduced. There
was shear stress asymmetry at either bond edge
due to a variation in adherend stiffness. Ultimate
joint strength occurred at 10°, but still reduced
compared to aluminium only.

Tensile testing showed that the addition of
aluminium plating reduced instances of
delamination leading to failure, and instead more
cohesive failure. The ultimate hybrid lay-up was
found when the aluminium layers were external,
giving rise to the highest joint strength.

For longer bond lengths of 60 mm, a ductile
adhesive and stiff fibre gave more desirable results.
For shorter bond lengths of 30 mm, the inverse was
found. For example, there was found to be 49%
higher failure load with a ductile adhesive
compared to brittle.

When comparing to $700 mild steel, 960 HSS
increased maximum bond load by 29.4-29.6%,
and 1100 UHSS by 29.8-30.3%. Furthermore,
single and double CFRP sided specimens reduced
stress in the steel by 18% to 24% and 43% to 45%
respectively.

(continued on next page)
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Table 1 (continued)
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Source Discipline Material /Geometry Purpose Major findings
Al-Mosawe et al Civil Material: To assess how loading rates affect the bond There was found to be no link between differing
[32] CFRP laminate and steel between CFRP and steel and subsequent joint loading rates and local bond stresses. There was,
Geometry:Double-strap joint capacity and failure mode. however, a strong link when comparing static vs
(plates) dynamic loading in general. For example, a joint
capacity increase of 50% for dynamic loading with
a lower effective bond length. Failure was
consistently found to be in the adhesive layer,
suggesting it made the largest contribution to load
bearing.
Al-Shawaf et al. Civil Material: To assess how sub-zero temperatures of between  Results with Araldite® and Sikadur® epoxies in

(2006) [33]and
Al-Shawaf et al.
(2013) [34]

Nguyen TCetal [35]  Civil

Liu et al [36] Civil

Corrosion and Moisture Absorption
Shanhua Xu et al Civil
[37]

Ocana et al [38] Automotive

Oudad et al [39] Aerospace

Coefficient of Thermal Expansion
Wang et al [40] Civil

CFRP laminate and steel
Geometry:Double-strap joint
(plates)

Material:

CFRP laminate and steel
Geometry:Double-strap joint
(plates)

Material:

CFRP laminate and steel
Geometry:Double-strap joint
(plates)

Material:

CFRP and steel
Geometry:Double-strap joint
(plates)

Material:

Epoxy and Polyurethane
adhesive and aluminium
Geometry:

Adherend plates and dog
bone

Material:

Epoxy adhesive
Geometry:

4 mm thick layer

Material:

CFRP and steel
Geometry:

Single lap joint (plates)

—40 and 20 °C affect the bond between CFRP and
steel and subsequent bond strength and failure
mode.

To assess how elevated temperature of between
20 and 60° affect the bond between CFRP and
steel and subsequent effective bond length,
stiffness, strength, and failure mode.

To look at the short-term elevated temperature
characteristics of different composite layer
numbers.

To assess the effect that steel surface corrosion
has on the bond between it and CFRP

Effect of environment and high temperature oil
immersion on the joint and bulk adhesive
mechanical properties.

Effect of humidity and the corresponding
absorption on adhesive mechanical properties.

Investigated the effect of temperature cycles
from —20 °C to 40 °C on a CFRP/steel bond,
looking specifically at CTE discrepancy between
the two materials and how bonding performance
is affected.

both studies suggested negligible bond strength
difference after exposure, but Mbrace® Saturant
epoxy results showed a 40% decrease in bond
strength after —40 °C exposure. Most common
failure type was cohesive failure in adhesive layer,
resulting in interfacial debonding.

For temperatures between 20 and 50 °C, effective
bond length increased from 40 mm to 100 mm.
Stiffness decreased by 20% at the glass transition
temperature (Tg), 50% at 10 °C above Tg, and 80%
at 20 °C above Tg. Ultimate tensile strength
decreased between 40° and 50 °C by 10-15 and
50% respectively. Lower temperatures led to CFRP
delamination, temperatures above Tg led to
cohesive.

One-layer thicknesses led to much higher strain
than three layers. Furthermore, as temperatures
rose to 50 °C, bond strength across all layer
numbers decreased by 40%. This was explained to
be by larger air pockets in the matrix due to higher
temperatures. Also, one sheet joints showed longer
effective bond lengths than three sheet joints

It was found that as levels of corrosion increased in
the samples, failure changed from adhesive failure
to cohesive failure. Beyond this upper point, the
failure would return to adhesive failure as total
corrosion led to a peeling off effect. Ultimate load
values increased in samples with a mass loss of
15% and above (greater corrosion). Greater
corrosion also led to a more rapid decrease in shear
stress beyond the loaded end.

The epoxy adhesive showed better performance
overall after environmental exposure, with a 6%
bending and 3.5% tensile strength increase and
decrease respectively, compared to Polyurethane’s
11.8% bending and 10.5% tensile decrease. For
80 °C oil immersion, epoxy showed no bending or
tensile strength reduction after 128 h, compared
with a 50% bending and 35% tensile reduction for
Polyurethane.

There was a 58% reduction in tensile strength after
15 days, after which it remains constant as the
adhesive reached saturation. Plastic strain showed
variation after 10 days with an 18% increase,
going to 25% after 30 days. This suggested a
decrease in strength and an increase in ductility
and potentially durability with immersion.

There showed little variation in tensile strength,
elastic modulus and maximum strain compared to
the control; around 5% after 500 cycles. There was
not a significant change in tensile strength in the
T1 adhesive, but there was a 9% decrease in elastic
modulus after 500 cycles. For Tc, tensile strength
decreased by 17% and yet there was little change
in elastic modulus. The average ultimate load with
the adhesive Tc decreased by 9%. T1 showed little
change and varied less than 5%. Furthermore, the
Tc adhesive showed 1.4 times higher ultimate load
than T1.

(continued on next page)
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Source Discipline Material /Geometry Purpose

Major findings

Yoshitake et al [41] Civil Material:
CFRP and steel Geometry:

Single lap joint (plates + H-

Looked at how CTE discrepancy between CFRP
and steel affects the flexural behaviour and hence
interfacial bonding integrity when exposed to
beam) low temperatures down to —20 °C.

Deflection of a CFRP/steel strip increased under
cold temperature due to the CTE mismatch. CFRP
laminate is firmly bonded to the H-beam even
during cyclic temperature variation, and
discrepancy in the CTE of steel and CFRP is
negligible when looking at load carrying capacity.

with likely aerospace in-service conditions is limited, and the aim of this
article is to summarise findings from various engineering disciplines to
provide a knowledge base for future aerospace-based research and
development.

2. Driveshaft design: windings

The composites discussed in this article are all laminates, in that they
constitute individual layers of reinforcement and matrix, or plies. The
phrase ‘windings’ used relates to the fact that these composites are
manufactured into shape using filament winding technology, where a
continuous fibre tow is wrapped around a mandrel in alternating di-
rections. The impregnation of the fibres with resin (epoxy, polyester and
bismaleimide (BMI) [42] for example) can occur either just before
winding (wet winding), after winding, or by using prepreg materials
(dry winding) [43]. Studies on other techniques to manufacture such
composite driveshafts are rare, however, Capela et al [44] and Pater et
al [45] used vacuum bag moulding and rotary compression respectively,
with the latter claiming it as a reasonable alternative from conventional
methods. This process occurs at an angle to the length of the shape, so
that each ply may have a reinforcement at a different angle to the
transverse line and will be repeated until several layers of composite are
created.

Layer numbering usually begins at the inner-most or bottom layer.
There may exist a mid-plane line, that composite layer designs often
form symmetry about when looking at a cross section of the material
(Fig. 1) [46].

The windings can be manufactured in alternating angles to create a
material with differing material strengths in certain directions. For
example, [47] looked at how winding angles from 0° to 90° effected
varying mechanical properties of a composite tube, with results altering
depending on fibre type (carbon, aramid, E-glass); one case showed
radial deformation performance was worst at approximately 20°, 45°
and 35° degrees winding respectively, down from the optimum 0° and
90°. Furthermore, circumferential, or hoop, helix, and polar winding
layers are often used to describe different laminae orientations. Hoop is
most often used for near 90° orientations, perpendicular to the 0° axis,
and helix is most often used for + 45°, although can range from
approximately 25° to 85° to the axis rotation (Fig. 2) [48,49]. Polar
describes generally the addition of near 0° winds that extend over each
end of the shaft, or from pole to pole [50,51] removing the need for
repeat passes required with the helix winding.

Classical lamination theory (CLT), used in [10,14], is a theoretical
tool that offers a way of calculating stress and strain in a laminate ma-
terial, considering different loading conditions, as well as calculating
loads that will cause first ply failure. It uses the stacking sequence
(lamina orientations and its position in the laminate) and other material
properties [46].

It is often useful to find the dimensions of a thin hollow shaft
required to withstand a certain load. For this, and an equation (1) can be
derived from the simple theory of torsion [52], of which the angle of
twist can usefully be calculated from, and from which equation (2) can
be extracted.

T 7 GO
y a @

_z (D'-dY)
=% D 2f,,,\.# 2

For equation (1), T is the torque, J is the polar moment of inertia, 7 is
the shear stress set up at radius R, G is shear modulus, 0 is the angle of
twist and L is length of shaft. For equation (2), D is the outer diameter,
d is the inner diameter, f; is maximum allowable stress and f, is the
factor of safety.

Poul R et al. [10] compared the design of different driveshafts for
connecting a piston engine with an ultralight aircraft propulsion system
under torsion testing. The three designs included one aluminium alloy
(Al) only, and two hybrid designs with carbon fibre composite central
shafts and Al flanges. The two hybrid versions differed through the in-
clusion of a high-modulus carbon fibre layer. The Al flanges were
attached to the composite with a Spabond 345 epoxy adhesive bond,
which was also strength tested under torsion.

The Al alloy shaft allowed a comparison to a more traditional
driveshaft arrangement, where disadvantages include complicated
manufacture and difficulty in tailoring properties. The hybrid shafts
provide technical simplification despite an increase in manufacturing
steps. The lay-up of the composite sections of the hybrid shafts are
shown in Table 2. All shafts were kept to similar dimensions for
comparability, with lengths of 953 mm, internal diameters of 115 mm
and wall thickness of 1 mm.

Design of the hybrid shafts employed the use of CLT, suitable due to
the shafts’ thin walls, where equation (3) and (4), highlight the de-
pendency of the mechanical properties on carbon fibre orientation.

E,
E(0) = 7 #
E, 1/(E, .

cos*0 + E» x sin*6 + 1 (Gx) — 2vx)> x sin*(26) 3

E

G(O) = :
E, E. E 4
<l +2vy + E) - (1 +2vy + E ny) x cos*(26) Q)

where E is the Young’s modulus of the composite, G is the shear modulus
of elasticity, vy, is the poisson’s ratio and 6 is the angle between fibre
direction and chosen axis of material. Subscript x represents the longi-
tudinal properties, or 0° and 180° to reinforcement and subscript y
represents the transverse properties, or 90° and 270° to reinforcement.
All shafts were tested with a torsional moment, with the hybrid shaft
designs expected to withstand 500 N-m. CLT software, LamiEx V3, was
used to calculate stresses, deformations and effective moduli of elastic-
ity, and Puck’s failure criterion [53] was applied on calculated stresses
to check if failure occurs when maximal torsional moment is applied.
One of the goals of the study was to design a shaft with a low enough
torsional stiffness to require the lightest metallic couplings possible, and
so bending and torsional stiffness of all shafts was then calculated using
these values, results for which are given in Table 3. It concluded that
with a medium longitudinal stiffness, highest torsional stiffness and
weight, the Al shaft lost out to the hybrid shafts overall. Version 2
showed relatively low axial stiffness but had a torsional stiffness that
was too great, and therefore version 3 was the preferred shaft design.
Here, while the HMC provided greater tensile stiffness, it resulted in a
lower torsional stiffness. This is because when HMC fibres are all
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Fig. 1. Stacking sequence and nomenclature, .
adapted from [46]

Fibres

0° Axis “

Fig. 2. A) Hoop winding b) helix winding.

Table 2
Layup of the composite sections in the hybrid driveshaft versions 2 and
3; high strength carbon (HSC) and high-modulus carbon (HMC), .

Shaft Version Lay-up
2 HSC [+45/0/+45]
3 HSC, HMC, HSC [+34/0/+85]

adapted from [10]

oriented in the direction of the tensile load, the composite stiffness is
entirely dependent on the stiffness of the fibres. However, when looking
at the torsional effect, the stiffness is dependent on a combination of
properties from both the fibre and matrix and the interaction between
them.

Nayak et al. [5] studied the effect of replacing steel with CFRP and
aluminium flanges in an all-terrain vehicle driveshaft. Torsional
strength was assessed and compared between the two and failure
mechanisms of the CFRP shaft were identified with SEM micrographs.

The CFRP matrix was epoxy resin, with the carbon fibres arranged in
a winding pattern of [855/4+455/255]s, with the composite manufac-
tured using filament winding technology [46].

Composite Structures 320 (2023) 117203

Mid-surface plane

For torsional testing, metal inserts were bonded to the shaft using
Araldite® AV 130 M adhesive, replicating the aluminium flanges which
will transfer the torque to the engine via splines attached. A constant test
rate of 0.5°esec’t was used. The results from the CFRP shaft suggested an
8.5% increase over steel shafts in average torsional strength; increasing
to 1770 N-m from 1630 N-m. Added to this the CFRP shaft had a weight
saving of 60%, leading to a far superior strength to weight ratio of 2212
N-m-kg ™! compared to 652 N-m-kg ! for steel.

SEM imaging (Fig. 3) revealed that there was good matrix coverage
on fibres in general with delamination determined as the main reason
for failure, although evidence of resin rich areas and outer-surface
cracking was found that would likely have led to a lower torsional
strength.

Tariq M et al. [14] investigated how outer layer orientation effected
the torsional properties of hollow composite shafts. Inner layer orien-
tation and number of layers was also investigated. Maximum torque,
torsional strength, torsional stiffness, angle of twist, and hardness were
investigated. The different outer winding layers included hoop and
helix.

Three shafts were designed through computer-aided design, with a
length of 300 mm and an internal diameter of 20 mm. 12 K carbon fibre
tow was used with fibre diameter at 7 um to 8 um. The lay-up design was
an alternate sequence of 90°-to-axis hoop and + 45° helix layers. This
decision was based on the fact that when torque is applied to a shaft,
shear stresses are produced in fibres at 45°. The alternate sequencing
was to maintain structural stiffness, circumferential strength, and shear
strength. The shafts A, B and C have their details listed in Table 4.

The testing involved measuring the maximum torque that each shaft
could withstand and the angle of twist at rupture, done by clamping on
the shaft end whilst torque was applied on the other. The results of the
testing are approximately summarised in Table 4. The test results
concluded that, firstly, Sample B had the greatest torsional strength,
followed by Sample C at 27% less and Sample A at 69% less. This was
explained to be because of the increase in thickness and the extra helix
winding layer. This contrasts with Sample C as it has a lower strength yet

Table 3

Calculated mechanical properties of all shafts, .
Mechanical Axial Young’s modulus  Transverse Young’s Shear modulus of Axial stiffness Torsional stiffness Mass
Property (GPa) modulus (GPa) elasticity (GPa) (Nemm?) (Nemm?) (®)
Al alloy only 73.0 73.0 28.0 4.4 x 10'° 3.3 x 10%° 1564.0
HSC/epoxy 63.8 9.8 21.5 4.3 x 10'° 2.9 x 10%° 923.0
HSC + HMC/ 182.7 39.0 1.1 x 10™ 5.9 x 10° 916.0

epoxy

adapted from [10]
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Fig. 3. SEM imaging showing a) resin rich areas but generally good fibre coverage and b) surface cracking [5].

Table 4
Torsional characteristics of different samples, .

Sample ID No. of Layers Outer Layer Type Layer Orientation Torsional Strength (N-m) Torsional Stiffness (N-m-rad ") Hardness (Hv)
o°

Sample A 3 Hoop [90/+45/90] 86 380 315

Sample B 4 Helix [90/445/90/+45] 205 880 380

Sample C 5 Hoop [90/+45/90/445/90] 148 980 315

adapted from [14]

higher thickness and was explained to be due to hoop winding offering
less resistance than helix winding, leading to increased thickness
without the increase in shear stiffness required. Secondly, angle of twist
data shows a correlation between thickness and the amount of twist; that
is, the greater the thickness the smaller the angle, and hence the higher
the stiffness. Next tested was torsional stiffness, which is described as
‘the ability of a material to resist deformation and particularly in case of
shafts, it’s resistance to rotation’. The equation (5) used for torsional
stiffness, k, is as follows:

T
k= ®)

where T is the torque and 6 is the angle of twist. Sample C showed
torsional stiffness 11% more than Sample B and 62% more than Sample
A, again explained by the increased stiffness due to the increased
thickness. It was determined that adding a helix layer offered the biggest
positive affect at 57%, compared to a hoop layer’s 11% when consid-
ering individual contribution to torsional stiffness that the different
layers had. Montagnier et al [54] supported this, suggesting + 45° plies
should be used in order to maximise torque resistance.

Further testing to determine the hardness of each shaft was carried
out using the Vickers hardness testing. From the results, Sample B
showed the greatest hardness in the helix winding outer layer, compared
to the hoop winding in the other two samples. This was found also by
Gupta et al [55], where natural fibre composites oriented at 45° gave
the highest hardness results. The other two samples showed equal
hardness, highlighting the direct link between winding pattern and
hardness.

The addition of hoop winding is, however, crucial for the circum-
ferential structural integrity, suggesting hoop winding should be left
included in a shaft design when buckling strength is the main concern.
This becomes apparent when looking at equation (6) [56], which rep-
resents critical buckling torque T, in an orthotropic thin-walled tube,

that is significantly affected by hoop stiffness:
L3
T = (227) (0272)(EE) (5) # (6)
I

Where E, and E, are the stiffness modulus in the axial and hoop di-
rection respectively, t is the tube thickness and r is the mean radius. This
is supported by [57], which utilised a [45/-45/0/6], stacking sequence,
and included a mix of glass and carbon fibres in the following layup: [G/
G/C/G]. The shaft was 1730 mm in length and had a mean radius of
50.8 mm. Here, the best-case shaft layup for buckling torque was found
in modelling to include a hoop outer layer, with increases over a 45°
outer layer of approximately 38%. This was explained to be due to
0° (polar) fibres increasing axial strength, and 90° fibres increasing
hoop, and therefore shear buckling strength. Furthermore, [58] looked
at a glass-fibre wrapped aluminium shaft, with a metallic inner diameter
of 40 mm, 1 mm thickness and 300 mm length. For all three FRP
thicknesses tested (1 mm, 2 mm, and 3 mm), it was suggested here also
that buckling torque capability reduced as the outer orientation layer
reduced from 90° to 45°, with [54,59,60], suggesting hoop plies should
be used far from the middle surface to maximise torsional buckling
torque capability. The studies [56,61,62] also present data agreeing that
using 90° ply orientation in carbon and graphite fibre composite
driveshafts more generally can increase their buckling torque limit over
45° by 14.5%, 52.5% and 59.4% respectively.

Outer helix winding could then be deployed when tasked with
increasing thickness for improved stiffness, although Tariq et al [3], as
mentioned later, contradicts this.

Sun Z et al. [15] investigated the natural frequency and damping of
CFRP driveshafts, focussing on assessing the effect of ply angle and
thickness, whilst comparing drive shafts with and without metal flanges,
with and without the flange transition zone and comparing flanges that
are both glued and embedded using filament winding. A design tech-
nique was proposed to mitigate hidden dangers such as fatigue and high
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hydrothermal characteristics found during operations [63,17]. This
work stemmed from the lack of research into natural frequency and
damping properties of CFRP drive shafts with flanges and looked to
validate the use of finite element analysis (FEA) in accurately modelling
and predicting the natural frequency of CFRP tubes.

FEA and pulse vibration excitation technique (PVET) was used to
compare the drive shafts’ natural frequency and damping response at 12
different ply angles and thicknesses, with and without flanges.
Furthermore, to simulate a composite tube for FEA comparison and
validation, the flange and transition area were cut away to create
specimens. Finally, the effect of the transition area on the CFRP drive
shafts was determined.

The CFRP drive shafts were manufactured using filament winding
technology, where layer thicknesses was 0.3 mm. The outermost layer
was wound at 90° (hoop) for radial tension. Each flange was directly
integrated into the CFRP tube during winding. FEA modelling ignored
the transition zone complexities and instead assumed a uniform fibre
angle. Experimentally, a free-free modal test was used, PVET, where an
impulse hammer impacted points along the shaft, with vibration re-
sponses detected by an accelerometer.

FEA suggested the natural frequency of CFRP tubes decreased by
62.71% with an increase in ply angle from 15° to 65°. Results from PVET
showed a 63.35% decrease with an increase in ply angle from 15° to 65°.
These results (Fig. 4) suggested a high importance of ply angle on nat-
ural frequency, but also that the FEA results were valid.

When comparing with or without a flange, a reduction in the natural
frequency was found but with no influence on the relationship between
natural frequency and ply angle. The small difference in FEA and PVET
was explained by the omission of a transition zone in the FEA.

PVET determined that the larger winding angle, the shorter the vi-
bration period and hence the greater the damping. Moreover, measured
natural frequency showed to be only slightly lower than calculated
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Fig. 4. A) Changes in natural frequency with ply angle. x0. cfrp by fea, x1. cfrp
drive shaft by fea, x2: cfrp drive shaft by filament winding technology by pvet.
b) changes in natural frequency with thickness. x0: cfrp tubes by fea, x1: cfrp
drive shaft by fea, x2: cfrp drive shaft by pvet [15].
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natural frequency by theoretical formula, indicating that the transition
area did not affect the natural frequency.

Number of plies included 14, 12, 10, 8, 6 and 4. FEA was used to
calculate vibration modes, and the CFRP tubes’ natural frequency
decreased overall by 20.53% over the ply decrease from 4.20 mm to
1.20 mm. Likewise, CFRP drive shafts with flanges had a natural fre-
quency decrease of 33.79% over the ply decrease from 4.20 mm to 1.20
mm (Fig. 4). When comparing this with ply angle, ply thickness has a
greater influence on natural frequency: 33.79% compared to 20.53%.
PVET results showed a similar trend with a deviation of 7% due to
omission of damping factor and transition zone.

As before, impact acceleration suggested that the greater the winding
thickness, the higher the damping. Other studies [64,65], however,
reveal the positive effect of thinner ply thickness on shaft characteristics
such as fatigue life and ultimate strength, with thinner plies being up to
150% stronger. Therefore, a compromise between damping character-
istics, fatigue life and strength must be found in the development of
future driveshafts.

Prasad AS et al. [16] looked at the design of a two-piece E-glass/
Epoxy composite driveshaft with integrated metallic joints for automo-
biles, choosing an optimal stacking sequence to meet design specifica-
tions of static torque capability and bending natural frequency. A
comparison was then made to a more standard mild steel-only shaft.

The composite shaft with metallic joints was designed with a torque
capability of 1500 N-m, similar to the steel shaft with equal dimensions
of length and outer diameter. The simple theory of torsion [52] and
hence it’s derivative for a hollow shaft (equation (2)) were used to find
the angle of twist and inner diameter respectively. The natural fre-
quency, fn was determined using equation (7), where E is elastic
modulus of the E-glass/Epoxy, I is moment of inertia, m is mass of shaft
and L is length of shaft.

EI
ﬁz:azxwﬁ )

Two common stacking sequences were first suggested: [90/+15/
+54.7/+75/90];, and [90/0/+45/0/+45/90]s, before the stacking
sequence [15/+54.7/+75/90]s was chosen; an omission of a 90° hoop
layer was explained to be for the overall thickness to be below 9.5 mm to
have an equivalent torsion to the steel shaft, since the shear modulus of
fibre reinforced composites are lower than steel [66,67]. The shaft was
manufactured using filament winding technology, and the thickness of
each layer respectively was 1.2 mm/1.2 mm/1.2 mm/0.5 mm.

The overall weight and thickness decreased when using glass epoxy
by 38% and 36.6% respectively, decreasing the sprung mass and
reducing vibrations and fuel consumption. The torque bearing capacity
of the composite driveshaft was increased by 75% when directly
comparing to the steel shaft. Moreover, the composite driveshaft was
found to withstand 10.5% higher buckling torque, with 25.7% higher
stiffness and 25% higher natural frequency than the steel shaft.

Sevkat et al [17] investigated the effect that both lay-up sequence
and torsional strain-rate have on the torsional behaviour of hybrid
reinforcement composite driveshafts.

Both carbon fibre (C) and E-glass fibre (G) were used as re-
inforcements, with all three test shafts consisting of two glass and two
carbon fibre layers, at a winding angle of [-45/445], with an epoxy
matrix. The shafts had the following layer orders from inner to outer
diameter: [G/C/G/C], [C/G/C/G] and [C/C/G/G].

For torsion testing, square steel tubes were attached at either end of
the composite shaft using an interference fit, with the steel having inner
dimensions equal to the outer diameter of the composite tube. This
‘gripping’ method was at first tested on aluminium/glass fibre shafts in
this same study, where 1500 Nem was achieved; maximum torque of the
composite shafts was predicted to be in the range of just 150 Nem to 200
Nem, so this technique was approved.

For the static testing of different stacking sequences, a test rate of
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Table 5
Stacking sequence effect on max torque and twist angle tested at 0.1°/s, .

Stacking sequence Maximum torque (N-m) Maximum twist angle (°)

G/C/G/C 175 5.24
C/G/C/G 155 5.52
C/C/G/G 145 5.9

adapted from [17]

0.1° s~} was used. To assess the effect of loading speed, the standard 0.1°
s~! was compared with 5°s7 .

The results of altering the stacking sequence are highlighted in
Table 5. During the tests, shear stress decreased linearly radially, with
the highest stresses near the surface and none at the centre. Results
suggested that if carbon fibres were used in layers with high shear stress,
such as the outer layers, a higher torque could be achieved. Using glass
fibres in these outer layers offered a higher maximum twist and there-
fore ductility. This is because while carbon fibres are stiff, they are also
brittle, and so while torque resistance increases with carbon fibres,
ductility is reduced [68]. This effect is reinforced by [69], that looked
similarly at a hybrid reinforcement of carbon and E-glass fibres using
ANSYS modelling. Here, a carbon fibre layer was introduced to replace
one of the four E-glass layers in an automobile driveshaft, moving from
inner to outer diameter. As this occurred, there was a very small nega-
tive effect on torsional shear stress (+0.56%), and a positive effect on
strain (-21.70%) and buckling torque (+26.00%) capabilities. These
results open the possibility of adjusting stacking sequences of carbon
and glass reinforcement to gain desired mechanical performance of
driveshaft.

When looking at loading speed, the 5°/s loading rate showed a
decrease in twisting angle compared with 0.1°/s across all three shaft
types, but with maximum torque staying largely the same, suggesting
very high torsional speed on composite shafts do not jeopardise their
torsional strength. This contradicts a study by Naik et al [70] which
suggested, using a torsional split Hopkinson pressure bar (TSHB), that a
high torsional speed has a positive effect on shear strength. For example,
a plain weave carbon/epoxy composite gained a 67% increase in shear
strength at 1000 revolutions per second over quasi-static loading. This
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was explained to be due to the lack of time for any damage to propagate
through the material. This discrepancy should be investigated further,
but may be as a result of TSHB testing errors due to the various as-
sumptions that need to be fulfilled in order for the test to be represen-
tative [71].

Tariq et al [3] investigated the torsional performance, chemical
reactivity, hardness and density of a composite driveshaft, manufac-
tured utilising different individual fibre reinforcement types in each of
the layers, rather than individual reinforcement changes across layers,
where results could then be compared to a pure carbon fibre
counterpart.

The different reinforcement mixes included carbon/glass and car-
bon/aramid, and a comparison was made between room and high
temperature cured epoxy, Epolam 2040 and Araldite® 564 respectively.
The use of aramid fibres, or commonly Kevlar®, is being seriously
considered in future aerospace endeavours for its high strength,
modulus and temperature capabilities [72]. The Araldite® was cured at
150 °C. Using validated FEA in ABAQUS, an ideal lay-up was decided
upon, as it was found that adding a + 45° helix rather than a 4 90° hoop
layer enhances torque by 75% to 85%, and that helix layers provided
30% to 40% more torsional strength when on the surface than between
thicknesses. Also, alternating sequences in layers gave 30% to 40%
greater torque compared with an agglomerated sequence of layers. As a
result of this, a [Y/X/Y/X/Y] sequence was chosen, where Y indicated
helix, and X indicated hoop layers. In total, six shafts were manufac-
tured, with pairs of each reinforcement type, each cured at either room
temperature (RT) or 150 °C.

Test procedures included torque testing for maximum torque using
ASTM E-143, Vickers hardness testing using ASTRM E-384, density
measurements using a water displacement method and ASTM D792-13,
chemical reactivity testing through submerging the samples in both
3.5% saline solution and 98% H»SO4 and measuring dry weight change.

Torsional testing results are shown in Fig. 5. Glass and aramid fibres
decreased torsional properties by 43% and 23% respectively compared
the carbon fibre composite condition. Furthermore, RT cured epoxies
gave improved torsional properties of between 8% and 17% for all three
shaft compositions.

No degradation of the shafts was found after saline submersion, but

Bl Room Temperature Cure
[ 150°C Cure

Carbon Fibre

Carbon Fibre + Glass Fibre

Carbon Fibre + Aramid Fibre

Sample Condition

Fig. 5. Torque values for 1) Carbon fibre 2) Carbon fibre + Glass Fibre 3) Carbon Fibre + Aramid Fibre, with either a room temperature or 150° cured resin, .

adapted from [3]
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carbon-aramid composite shafts showed 20.8% weight loss after acidic
immersion, as opposed to carbon fibre only, losing just 6.2%. Both
values were with RT cured epoxy, performing worst overall. This poor
performance of the carbon-aramid shafts can be explained by the acids
leading to hydrolysis of both the epoxy and the aramid fibres [73]. Up to
an 83.4% reduction in the tensile properties of an aramid fibre rein-
forced polymer after 288 h immersion in a 30% concentration sulphuric
acid was found in [74], and suggested that whilst a tensile reduction was
slower in saline water, it does occur after an extended period of time.
Similar results were found in [75,76] but suggested a higher impact from
saline water. The shafts with hybrid reinforcement appeared more
resistant to mechanical wear after hardness was seen to increase
compared to carbon fibres only from between 12.0% and 14.7% for glass
fibre and aramid fibre respectively, with the RT cured epoxies showing
the greatest hardness. Shown also in [77,78], where aramid fibre impact
resistance was compared to and exceeded carbon fibre, it was explained
to be due to the increase of ductility and extensibility in the aramid fi-
bres. Finally, the carbon-aramid shaft showed the greatest weight saving
at 10%, with the specific strengths as follows in Fig. 6. Whilst it was
found that carbon only shafts had superior specific strength values, it
can be recommended to use these aramid fibres in certain applications
due to their lower weight overall and more significantly their lower cost.

Henry et al [25] looked at a multi-objective optimal design for CFRP
rotorcraft driveshafts. For example, traditional metallic helicopter
drivelines utilise several segments, held together by couplers and hanger
bearings. A simpler, composite driveline would require fewer or none of
these parts, and so in conjunction with other design variables such as
stacking sequence and laminae number, the following failure criteria
were looked: overheating, whirl instability, torsional buckling and ma-
terial failure. The design goals of lower mass and higher factor of safety
were then set.

Results concluded that a reduction in bearing and lamina number in
the mid-span region had a negative impact on the whirling and buckling
safety factors respectively. Lower fibre angles led to fibre-direction
compressive stress. The matrix with the highest modulus of elasticity,

150 I
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EPON 862, used in conjunction with AS4D-GP-12 K carbon fibres, gave
rise to the lightest designs, eliminating one bearing. The mass reduction
in this case was 15.15 kg relative to the original mass of 31.3 kg in a UH-
60 Blackhawk case study [79], which used a majority aluminium
driveline and an associated set of five segments with six couplers and
four hanger bearings required.

Henry et al [26] then looked at how 7.62 mm and 12.7 mm diameter
incendiary rounds impacted the residual strength and stiffness of a
CFRP/Epoxy driveshaft, and how this was affected by layup.

Two layups were compared, with differing orientations, thicknesses,
and fibre volume fractions (Table 6). The two composite driveshafts had
alength of 1420 mm and a 76 mm inner diameter. They were adhesively
fastened to the test frame with steel insert flanges. The projectile target
was centre to the length of the shaft, and such that it would pass through
the outer radius of the shaft. This ‘cut’ was at 45° to the gun barrel. The
7.62 mm and 12.7 mm rounds had a target velocity of 762 mes™! and
487 mes™! respectively..

Whilst, for 12.7 mm rounds, the stiffness was found to be equal
across shafts at 13%. It was found, for 7.62 mm rounds, that there was
higher damage influence on residual torsional stiffness for shaft 2, at
17% compared to 21% for shaft 1. There were two possible reasons
found in previous literature that explain this reduction: larger fibre
angle differences between lamina (85° to 30°) [80] and higher fibre
angles having lower typical residual strength after impact [81]. The
more flexible shaft 1 also propagated less delamination perpendicular to
the line of the projectile compared to shaft 2.

Table 6
Composite driveshaft properties, .
Shaft 1 Shaft 2
Layup [+40/+303/+353] [+85/+30/+35/+40]
Polar moment of inertia (mm®*) 1.43 x 10° 6.72 x 10
Fibre volume fraction (%) 50 65

adapted from [26]
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Fig. 6. Specific strength values for 1) Carbon fibre 2) Carbon fibre + Glass Fibre 3) Carbon Fibre + Aramid Fibre, with either a room temperature or 150° cured resin,

data .
adapted from [3]
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3. Driveshaft design: couplings

The emergence of hybrid composite/metallic driveshafts has its
obvious advantages through weight savings, as well as leading to an
improved strength to weight ratios, as seen in [5,16,82,83]. For certain
components of these driveshafts, however, it is essential they remain
metallic due to the difficulty in manufacturing composite parts able to
directly transfer torque [84]. An example is this coupling type between
shaft and flange, which in accessory drives of aeroengines are often
connected via involute splines (Fig. 7) [85] along the outer diameter of
the shaft insert, to the flange, also mostly metallic, which has female
splines in order to accept the torque. Whilst composite replacement for
steel in high stress regions in gearing, like the teeth, is beyond current
composite material capabilities, the flange and other intermediary
stages (bull gears, planet gears and planet carriers for example [86])
between shaft and gearing have seen composite/steel hybridisation, and
are in early-stage development [18]. Weight improvements in this re-
gion could lead to even more dramatic weight losses compared to just
the hybridisation of driveshafts, whilst reducing noise from the inter-
ruption of vibration transmission. The importance of this could be linked
with proposed future turbofan designs that lean towards planetary
gearsets [87,86], where the weight reduction from fewer stages may be
offset by the introduction of the gearbox.

The spline couplings are found also in the torque introducing end
fittings, fitted either in or on both ends of the composite shaft, often
through an adhesive or, more recently, a spline interference/press fit
[88,89] (Fig. 8), allowing the composite shaft to withstand both
torsional and axial stresses. The techniques used to attach these inserts
to the composite shaft vary, and studies have attempted to optimise this
feature using different metal interface shapes [24,22,90] bond thick-
nesses [24], composite layups [24] and join types [23]. More often,
however, a circular shape is used when studying the adhesive bond for
simplification.

Testing of these interface types often deploys variations of the single
lap shear test, in which two materials are adhesively bonded to each
other in parallel and a horizontal force applied. The variations in testing
are shown in (Fig. 9). Both single and double lap joints offer identical
failure modes, and differ only in giving different ultimate loads, CFRP
strain distributions and interfacial shear stress distributions of the
bonded interface [91].

The following also builds upon the review of adhesively bonded
composite tubular joints by Parashar et al [92].

Laberge et al [18] looked at the validity of composite hybridisation
of the couple between driveshaft and bull gear in rotorcraft. Much of the
assembly continued to be gear steel, but included an adhesively sealed
composite webbing section (Fig. 10), connecting inner driveshaft
coupling to the outer bull gear teeth. This composite webbing consisted
of three sections, the centre of which transferred torque via a sinusoidal
interface from shaft to bull gear. This section is then held in place by the
further two composite plates. This design was found to be 20% lighter

Steel splines
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Fig. 7. An involute spline on the outer diameter of an insert for a compos-
ite shaft.
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Steel splines Composite

Fig. 8. Axial view. an example of steel splines press fitted into a composite
shaft, .
adapted from [88]

than an all-steel equivalent [93].

The composite material used a [0/+60], braided prepreg, with T-
700 SC carbon fibres and Tencate TC-250 resin. The composite and the
Cytec MTA-241 adhesive film bond layer were co-cured. The steel and
hybrid versions of the web had a thickness of 14.6 mm and 21.2 mm
respectively, chosen to have comparable bending stiffness’.

Testing involved using a high-speed helical gear rig, aiming to
replicate operationally similar conditions, using gearboxes that are
joined together with input and bull gears via driveshafts. This set up
allowed several tests to run concurrently, giving a comparison of
different gear configurations before testing, of which a double helical
pattern was decided upon to eliminate the axial load seen in single he-
lical gear systems. The testing ran at 49 °C, a conservative starting
temperature to test the new product, without risk of composite me-
chanical degradation. Previous testing had discovered failure in the
adhesive bond at 11300 N-m, and so the torque limit here was set to 40%
of this. Accelerometers were installed radially and axially, probes were
set at 90° out of phase, and thermal data was collected from thermo-
couples at gearbox oil outlet and inlets. 17 tests were run, with shaft
speed ranging from 900 RPM to 5400 RPM, torque from 5000 N-m to
58400 N-m, and power from 53 kW to 3731 kW.

Results were successful in that the hybrid bull gear tested up to 2460
kW, whilst having a weight reduction of 4.5 kg. Vibration saw little
change, apart from at 5400 RPM, between 19,300 N-m to 38,600 N-m
torque and 1233 kW to 2466 kW power, where axial vibration increased
slightly, and radial vibration decreased a similar amount. The hybrid
assembly did not affect the overall thermal behaviour of the gearbox.

Further testing by Laberge et al [19] looked at the effect of altering
the thickness over the radius of the composite section, such that the
inner radius gradually decrease thickness towards the outer diameter, by
a reduction in ply number, in a ‘stair stepped’ design. Static torsion
testing and testing in operationally similar conditions in the relevant
gearbox environment (as before) was used.

Here, the materials used were as before, however the composite
thickness began at 16.9 mm at the inner radius, progressing to 10.6 mm
at the outer diameter, comparing to a steel example as before.

Static testing was performed at 0.2° min~! until failure or max tor-
que. Digital image correlation (DIC) monitored deformation. The High-
Sped Helical Gear Train Rig was used as before, with the same 17 testing
conditions.

The torque response from the static testing showed that the hybrid
section endured up to 27,100 N-m, at which point the maximum torque
allowed by the apparatus was reached. DIC results were taken 30° apart:
either above a lobe from the intersecting metal insert, or between lobes.
Measurements taken between lobes showed 50% more strain, with this
strain decreasing with increasing composite step number from the inner
radius. For example, the 3rd composite step showed similar strain to
measurements taken ‘above lobe’. Overall, the static torsion capabilities
of the hybrid section were successfully rated up to 3730 kW, with
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Fig. 10. Bull gear assembly with a) steel and b) composite/steel webs, taken from [18].

maximum strain in the testing rig occurring in the driveshaft. Dynamics
results show similar vibration levels for both steel and hybrid designs,
aside from at 1030 kW and 1230 kW, where hybrid vibration was
slightly larger. Comparing to the non-variable composite thickness
hybrid design [18] and above 1030 kW, the temperature difference
between fling off and oil inlet was 2 °C to 5 °C higher.

Future research included recommending testing the possibility of a
blended web-shaft arrangement, leading to a further weight reduction
from lack of bonded interface. This could come about from the
advancement in technologies such as automated fibre placement,
already enabling an increase in composite structure complexity in
aerospace [94].

Furthermore, Gauntt et al [20] later studied, through modelling, the
effect of altering the composite material properties and layup sequence
on a hybrid gear for rotorcraft, comparing to the experimental results of
the previous hybrid design shown above [93], and the triaxially braided
composite hybrid gear design in [95]. Results showed natural fre-
quencies similar across all composite types, but up to 23.5% below the
steel gear for some modes. Although not optimised for weight loss,
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hybrid samples showed a 14.7% to 18.4% weight loss over the all-steel
gear. Waller et al [21] also looked at optimising the initial hybrid gear
design, mainly to allow for ‘oil-off’ conditions, where temperatures can
rise to up to 232 °C, above most FRP composites functional capabilities.
It was found that, over 204 °C, the carbon composite web using BMI
resin offered the highest compression strength compared with epoxy.
This did come with an associated increase in defects in the BMI resin, as
seen in (Fig. 11), a possible result of postcuring. This was seen as an
anomaly, specific to the ‘resin, fibres, sizing, braided fabric, and/or
processing conditions’ that were used in the work.

Furthermore, the study compared pitch vs Polyacrylonitrile (PAN)-
based fibres thermal and compression properties and found that pitch-
based laminates retained a thermal conductivity similar to that of the
steel comparison (50 W-(m-K)"! to 60 W-(m-K)'l), but had a lower
compression strength compared with PAN-based laminates. The study
then found that combining both fibre types led to a balance of both
properties, but warned that for even load sharing across plies, the
modulus of the two types of fibres should be similar.

Kim et al [22] investigated torque transmission capabilities of
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Fig. 11. Matrix cracking and delamination in BMI resin (post cure), taken
from [21].
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composite/steel bonded tubular lap joints with the following different
geometries: circular single lap, circular single lap with scarf, circular
double lap, circular double lap with scarf, hexagonal single lap and
elliptical single lap. Fig. 12 shows an example of the circular nature of
most of the lap joints in this study, a technique used to replicate shaft
conditions more closely, and the hexagonal composite geometry single
lap joint.

The samples used carbon fibre and SM45C steel, with IPCO 9923
epoxy adhesive. The dimensions of the shaft were based on equation (2),
using a torque value of 2000 N-m, the required torque for commercial
cars and light helicopters, and at 0.5°min"!. The average diameter and
thickness were 60 and 3 mm respectively, with stacking sequences of
[+15],, [£301,, and [+45],. It was suggested a smaller angle should be
used for higher natural frequencies, and a larger stacking angle should
be used for torque transmission capability, as in [58,60]. A 0.15 mm
adhesive thickness was used to balance torque capability and achieve a
reliable joining operation. The circumference of the elliptical and hex-
agonal joints were equal to that of the circular joint to ensure the same
joining areas.

The results (Fig. 13) suggest that the hexagonal single lap joints had
maximum torque capability, with similar results to that of the circular

Steel adherend

7

b)

NN

Fig. 12. 3D drawings showing cross sections of a) a circular single lap joint and b) a hexagonal single lap joint.
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Fig. 13. Torque transmission capabilities of adhesively bonded lap joints with different interfacial geometries and composite lay-ups, .
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double lap joint. Both the hexagonal and elliptical joints had higher
capabilities over circular, due to the mechanical effects of their
intruding angles into the composite material, providing a greater
interfacial contact and hence greater static friction. Furthermore, the
circular double lap joints had higher torque capabilities than single lap
due to a similar interfacial contact area and prevention of the composite
bulging from hoop stresses. Finally, the scarf joints showed no
improvement in torque capabilities.

To increase the effectiveness of scarf joints for aerospace applica-
tions, Moreira et al [96] looked at adding external reinforcements on
either one side of, or both sides of an aluminium/aluminium join. The
reinforcements consisted of 1 mm thick plate, adhesively bonded at a
thickness of 0.2 mm. It was found that adding reinforcements on both
sides led to between a 145% to 275% improvement in strength, with
scarf angles at 10° to 45° respectively. Improvements such as these
should be considered before choosing alternative fixture methods.

Lee et al [23] designed a metallic/composite automotive drive shaft
with a static torque capability of over 3500 N-m, a common goal for
passenger cars [27,6,7]. The carbon fibre composite layer in this case
was positioned inside an aluminium layer to avoid delamination from
low velocity impacts or degradation through water absorption. Here, a
flange was manufactured with splines on its inner diameter, attaching
itself to the outer diameter of the aluminium/composite shaft which
runs the length of the shaft, contrary to previous studies which used
inserts and were composite only for most of the length. Through press
fitting, grooves were engraved onto the aluminium, enabling a me-
chanical fit with the flange and torque transmission.

This highlighted the importance of correct interfacial behaviour, and
it was therefore important to find the optimal protrusion shape, with
failure predicting to occur either in stress concentrations at the tips of a
serrated, or pointed, spline design, or fretting fatigue with applied tor-
que. Stress concentration was reduced by having smoother splines in a
sinusoidal shape, where the aspect ratio of the sinusoid, hp/w, was
lowered (Fig. 14). FEA conducted on the shaft under 4360 N-m of torque
highlighted a relationship between slip amplitude and the height and
width of the splines, showing that a slip amplitude of 10 um could be
achieved with an aspect ratio of 0.25. This aspect ratio value led to a
width of 0.25 mm, and a height of 0.0625 mm. Any height taller ran the
risk of the press fitting operation failing the drive shaft due to the higher
loads required, and any width lower would create a spline too difficult to
manufacture. Splines were machined without sharp edges to reduce
stress concentrations, and a compressive stress was also added to reduce
relative movement between the steel and aluminium layers, decreasing
fretting fatigue [97].

The average shear stress, 7, of the press fitted joint was also calcu-
lated using the following equation (8) [98,99]:

a)
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where T, r and L represent the torque capability, radius and fitted length
of the press fitted joint, respectively. Here, the average shear strength of
the protruded joint was 34 MPa, 1.5 times higher than of a similar
adhesively bonded joint without protrusions [27].

The carbon fibre used was USN150 and was proceeded in manufac-
ture by a glass fibre epoxy UGN150 that was laid up on the inner surface
of the aluminium tube to protect against galvanic corrosion between the
aluminium and carbon fibre composite. The carbon fibre stacking angle
was 0° from the shaft axis for highest elastic modulus in the axial di-
rection, and four 0.5 mm plies of carbon fibre composite were used. For
the glass fibre composite, a crowfoot satin prepreg was stacked at 90°,
due to high compressive thermal residual peel stress in the thickness
direction.

Torque testing used a shortened 250 mm length of aluminium/
composite, as opposed to the full 1.32 m length designed shaft, with the
steel outer flanges on either side still. The shaft gave a maximum torque
value of 4320 N-m at angle of approximately 19°. Neither delamination
failure or protrusion failure was found before buckling, however, failure
of the protrusions on the aluminium tube were imaged at 100x (Fig. 15)
after buckling and disassembling, showing the peak of the protrusions
flattened. These were estimated to have a theoretical torque capability

. N
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Fig. 15. Microscope view of protrusions at 100x: (a) section view before fail-
ure; (b) section view after failure, taken from [23].
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Fig. 14. Schematic of a) sinusoidal spline interface in press fit joint b) sinusoidal aspect ratio h,/wy,.
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of 4360 N-m, and it was explained to be due to the buckling failure of the
aluminium tube that decreased this value to 4320 N-m.

Choi et al [24] studied the effect that adhesive thickness and stacking
sequence had on static torque transmission capability in steel/steel and steel/
composite circular joints respectively. Sample interfaces were made polygonal
to give them a partial mechanical advantage, with testing focussing on how
these shapes effected torque transmission capabilities, and how different
stacking sequences of the carbon fibre composite then gave the highest torque
capabilities for different shapes.

The epoxy adhesive used was IPCO 9923 and the steel was S45C. The
joints comprised of either an outer and inner steel adherend, or an outer
carbon fibre composite with two inner steel adherends. The polygonal
shapes included triangle, tetragon, pentagon, and hexagon. Elliptical
and circular were also tested.

Results from statically testing the steel/steel circular single lap joint
suggested that as adhesive thickness increased beyond 0.1 mm,
maximum torque decreased from a constant 190-210 MPa by 43% to
110 MPa at 1 mm. Below 0.1 mm, however, made the bonding operation
difficult, and so 0.1 mm adhesive thickness was chosen for further
testing. The results from the composite/steel testing are shown in
Fig. 16. Results from the circular single lap joint suggested that as the
stacking angle increased from + 5° to + 45° in intervals of + 5°, torque
capability initially increased to reach a peak at + 25° (information
shown at 30° for comparison to other studies), and then decreased as
stacking angle increased. The results from the polygonal composite/
steel samples are shown in Fig. 16. They suggested a decrease in torque
capability for triangular and tetragonal with an increase in angle, whilst
pentagonal and hexagonal showed no clear correlation over the angle
change. For elliptical, maximum torque capability was found at + 30°.
This disagrees with the following study [22], which suggests 45° for
elliptical. More work should be complete to gain an optimum range of
layup angles.

4. Interfacial integrity

This section looks at how changing the physical properties of the
interface affects its ability to retain functionality. These properties can
be altered directly by changing adherend material type; thickness and
stiffness; bond length; or indirectly through loading rate or temperature
change. The studies below have been taken from lightweighting exer-
cises in the aerospace/automotive sectors, and the civil engineering
technique of repairing steel structures with composite patches. While
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the latter is not aerospace focussed, these studies offer an insight into
how the interface between these materials copes after various physical
changes under stress and could help advise further research.

The testing often used for these interfaces involves strap joints
[30,33,34,35,36], a variation from lap joints (Fig. 9). Here, adhesion
between two materials is tested by splitting one material over two bars
of a different material, ensuring a gap between the two (Fig. 17). A
double strap arrangement provides a more uniform shear stress within
the bond layer and helps to avoid peel, commonly found on single strap
joint shear testing [100]. Scarf joints can also be used, enabling the joint
thickness to be maintained [101], and therefore enabling surface repairs
that do not inhibit aerodynamic efficiency [96]. With the strap joints in
this article, for both lap and strap testing, the force is applied to the
metal in tension, creating a shear load and replicating the transmission
in a hybrid driveshaft’s insert to flange connection.

The typical failure mode of a join’s adhesive interface, known as
adhesive and cohesive failure are illustrated in Fig. 18.

The effective bond length can be described as the length in which
most of the interfacial stresses are focused, maintained, and transmitted
in the adhesive layer. Essentially, increasing the bond length beyond this
would lead to no significant increase in load-bearing capacity. The
effective bond length begins forming mainly through cracking near the
applied load and shifts when the active bond zone moves to a new area
further away from the loading. This debonding continues over time until
the composite is completely debonded from the steel [102]. Any further
increase of bond length above this threshold does not lead to an increase
in bond strength [103], reported in previous studies [104,105,106,107].

Kim et al [27] studied the effect of bond length and insert, or yoke,
thickness on the static torque transmission capabilities and natural
bending frequency of a hybrid carbon and glass fibre epoxy composite
driveshaft with circular metallic inserts, as in (Fig. 12). The study
designed for torque capabilities of 3500 N-m, and for a natural fre-
quency of 6500 RPM, as is also common for automobile studies [6,7].

The stacking sequence of the hybrid composite was [(£45)16 glass/
Ocarbonl, the inserts were 6061-T6 aluminium and the epoxy adhesive
0.2 mm thick IPCO 9923.

Torsion testing was carried out at 0.1°-sec’t using a shorter test
sample to traditional driveshafts but with all parts included. The results
for both bonding length and insert thickness are shown (Fig. 19). It was
concluded that after 15 mm bonding length, torque capability begins to
slow it’s increase. At a bonding length of 15 mm, torque capability was
4850 N-m, higher than the required 3500 N-m. For insert thickness, it
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Fig. 16. Torque transmission capabilities of adhesively bonded lap joints with different interfacial geometries and composite lay-ups, .

adapted from [24]
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Figure 18 magnified view
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Fig. 17. Cross sections of the following: a) single strap joint b) double strap joint.

fmmmmmas - Composite adherend

Adhesive

RN

/
Steel adherend ™-.__

Fig. 18. Magnified single shear test showing a) cohesion failure and b) adhesive failure.
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adapted from [27]

was found that 3 mm gave the superior torque results, giving 4840 N-m.
This thickness relationship can be linked loosely to [23], where a 2 mm
metallic wrap around a similar composite shaft gave rise to a torque

value of 4320 N-m. Furthermore, [22] gains a maximum torque capa-
bility of 4398 N-m with a 3 mm steel adherend.
Alves et al [28] reported on the effectiveness of a hybrid CFRP/
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aluminium scarf joint over similar lap joints, experimentally and
numerically, the former of which will be reported here, whilst also
assessing effect of altering scarf angle on the joint’s mechanical
properties.

To ensure the study was relevant to the automotive industry’s
lightweight objectives, it used AW6082 T651 high strength aluminium
alloy as the metallic adherend, and carbon fibre. Araldite® 2015 epoxy
was used as the adherend adhesive. The composite had 20 laminae, with
a ply thickness of 0.15 mm. Testing used a scarf joint of width 25 mm, at
varying angles: 10°, 15°, 20°, 30° and 45°. The length between material
gripping points was set to 200 mm, and the testing velocity was 1
mm-min .

Stress analysis results (Fig. 20) concluded that the scarf joint per-
formed well, returning only small direct stress variations along the
width of the bond, comparatively fewer than similar single lap tests
performed [108]. The peak direct stresses were much reduced compared
to the same single lap tests, also, highlighting superior joint perfor-
mance. It was suggested that this characteristic could be useful in joints
with brittle adhesives that cannot withstand high peak stresses. There
was, however, shear stress asymmetry apparent at either end of the
bond, a characteristic explained to be due to variation in the stiffness
between both materials; the higher stiffness in the composite led to peak
stresses at the scarfed tip of the composite adherend. Mechanical results
differed between angle when looking at both stresses, but the most
significant difference occurred at the end of the bond, leading to
dramatically higher peak stresses at a 45° scarf angle.

Failure was consistently found in the adhesive, with all tests ending
due to cohesive failure.

Joint strength, Pp,, showed reduced values for an increase in scarf
angle, with strength increasing over 45° at 30°, 20°, 15° and 10° by
30.3%, 89.3%, 136.9% and 231.7% respectively, as shown in Fig. 21.
The tested angles didn’t manage to regain previous stress capabilities,
being 32.1% lower than aluminium only, and so more angles below 10°
should be tested to assess whether the join can reach or even surpass an
area with a join.

Carbas et al [29] have identified that the failure of a join between
CFRP and metal often occurs in the CFRP adherend itself through a
process known as peeling, and so have experimentally studied the effect
of adding aluminium sheets during composite manufacture in order to
enhance the through-thickness mechanical properties, creating a fibre
metal laminate (FML). This is a manufacturing process which has rela-
tively limited literature [109] compared to comparable technologies,
but is found in two major structural sections in the Airbus A380 com-
mercial aircraft in the form of GLARE, a glass fibre/aramid/aluminium
hybrid composite [110]. In this study, different aluminium surface
treatments were tested, and an optimal joint configuration was found
that gave the most resistance to peeling.

The modified CFRP used a unidirectional carbon/epoxy pre-preg of
0.15 mm thickness per ply and 16 plies in total, giving an adherend
thickness of 3.2 mm. The metallic adherend was 2024 — T3 aluminium
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Fig. 21. Maximum load in joint against scarf angle, taken from [28].

alloy, and the study compared both 0.8 mm and 0.4 mm adherend
thickness. To retain the overall material’s 3:1 by volume ratio of CFRP to
aluminium respectively, one 0.8 mm and two 0.4 mm aluminium sheets
were used. Single lap joints were created, with 95 mm length and 3.2
mm width adherend plates, 0.2 mm adhesive thickness, and a bonding
overlap of both 12.5 mm and 50 mm. Tensile testing occurred at 1
mm-min ",

The main results from tensile testing showed that the addition of
aluminium plating reduced instances of delamination leading to failure,
and instead more cohesive failure. The method can therefore be rec-
ommended for reducing peel failure (peel stresses are a major source of
delamination). Whilst this method was also found to increase weight by
15.6%, this decrease in peel strength at the overlap may be critical to
certain applications, irrespective of weight increase. The ultimate
hybrid lay-up was found when the aluminium layers were external,
giving rise to the highest joint strength (Fig. 22). FEA analysis developed
as a part of this study, using ABAQUS®, aligned well with the joint
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Fig. 22. Failure loads with a 50 mm overlap (experimental and FEA pre-
dictions), taken from [29].
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strength obtained experimentally.

Surface treatment experiments concluded that Phosphoric acid
anodizing was the best surface treatment, compared with no treatment
and sandblasting. Adhesion between dis-similar adherends was better
than between like adherends. Furthermore, there was found to be high
residual thermal stress in the hybrid joints, primarily due to the
mismatch in CTE.

Further work on FML’s can be found mostly in the aerospace sector,
with examples including ARRALL (aramid-fibre-reinforced aluminium
composite) and CARRALL (carbon-fibre-reinforced aluminium lami-
nate) [111]. Early work here includes looking at thermal residual
stresses from curing [112] in single-lap joints between CFRP/aluminium
FML’s. Results concluded that whilst there was considerable geometry
change after curing, the FML joint strength was more than 35% higher
than composite-only lap tests. Furthermore, when comparing
aluminium layer positioning, it was found that, unlike in [29], perfor-
mance in samples with just one metallic layer equalled those with two.
This naturally leads to a higher specific strength, and should be studied
further for the benefit of weight-saving in aerospace applications.

Jimenez-Vicaria J et al [30] focussed on the effect that individual
carbon fibre stiffness and adhesive ductility had on steel/CFRP bonding
under tension, and how bond length effected the failure mode. Here,
shorter bond lengths of 30 mm and 60 mm were studied compared to the
300 mm bond lengths found in previous literature of 300 mm [106,113].

The testing setup involved preparing double-strap joints, where grit
blasted S275 JR steel plates were aligned and separated by 2 mm to
replicate in-service steel fracture, as in Fig. 17. Epoxy adhesive was
applied and a single CFRP plate of thickness 1.8 mm and width 25 mm
was set perpendicular across the joint and compressed until the desired
adhesive thickness of 0.5 mm was reached. During tensile testing, a
displacement control of 0.5 mmemin~' was used, with strain gauges
attached for analysis.

Firstly, it was concluded that for longer bond lengths of 60 mm, it
was better to use a ductile adhesive (2.98% failure strain) and a stiff
fibre (183,605 MPa tensile modulus), with experimental joint strength
peaking at 63,630 N. However, the opposite was found for shorter 30
mm bond lengths, where the highest strengths were obtained with a
brittle adhesive and a less stiff fibre with joint strength peaking at
42,180 N.

Failure mode was determined to be dependent on bond length rather
than type of carbon fibre or adhesive. Shorter bond lengths of 30 mm led
to a failure mode that was consistently produced by adhesive layer
separation at the steel surface. For 60 mm, adhesive failure for both the
steel and CFRP, interfaces occurred, as well as cohesive failure.

Finally, using strain gauges along the centre line of the CFRP plates
during testing, the stress distributions of the different sample combi-
nations (bond length, adhesive and CFRP type) were identified. The
stress was calculated by multiplying the measured strains with the
modulus of elasticity of the carbon fibre composite. The results suggest
that that stress did not change considerably with changing adhesives,
but an increase in CFRP stiffness saw the peak increase from approxi-
mately 440 MPa to 570 MPa in the 60 mm samples and a peak increase
from approximately 220 MPa to 250 MPa for the 30 mm sample.

Amraei et al [31] studied the feasibility of using high and ultra-high
strength steel (HSS/UHSS) when strengthening civil structures using
CFRP. The bond between the steels and the CFRP was assessed, using
single and double-sided bonding to assess debonding load, failure mode
and maximum overall stress. The results here are useful for aerospace
and automotive industries, where higher strength steel usage is common
[114], as opposed to mild steel, which is currently the focus of most civil
studies.

Three steel types were used: S700, S960 and S1100, in conjunction
with ultra-high modulus (UHM) CFRP. Both materials were manufac-
tured into plates, using 0.4 mm thick Araldite® 420 A/B epoxy as the
bonding adhesive. Quasi-isotropic tensile testing at a displacement
control of 4 x 10°s™! was used, employing DIC similar to Fig. 26 to
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measure strain values on the plates.

Results suggested firstly that the double-sided bonding didn’t allow
debonding to occur as in the single-sided test, instead fully employing
the CFRP plate, leading to steel rupture outside of the CFRP strength-
ened region. The debonding in the single-sided test was as a result of a
combination of steel-adhesive interface failure, cohesive failure and
adhesive-CFRP interface failure. When comparing to mild steel, the HSS
and UHSS with higher yield strengths led to higher debonding loads
also, increasing the efficiency of the overall join. For example, compared
with S700 mild steel, HSS increased maximum bond load by 29.4% to
29.6%, and UHSS by 29.8-30.3%. This debonding load for Araldite®
420 when utilised for bonding the two materials was six-times higher
than the adhesive’s shear strength. Furthermore, single and double
CFRP sided specimens reduced stress in the steel by 18% to 24% and
43% to 45% respectively.

Amongst very limited studies, Jiao et al [115] also looked at very
high strength steel and its interaction with bonded CFRP strengthening.
Here, circular butt-welded tubes were strengthened with fiver layer
CFRP and Araldite® 420, and were double strap shear tested. Again,
good performance results were obtained, with the CFRP join increasing
strength up to 200% over welding alone. An effective bond length of 75
mm was found, around twice the diameter of the tube.

Al-Mosawe et al. [32] investigated how the bond between CFRP
laminate and mild steel plate in double lap joints are affected by
increasing loading rates. A comparison was made by testing at 2
mmemin~! quasi-static loading, and 201 x 10®> mm-min~}, 258 x 10°
mm-min~! and 300 x 10®> mm-min " for dynamic loading, so-called due
to their comparatively high loading rates; Hydraulics were used for the
quasi-static tests, and a drop-mass rig was used to gain the differing
dynamic loads. Ultimate joint capacity and effective bond length were
the main outcomes when comparing the strain rates in this study, whilst
also comparing low (159.4 GPa), normal (203.0 GPa), and ultra-high
modulus CFRP, the latter of which was from another study in litera-
ture. The testing was stopped either once failure occurred in the sam-
ples, or once the drop had been completed. often once the joint capacity
levelled off. The bond lengths used for quasi-static and dynamic tests
were 30 mm to 130 mm and 30 mm to 110 mm, respectively.

When analysing results, the three dynamic loading rates showed
similar results, suggesting a weak link between differing load rates and
differing outcomes, but a strong link when comparing static and dy-
namic loads in general. The results showed that the maximum joint
capacity increased 48% from dynamic testing, for example there was an
increase from 51.7 N to 107.1 N for normal modulus CFRP laminate.
Also, there was a lower effective bond length associated with dynamic
compared with static: 90 mm and 110 mm respectively. This improve-
ment after an increase in loading rate was attributed to the high shear
strength of the adhesive under high loading rates. The effective bond
length for high loading rates was found to be less than for quasi-static
loading. Ultimate strain, however, was found to be unaffected by a
higher loading rate. When looking at failure modes, it was mostly found
in the adhesive layer, or cohesive failure (Fig. 18), suggesting that the
adhesive made the biggest contribution to load bearing. This aligns with
[301], where cohesive failure only occurred in the higher bond lengths of
60 mm, suggesting cohesive failure may occur more often in higher bond
lengths. A comparison with UHM CFRP in literature [116] gave the
conclusion also that bond stress in normal modulus CFRP was higher
than with UHM CFRP, explained to be due to a higher tensile strength
and ultimate strain of the normal modulus CFRP, leading to less adhe-
sive stretch and ultimate delamination.

Al-Shawaf et al.[33,34] focussed on the effects that sub-zero tem-
peratures have on the bond behaviour of retro-fitted CFRP laminates on
mild steel. Here, testing on a double-strap joint was chosen to best
replicate this in-service by focusing on shear loads and to minimise
adhesive peeling, as in Fig. 17.

Each CFRP laminate was made up of 3 plies of unidirectional carbon
fibre composite sheets. Al-Shawaf et al [33] used a single epoxy
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adhesive, Araldite® 420 A/B, and in [34] used three versions of CFRP
with different matrices including Araldite® 420 A/B, MBrace® Saturant
and Sikadur®.

Specimens were tested at 2 mm-min ! displacement control to fail-
ure, at four different temperatures: —40 °C, —20 °C, 0 °C and 20 °C,
using a soak time of 10 min [33] to one hour [34].

The most common type of failure mode was cohesive failure in the
adhesive layer, which in these studies, as opposed to [30,32], resulted in
interfacial debonding. There were minor incidents of CFRP fibre tear
which may have indicated good steel surface preparation. Araldite® and
Sikadur® epoxies showed negligible bond strength difference after
exposure to sub-zero temperatures compared with ambient, although
the MBrace® Saturant samples revealed a 40% decrease in bond
strength after exposure to —40 °C.

Nguyen TC et al [35] looked at how the mechanical performance of
a double strap joint of CFRP/steel is affected by elevated temperatures of
between 20 and 60 °C. It again highlighted the use of this technique on
the retrofitting of composite plates onto an ageing steel structure. The
importance of this stems not from the worry about the carbon fibres
themselves, which are able to withstand very high temperatures (less
than2400 °C)[117], but from the matrix, where temperatures higher
than the glass transition temperature could lead to FRP failure.
Aerospace-grade thermoset epoxies often have a glass transition tem-
perature of between approximately 40 °C [36] to 150 °C [118].
Furthermore, traditional thermoplastic matrices such as (PEEK) can
reach up to 140 °C [119], and [120,121] suggest that a new generation
of thermoplastic polymers such as polyaryletherketone and thermo-
plastic polyimide could increase this to 250 °C. The adhesive layer is also
of concern, with a study suggesting only 22% of the initial strength of a
CFRP/Steel double strap joint is retained when heated above 60 °C
[122].

The study used Araldite® 420 adhesive with a glass transition tem-
perature (Ty) of 42 °C. It was shown that with an increase in temperature
from 20 °C to 50 °C, effective bond length increased from 40 to 100 mm
for single lamina CFRP sheets, and similar results followed for triple
lamina CFRP sheets. Stiffness then decreased considerably with an in-
crease in temperature, where a 20% reduction was seen at Tg, 50% at
10 °C above T,, and 80% at 20 °C above the T,. Strength saw a similar
drop, with ultimate tensile strength at 40 °C and 50 °C decreasing 10%
to 15% and 50% respectively.

The failure modes were examined at the different temperatures. At
lower temperatures, the joint failed through CFRP delamination. As
temperatures increased to and went above the T, failure became
cohesive due to the dramatic reduction in mechanical properties of the
adhesive at these temperatures.

Liu HB et al [36] looked at the effect of short-term elevated tem-
peratures on the characteristics of the bond between wet lay-upped
CFRP sheet and steel, and the influence of multiple layers. It examined
strain distribution along the bond length, ultimate strength, failure
modes and effective bond length.

The reinforcements were Mbrace® CF 530 high modulus carbon
fibre composite sheets, each having a thickness of 0.19 mm, and the
adhesive used was Araldite® 420.

The testing used double strap joints, which were tested at three
temperatures 20 °C, 40 °C and 50 °C, representing room temperature,
glass transition temperature and above respectively. Bond lengths were
varied from 10 mm to 120 mm. Tensile tests were performed at 2
mm-min .

The joint with one layer had a much higher strain at each tempera-
ture than those with three layers, explained to be because of shared
strains over a larger thickness. Strain in the joint for both thicknesses
decreased slightly from 20 °C to 40 °C as bond strength decreased 10%,
and significantly from 40 °C to 50 °C as bond strength decreased 40%.

Across all temperatures and thicknesses, joint failure occurred
through fibre breakage and cohesive failure, with fibre rupture occur-
ring at the joint. This was contrasted to Nguyen et al [35] in which a
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similar setup but with normal modulus CFRP was used. Differences were
explained to be due to the epoxy having a tensile strain lower than the
carbon fibres, meaning the strain limitation was defined by the matrix,
leading to matrix type failure. For high modulus CFRP, the strain limi-
tations were defined by the strain of the fibres, leading to fibre type
failure.

SEM inspection found that with increasing temperature came larger
air pockets within the matrix, likely reducing the strength of the com-
posite. The initial smaller air bubbles are often a defect of manufacture
for CFRP, where air entrapment can occur during the impregnation and
consolidation stages, or as a result of poor filament wetting [123]. The
negative impact from the air pockets on delamination in composites, and
hence strength seen in this study, is also found similarly in the following
[124,125,126,127].

Finally, the bond test showed that high modulus CFRP sheets of any
thickness generally have longer effective bond lengths at each temper-
ature, and one sheet joints showed longer effective bond lengths than
three sheet joints.

5. Corrosion and moisture absorption

When determining the efficacy of hybrid driveshafts in real world
conditions, such as auxiliary or main driveshafts in gas turbine engines,
automobile or marine transmission shafts, the corrosion of the con-
necting metallic and how this will affect the overall performance must
be fully understood. This section, therefore, highlights the ways in
which corrosion may affect the bond between a metallic and a
composite.

This corrosion work is still in its infancy with regards to driveshafts,
particularly in the aerospace sector, partly due to on-going studies
questioning an FRP’s ability to cope in water-rich environments
[128,129,130,131,132]. Here, the moisture has been found to diffuse
into the epoxies and adhesives, leading to hydrolysis, causing chain
scission leading to a decreased polymer crosslink density [133]. This in
turn leads to matrix plasticisation, micro-cracking, and voids. These in
turn have been proven above to reduce the mechanical properties of the
material, whilst also allowing corrosive liquid into metallic regions of
the driveshafts. These findings along with high temperature exposure,
where plasticisation reduces a materials T, [134], have led to few FRP
composites used in service critical regions of gas turbine engines where
water may be more common, and instead are being used as, for example,
axial driveshafts [90], slowing the research on the effects of corrosion of
these parts over time. This then has led to the addition of civil engi-
neering studies in this section [37], which looked at the retrofitting of
pre corroded metal with CFRP, bringing positives of higher load bearing
capacities and durability, whilst lowering stress concentrations. This
does, however, come with a corresponding debonding found after
repair. This information is useful still for aerospace applications, which
would benefit from the mechanical advantages, and where water
exposure over time may lead to this corroded surface post installation
and progress to similar failure.

One of the corrosion types that could be encountered includes
galvanic, commonly found at a junction between two materials in areas
of high saltwater content. Here, the cathodic CFRP has been shown to
provide the electrochemical difference required for this type of corro-
sion to occur between it and steel, reducing the service life for an ad-
hesive bond between these two materials [135,136]. This interaction
isn’t limited to steel either, and the significant use of aluminium in
hybrid driveshafts [10,17,23,27] will be subject to this type of corrosion
too [137,138]. Whilst an epoxy content of the CFRP is understood to
reduce this effect, just 1% breaks in an epoxy has been shown to lead to
an unacceptable steel loss of 0.018 mm per year [139]. A possible so-
lution to this could be the use of more glass fibre reinforced polymers
(GFRPs) in high salt areas, or as in [3,17], to add glass fibres into a
carbon fibre composite material.

The authors have studied the effect of salt corrosion on the interfacial
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strength between steel and CFRP cross sectional samples with a
microspline interface, as in Fig. 8. The testing utilised a novel, modified
‘push-out’ test. This method is usually either used to test the interfacial
properties of individual fibres in a fibre reinforced composite [140], or
in civil engineering where the bond behaviour between a circular steel/
composite structure can be examined [141]. It was used here as an
alternative to larger scale torsional testing, as the availability of such
testing is often limited due to high cost.

The 2 mm width samples were cut from the ends of an aerospace-
grade driveshaft, where carbon fibre with BMI resin wrapped around
steel inserts, used for connecting the composite shaft to an applied tor-
que. Only two samples at each exposure time were tested to gain an
average due to limited material supply. Some of these were then exposed
to 3.5% salt spray, 99.5% pure sodium chloride at 70 °C for varying
times up to 1008 h, according to ISO 9227. To allow for a comparison,
other samples were not exposed and were push-out tested beforehand.

The testing involved placing the cross-sectional samples within an
indented steel plate, which had a diameter just larger than the outer
diameter of the sample, to hold it in place. A disc for each sample,
manufactured the same depth as the sample and with a diameter the
same as the inner diameter of the steel, was placed inside the sample.
This had a lip on the upper surface with a larger diameter, large enough
to cover most of the steel in the sample, without overlapping the
interface. This insert was then pushed from above, applying equal
pressure on the steel without relying on exact alignment (Fig. 23).

This push-out testing ran at a displacement controlled 0.2 mm e
min . Fig. 24 shows the full 5 mm normalised results, comparing virgin
through to 1008 h. The results suggest there is a general increase in load
from virgin to 1008 h of around 42.3%. It also suggests the following: 96
h of corrosion had little effect on load, with just a 6.7% decrease, and
past this, there is little correlation between corrosion time and load in-
crease, other than the overall increase (circled), with the percentage
load increase varying between 26.1% and 46.5% over virgin. This initial
increase in strength may be a result of oxidation expansion, found also in
[142,143] in civil applications, where the corrosion products increase
the radial pressure on surrounding materials at their interfaces, poten-
tially leading to further damage in these other materials.

This method is still in its infancy, and further testing alterations

von Mises
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Fig. 23. Push-out model showing stress mapping across 5 mm sample.
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should be established to fully understand the link between salt corrosion
exposure time and the change in interfacial strength. Such improve-
ments could include: increasing the sample size for all sample condi-
tions, fully exploring a link between sample distance from shaft edge and
maximum load, and exposing for longer than 1008 h to find a point at
which load decreases beyond the initial virgin state. This latter
improvement would hope to find the point at which the oxidation
expansion phenomenon is overcome by the loss of interfacial contact
surface area of the join, found in [144,145], resulting in lower static
friction.

Shanhua Xu et al. [37] looked at the effect of corrosion on the bond
in CFRP reinforced steel joints by single lap shear testing, focussing on
failure modes, load-displacement effects and shear stress.

The steel used in this study, cut from steel plant U channels, had been
pre corroded for 10 years, and was subject to high humidity and tem-
peratures from nearby aggressive gases, with concentrations of SO% and
NOs. Samples of five different corrosion levels were taken, ranging from
no corrosion to multi-layered corrosion. The adhesive was two-part
epoxy, and the CFRP was unidirectional with a 1.4 mm thickness.

Typically, adhesive failure usually occurs at the adhesive/steel
interface, rather than the interface with CFRP [146], therefore the steel
surface is the focus of investigation. Quantification of steel corrosion
was done using equation (9) to define mass loss ratio, ¢:

W—-W,
=—_ 9%

0

& 100 ©)

where Wy and W are the weight before and after corrosion, respectively.
Here, the weight loss ratio ranged from 12.48% to 28.74% for scattered
corrosion pits and multi-layered corrosion respectively. The irregularity
of the corrosion was in part due to the pitting of various sizes seen in the
corroded steel. This was evaluated by taking six profiles along the
loading direction at the loaded end, where pit width was defined as the
distance between the two maximum points, and pit height was defined
as the difference between the trough and the larger maximum point
(Fig. 25).

The CFRP/steel specimens were created with single lap joints to
simplify the inspection with only one path for debonding. The bond
length was 240 mm, situated between a 700 mm length CFRP plate and a
240 mm length steel plate. The curing of the adhesive took 2 weeks at
room temperature in this state.

The shear test (Fig. 26) involved bolting the specimen to a base to
inhibit movement and attaching a hydraulic jack to the CFRP plate. The
jack would load at 500 N increments during the linear phase and 250 N
in the nonlinear phase. Strain gauges were also attached to the CFRP.
DIC technology was used to measure relative displacement between
CFRP and steel plate at the loaded end.

After testing, only the failure mode near the loaded end was studied,
as further away from the loaded end, the failure occurred because of the
bonded ends failure, not as a direct result of shear. In general, it was
found that as levels of corrosion increased in the samples, failure
changed from adhesive failure to cohesive failure. Firstly, on the samples
with low corrosion (pitting only), adhesive failure dominated due to the
smaller contact surface area, resulting in a weaker interface. It is
important to note here that that pitting had little effect on outcome
when compared to zero corrosion. With the presence of more corrosion,
the main failure mode was still adhesive between steel and adhesive.
This was explained to be because of excessive aspect ratio, and the large
surface area would have caused an uneven adhesive layer, increasing the
likelihood of the adhesive peeling off. In the two samples with the
highest level of corrosion, whilst the aspect ratio was still high, the
standard deviation was lower, resulting in sufficient mechanical inter-
locking. This then led to a steel/adhesive interface that had a higher
strength than the adhesive layer, leading to cohesive failure. It is then
concluded that extreme values of aspect ratio and standard deviation
lead to the interface weakening.
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Fig. 24. A graph comparing the normalised load for virgin and exposed cross-sectional samples after push-out testing.
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Fig. 25. Corrosion pit identification, .
adapted from [37]

When looking at the load-displacement effects of corrosion, the
behaviour can split into an elastic stage, an adhesive softening stage near
ultimate load and finally sudden failure. The first four samples up to
dense pitting showed this sudden failure, indicating a steel/adhesive
failure. However, for corrosion above this there existed a long plateau in
the failure stage, suggesting the adhesive held bonded long enough to
show the samples ductility. (Fig. 27) shows the difference between zero
(a) and high, multi-layered (b) corrosion respectively.

The improvements continue when looking at average ultimate load,
with the most corroded samples of greater than 15% outperforming
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Fig. 26. Top-down single lap test, .
adapted from [37]

others significantly (Fig. 28). This effect was compared to other studies
by Teng et al [146], where increasing the fractal dimension of the steel
surface led to an increase then levelling off of the ultimate load. This was
attributed to the blasting not being enough to lead to adhesive peeling.

Corrosion led to a more immediate decline in shear stress after the
loaded end, attributed to the irregular surface converting the interfacial
stresses from steel/adhesive shear to composite, interfering with the
stress distribution along the bond area. The effective bond length was
seen to decrease with increasing pit aspect ratio, indicating that sharper
corrosion pits can improve load transfer efficiency.

Ocana et al [38] compared two adhesives and their bonds,
commonly used in composite/metallic joins in automotive applications
such as driveshafts and chassis. The comparisons were made after
exposure to ‘adverse operating conditions’, including prolonged envi-
ronmental exposure and high temperature immersion in engine oil.

The samples consisted of bulk adhesive tensile specimens, using both
Loctite® 9466 epoxy and Teromix® 6700 Polyurethane. Furthermore,
adhesive joint specimens were fabricated using a five-layer carbon fibre
as the composite, with high-performance 6 K fibre tows and Resoltech®
1050/1056 epoxy resin. The metallic adherend was 6160 aluminium
alloy. Pre-exposure was split into environmental and thermal/moisture
degradation. Environmental exposure involved leaving all samples in
city air over a period of up to 12 months, with high concentrations of
SO, and NO,, large temperature variations and significant rainfall.
Thermal/moisture exposure involved all samples placed in an 80 °C
climatic chamber whilst immersed in Castrol 10 W-50, 4 T motor oil for
up to 128 h.

The bulk adhesive samples were tensile tested, and the joints used an
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Fig. 27. Load-displacement curves for a) zero corrosion samples and b) high, multi-layered corrosion, .

adapted from [37]
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End Notched Flexure (ENF) test (Fig. 29), commonly used for metallic
and polymer composite adherends [147]. Rates of 1 and 2 mm-min~?
were used for the tensile and ENF testing respectively.

Post environmental exposure showed that the ENF bending strength
of the epoxy joints decreased by 3.5% in shear strength after the full 12
months to 1.07 MPa. Polyurethane joints showed an 11.8% reduced
strength, and overall, performed worse by approximately 50%, with a
shear strength after 12 months of approximately 0.51 MPa. The tensile
testing of the bulk adhesives suggested similar trends, but instead
showed a 3.5% increase in strength after 12 months to approximately
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42.5 MPa, however with a clear negative trend that may have led to
lower values over a longer period. This was compared again to Poly-
urethane which decreased by 10.5% after 12 months to approximately
16.5 MPa, performing worse again by over 60%. To note, all tests
showed an initial increase after a few months, which was explained to be
due to the post-curing effect from the elevated summer temperatures
and humidity.

Post high temperature oil immersion ENF results show a slight shear
strength increase for the epoxy joints of 1% after 128 h to approximately
1.2 MPa. This contrasts with Polyurethane which had a reduced shear
strength of approximately 50% to approximately 0.3 MPa. The results
from the bulk adhesive tensile testing shows that there was no change in
the epoxy sample after 128 h, remaining at approximately 40.5 MPa.
The Polyurethane, however, increased by 35% to approximately 25
MPa. Again, the post curing effect seen in the environmental exposure
samples was also found in the early hours of immersion.

Oudad et al [39] looked at the effect of humidity and the corre-
sponding absorption on adhesive-only mechanical properties, focussing
on understanding the behaviour of adhesives often found in composite
repairs on aluminium aircraft structures.

The samples consisted of 4 mm thick Adeckit A140 bulk epoxy ad-
hesive only, and were aged by immersing in distilled water at 30 °C.
Water mass absorbed was determined by weighing the samples before,
M,, and after immersion, M;. Water was absorbed into the adhesive at
0.5% for 5 days and 2% after 30 days, using equation (8). Tensile testing
was conducted after immersion on sixty dog bone samples at 0.3
mm-min ",

The results suggested a strong correlation between water absorption
and a drop in mechanical resistance of the adhesive, shown in the
following stress-strain graph (Fig. 30). Here, there was a 58% reduction
in tensile strength after 15 days, after which it remained constant as the
adhesive reached saturation. Plastic strain showed variation after 10
days with an 18% increase, going to 25% after 30 days, suggesting a
decrease in strength and an increase in ductility due to the plasticising
effect of water, making the polymer chains more mobile, and potentially
durability with increased immersion time.

6. Coefficient of thermal expansion

Studies presented in this review up until now have focussed on the
effect that elevated temperature has on a CFRP/metallic adhesive
interface, these have been close to the glass transition temperature, and
therefore do not look specifically at the coefficient of thermal expansion
(CTE) discrepancy between the two materials. Potential issues could
arise from the differences in CTE between a metallic end fixing and the
composite mid-section. For example, steel can have a CTE six times
greater and aluminium 10 times greater than a typical carbon/epoxy
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Fig. 30. Stress—strain graph at different immersion times, .
adapted from [39]

laminate [148]. Composites have quasi-isotropic CTE properties when
they have equal laminae layers at 0 and 90°. Some aramid and carbon
fibres can also often exhibit a negative CTE in their axial directions, but
will always be positive in their transverse directions, whilst also being of
a much higher magnitude than the axial expansion. This is because the
matrix has a higher constraint in the axial direction than in the trans-
verse, allowing more movement in this direction. Whilst the axial CTE in
quasi-isotropic composites with carbon fibres are often higher than
unidirectional, it is still very small, and is often possible to reduce this to
near zero. However, transverse CTE for these quasi-isotropic composites
can still be relatively large [1].

This mismatch can be especially pressing for future driveshaft com-
ponents that may have a desired use in high temperature environments,
such as gas turbine engines. Furthermore, when specifically exploring
applications in gas turbines the reduction in temperature with increased
altitude creates a freeze-thaw cycle, making it important to look at the
current knowledge related to this in civil engineering.

The authors have studied the effect of CTE discrepancy on an
auxiliary radial driveshaft that employs a hybrid system of steel metallic
inserts in a BMI-resin CFRP shaft section. Similar to Fig. 8, the insert had
serrated microsplines around its outer diameter, which during manu-
facture was pushed into the composite cross section. This method did not

0.06

require adhesive, and instead slid through the composite using a lubri-
cant, relying on the interference fit of the high surface area spline sur-
face to hold it in place. This method omitted the need to account for
adhesive CTE in calculations, but led to more potential issues after
temperature exposure, as the integrity of the join between the materials
relied solely on the correct surface contact between steel and composite.

Theoretical calculations were carried out before testing, using
approximated CTE values of other similar materials. This presents a
predicted interfacial gap, over a range of temperatures, of a circular join
between steel and composite (Fig. 31). It shows two equal composites,
S02 and SO4, both with [45/-45/0/90]s but with SO02 having 16 plies
and S04 having 32. Fig. 31 suggests that at temperatures of 100 °C,
200 °C and 250 °C, the interfacial gap at temperature between the steel
and the 32-ply composite would be 10 pym, 21 pm and 31 pm
respectively.

The degree to which this interfacial gap opened or widened at these
different temperatures was also experimentally investigated. Samples
were exposed for 20 h, at three temperatures between 100 °C and
250 °C, which closely represented expected service temperature, oper-
ating temperature and a condition that would likely show an extreme
response, respectively.

As expected, samples at 100 °C showed no signs of permanent
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Fig. 31. CTE gap between steel and CFRP, .
adapted from [149]

23



W. Jarrett et al.

Composite Structures 320 (2023) 117203

Fig. 32. Optical microscopy of interface a) before exposure b) after extreme exposure condition with interfacial gap.

interfacial opening, with the same outcome was found at the operating
temperature exposure. At 250 °C, a close-to-theoretical average inter-
facial gap was seen to open along the whole length of the interface
shown (Fig. 32). This gap not only reduced the interfacial surface area,
potentially reducing the shafts torque capabilities, but could also exac-
erbate any corrosion between the two materials by providing a route for
salt water. This highlights the importance of understanding any CTE
mismatch between materials and the proposed operating conditions.
Likewise, further mechanical testing is recommended here to assess the
potential decrease in mechanical performance.

Wang et al [40] investigated the effect of temperature cycles from
—20 °C to 40 °C on CFRP plate, bulk adhesive specimens and CFRP/steel
bonds, looking specifically at CTE discrepancy between the materials
and how bonding performance is affected.

Materials used were CFRP plate, epoxy adhesive and steel. The CFRP
plate width and thickness were 25 mm and 1.5 mm respectively, with
the steel adherend having a larger thickness at 5.5 mm. Two types of
adhesives were used, with one (Tc) being described as non-linear, and
more ductile than the other (T1), described as linear. The testing was
single lap and used a bonding length of 200 mm.

The cyclic temperature testing was carried out in a temperature
variation chamber that gave 150, 300 and 500 cycles, with heating and
cooling rates of 1.5 °C per minute, cycle times of 3 h and 20 min, and
dwelling at the upper and lower temperature limit of 40 °C to —20 °C for
1 h. Subsequent testing of the bond was completed using a single lap
shear test at a speed of 0.2 mm-min~'.

When looking at the effect of temperature cycles on CFRP plate
properties, there showed little variation in tensile strength, elastic
modulus and maximum strain compared to the control; up to 5% vari-
ation after 500 cycles. Other similar studies in literature support this
[150,151,152]. This suggests that the shear stress that results from a CTE
mismatch between carbon fibre and matrix is not enough to limit tensile
properties significantly. For the bulk adhesive samples, results also
showed that there was not a significant change in tensile strength in the

Table 7
Ultimate load for CFRP/steel joins subject to thermal cycling, .

Specimen Number of cycles Average ultimate load (N)
Tc - Control 0 64,500
Te 150 65,800
Te 300 58,200
Tc 500 58,600
T1 - Control 0 45,100
T1 150 44,900
Tl 300 42,900
T1 500 45,300

adapted from [40]
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T1 adhesive, but there was a 9% decrease in elastic modulus after 500
cycles. The opposite is found in the Tc adhesive, where after 500 cycles
the tensile strength decreased by 17% and yet there was little change in
elastic modulus. The reduction in tensile properties was described to be
from air voids forming in the adhesive which accumulate fatigue dam-
age around them.

Further analysis looked at the effect that temperature cycles had
specifically on the CFRP/steel interface, shown in Table 7. The average
ultimate load with the adhesive Tc decreased by 9%. T1 showed little
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Fig. 33. Deflection profiles for (a) 300 N and (b) 600 N [41].
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change and varied less than 5%. Furthermore, the Tc adhesive showed
1.4 times higher ultimate load than T1.

Yoshitake et al [41] looked at the flexural behaviour and hence
interfacial bonding integrity of CFRP laminate when bonded to steel and
exposed to low temperatures down to —20 °C. The study focuses again
on the CTE discrepancy between materials.

The testing involved both a sustained load and H-beam flexural test.
Both tests used 2 mm adhesive thickness. The steel strips for the sus-
tained load test were 9 mm in thickness, 125 mm in width and 1600 mm
in length. The H-beam had a contact thickness of 8 mm, a width of 100
mm and a length again of 1600 mm. The steel CTE was 12.0 (10¢ °C™1)
and the CFRP CTE was 0.3 (10°°C™1).

Firstly, the sustained flexural load test was performed over 100 days,
with 3 cycles reaching —5°C to 20 °C, each with an approximate cycle
length of 40, 30 and 20 days consecutively. Loads of 300 N and 600 N
were applied to the mid-span, with deflections of 4.5 mm and 8.9 mm
respectively.

Next, the H-beam test was used to increase the stiffness of the steel to
limit the potential for the discrepancy in axial stiffness affecting the
bonding behaviour through CFRP and steel debonding. Here, both
composite and steel were placed in a freeze-thaw cycle for 336 days
under zero external forces and only internal forces due to thermal
deformation. Cycles lasted 14 days, and reduced in minimum temper-
ature over time, beginning at —10 °C, dropping to —18 °C, before
returning to —10 °C. Flexural testing was undertaken after 0, 28, 84, 168
and 336 days. The control consisted of keeping the H-beams at 20 °C for
336 days. In the testing, a load was monotonically applied at 200 N-s !
until debonding/failure occurred.

The results (Fig. 33) from the sustained load test showed that at 300
N and 600 N and —5°C, deflection increased significantly at all points
along the span, whilst being independent from sustained load/exposure.
The differences were said to be from the CTE mismatch, whilst the
similar nature of the curves suggest that the CFRP was firmly bonded
throughout.

The results from the H-beam test showed that the ultimate flexural
strength with CFRP after low temperature cyclic exposure was equal to
the control at room temperature (22 °C), leading to the conclusion that
CTE discrepancy effect is negligible under these temperature ranges.

7. Conclusion

This paper has aimed to gather the current research on hybrid
composite/metallic driveshafts and covers a wide range of engineering
disciplines to assess both their advantages and the challenges they
introduce to engineers. Research studies crossing aerospace, automo-
tive, civil and marine engineering have been cited, highlighting the
significant advances in understanding FRPs role in these driveshafts.
Because of the recent advances in composite technology, a large part of
the research has occurred in the last five years alone, and further
research into increasing the technologies mechanical, environmental
and thermal envelopes must be ongoing for this technology to reach its
full potential.

The paper highlights the following:

o The most effective winding layups, fibre orientations and thicknesses
for different driveshaft applications.

e The advantages and drawbacks of different coupling methods
through changing the composite/metallic interfacial shape.

e The effect of changing the composite, metallic and adhesive material
properties effect the overall interfacial integrity.

e That different types of corrosion and liquid absorption can affect the
composite/metallic interfacial bond. Also, the usefulness of different
testing methods when assessing the post corrosion/immersion of a
join.
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e The way in which the CTE mismatch between materials can affect the
interfacial strength, and the methods in which to test this strength
post thermal exposure.

Overall, usage of these driveshafts show wide-ranging usefulness
currently, but importantly it is apparent there is huge scope for future
application. Developing the research touched upon in this review paper
would unlock further uses of these driveshafts, currently impossible with
present technology. The future hybrid driveshafts could be more tailored
to individual needs; more efficient in transferring torque; less suscepti-
ble to wet, corrosive environments and will be able to reach further into
the high temperature heart of the gas turbine engine, further increasing
the efficiency of flight.

The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.
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