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The unsprung masses associated with the axles of a railway vehicle result in costly impact damage to the rail
infrastructure. A hybrid metallic-composite (HMC) railway axle is evaluated using finite element analysis. The
axle mass is 74 kg, 63% lighter than an equivalent hollow steel axle. The HMC railway axle comprises a full
length, carbon fibre reinforced, epoxy matrix composite tube with secondary overwrapping for stiffness and
EA1N grade steel collars creating the wheel seats and journal surfaces. Maximum axle deflection is 1.72 mm with
a misalignment at the journals of 0.21°, potentially requiring a bearing reassessment. Nominal bending stress in

the axle is 99.3 MPa (Tsai-Wu damage index of 0.18). Peak bending and torsional stresses result in Tsai-Wu
damage indexes of 0.71 and 0.42, respectively. The methodology in this paper can be extended to the design
of future lightweight composite shafts to benefit many other industries.

1. Introduction

The European rail infrastructure is used intensively with the trend
towards additional increases in the future [1]. Exploitation of short
range and urban railway lines is particularly acute with commuter rail,
metro lines and tram/light rail usage totalling nearly 27 billion pas-
sengers per year [2]. Increased usage of the of the rail infrastructure
leads to track degradation, impacting on maintenance costs and usage
availability. While it is critical to design track systems that are less
subject to damage and degradation, the new generation of rolling stock
must be engineered to substantially reduce damage to the infrastructure.
Dynamic effects caused by the sprung masses, bogies and car bodies, can
be mitigated by vehicle suspensions. However, the dynamic loads
arising from the unsprung masses cannot be reduced since these bodies
are in direct contact with the track. The unsprung masses include the
wheelsets comprising the wheels, bearings and in some cases brake
disks, all fitted to a common axle. Dynamic forces caused by the un-
sprung masses largely are responsible for damage phenomena including
irregular track settlement, rolling contact fatigue and corrugation of the
rails [3]. Therefore, lightweighting of the unsprung masses is critical for
extending the life of track components, reducing track maintenance
costs and increasing the availability of the infrastructure.

Modern wheelsets are made entirely of standardised steels having the
advantage of well characterised material properties with treatments
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known to enhance fatigue reliability [4,5]. Centre boring is the current
practice for reducing the mass of steel railway axles with assurances of
safety being maintained. To provide a further step-change in railway
axle mass reduction, material substitution is necessary [6] which must
be balanced against the need to maintain axle fatigue reliability. Ulti-
mately, probabilistic fatigue assessment techniques as presented by
notable authors [7-9] need to be applied to these new material solu-
tions, providing continuity in safety and reliability.

The European Union (EU) funded project NEXTGEAR targets the use
of new materials and mechatronic technologies for the design of robust
and sustainable railway vehicles. Within Work Package (WP) 3 of this
project, “The wheelset of the future,” a lightweight, hybrid metallic-
composite (HMC) railway axle was proposed, see Mistry et al. [10].
Prior to this, only one other composite railway axle has been identified
for use on the British Rail, Advanced Passenger Train in the early 1980’s
[11]. While this example was a success from a structural and mass
savings perspective, higher order design requirements, particularly
damage tolerance, were not addressed. The solution by Mistry et al.
advanced the state of art in railway axles by proposing a full length,
primary composite tube (carbon fibre/epoxy) with a central, secondary
composite tube (carbon fibre/epoxy) and bonded titanium collars at
each end. This design was supported by a parametric study defining
realistic dimensions for the HMC railway axle. Importantly, the axle had
an approximate mass of 50 kg compared to an equivalent hollow steel
railway axle with a mass of 198 kg.
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Nomenclature Py

P,
a Distance between running surface and loading plane (mm) P,
doc,dop,dos Outer diameter of the metallic collar, primary composite Qx

tube and secondary composite tube, respectively (mm)
di¢,dip,dis Inner diameter of the metallic collar, primary composite

Static vertical force on the journal due to vehicle mass (N)
Reacting vertical brake force at journal (N)

Reacting horizontal brake force at journal (N)

Reacting vertical force on the wheel due to vehicle mass

Q)

t,tp,t;  Thickness of the metallic collar, primary composite tube
tube and secondary composite tube, respectively (mm) and secondary composite tube respectively (mm)
Fr Vertical brake force (N) Uy Uy, u; Displacement in the x, y and z directions, respectively
Fy Tangential brake force (N) (mm)
F_;‘,z Horizontal brake force (N) l‘il,x‘u,wu,Z Sﬁotat;on ab(c()}ut the1;<,( li;)and z axes, respectively (°)
L Distance between running surfaces (mm) ea.r orce (-enera .
L Distance between loading planes (mm) Vy Vertical shear force due to vehicle mass (N)
(0] ) . .
L, L, Length of metallic collar, primary composite tube and V{f Shear force due to vertlcal.brakmg. N
secondary composite tube, respectively (mm) vy Shear force due to tangential braking (N)
M Bending moment (General) (Nmm) v, Shear force due to horizontal braking (N)
M, Bending moment about x-axis due to static vertical force ALpp Change in back-to-back distance between wheels at rail
(Nmm) level (mm)
M, Bending moment about the x-axis due to vertical braking Omax Maximum deflection at centre of axle (mm)
(Nmm) Omax Maximum rotation at bearing (°)
My’ Torsional moment about the y-axis (Nmm) oB Bending stress (General) (MPa)
M, Bending moment about the z-axis due to horizontal Thoriz Maximum horizontal (transverse) shear stress (MPa)
braking (Nmm) Teorsion Torsional shear stress (MPa)
mfAlN ,my, ms Mass of metallic collar, primary composite tube and ¢ A.ngle qf.tWISt of axle between running s.urfaces ©)
secondary composite tube, respectively (kg) w1 First critical speed of axle between loading planes (Hz)
Z
T 1672 mm
‘ L=1500 mm
L, =1156 mm
848 mm

|
D’ A’

| 750 mm

Plane A: running surface
Plane D: loading plane

R

—»y

Plane A’: running surface
Plane D’: loading plane

Fig. 1. Inboard bearing, hollow trailer axle as manufactured by Lucchini R.S. showing positions of the critical sections along the length.

This paper improves upon that work in the following ways:

e A finite element (FE) model is used to provide a preliminary struc-
tural assessment of performance of the proposed HMC axle under
loading.

e The loading to the axle is applied as individual forces to produce
moments rather than being applied as a single, resultant moment
(MR) as specified within railway axle standard, Standard BS 8535
[12].

It is recognised that a railway axle is a complex, safety critical
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Fig. 2. Inboard bearing, wheelset assembly showing the global coordinate system and loads as used for the HMC railway axle analysis. The sense of the y and z-axes

are transposed compared to the Standard [12].
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Fig. 3. Shear and bending moment diagrams for the railway axle subjected to
moments, as provided by Lucchini R.S. [16].

component subject to stringent requirements. While fatigue perfor-
mance is inextricable from the design of the primary structure, other
functions such as damage tolerance and fire performance may be
addressed as independent solutions. For clarity, the scope of this paper is
restricted to a structural analysis of a lightweight composite railway

axle. The essential requirement is that the composite axle is lighter than
a hollow steel axle under the same loading conditions set out in the
Standard BS 8535.

While the analysis presented pertains to a highly loaded railway axle
application, a generalised methodology is proposed which could be
adopted for any composite shaft with attached elements. This is
important for shafts used in power transmission, subject to radial loads,
for example when gears are in mesh. Under these rotating bending loads,
there are few examples of composite shafts as most applications found
are for driveshafts under pure torsion [13-15]. Repeated application
and removal of the torsional load, while a contributor to cyclic fatigue, is
less demanding than that from fully reversed, rotating bending as is the
case for a railway axle.

2. Railway axle load cases

The aim of this work is to establish that the composite railway axle is
lighter than a hollow steel axle under the same loading conditions set out
in the Standard BS 8535. This section first defines the hollow steel axle
parameters, then describes the standard load cases to be applied.

An inboard bearing, hollow trailer axle as manufactured by Lucchini
R.S. [16] isillustrated in Fig. 1. This includes the main linear dimensions
and distances to critical sections on the axle.

A wheelset assembly including this axle is depicted in Fig. 2 with a
global coordinate system. The y-axis is aligned with the rotating axis of
the axle. The x-axis is in the direction of travel of the vehicle. The xy-
plane is parallel to the ground. The z-axis is perpendicular to the xy-
plane. There are three types of forces listed in the Standard [12] to be
considered in the design of the railway axle as a function of:

1. The “masses in motion.” This is that static weight of the rail vehicle,
P, (N), which operates in the vertical (z) direction through the
journals (the loading planes, D and D’). The reaction forces at the
wheels, Q,, act through the running surfaces (A and A"). Q, is used to
calculate a bending moment about the x-axis, M, (Nmm).
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Secondary composite tube: [90°, +45°,0°,, +45°,0°,,90°, 0°]
30 plies at 0.45 mm thick

s dys=169 mm

s d;js=142mm

* t;=13.5mm

e [, =848 mm

* my=8 kg

0° fibre orientation

90° fibre orientation

Primary composite tube: [+45°,0°3,90°,0°, +45°,90°, 0°,, +45°,0°]

Steel collar (EA1N): 30 plies at 0.45 mm thick
* dye =177 mm * dop =142 mm
e di. =142 mm s dip=115mm
. t,=17.5mm - t,=13.5mm
* [, =412 mm . =
« mEAIN = 26 kg each . ifl —11647igmm
)=

Fig. 4. Redesigned HMC railway axle comprising a full length, primary composite tube, a secondary composite tube and bonded steel collars.

RHS Steel collar

Composite axle
(primary and secondary tubes)

Wheel

Steel collar

Cohesive elements
(adhesive)

Primary composite tube

(a) (b)
Model 1: Quarter wheelset Model 2: Full axle

Fig. 5. HMC axle finite element mesh. (a) Model 1: Quarter wheelset, consisting of the primary composite tube, collar and wheel (adhesive layer is not visible). (b)
Model 2: Full axle without wheels (LHS collar hidden to show cohesive elements beneath).

2. The braking system. In generalised form, a braking application generate the respective braking moment components, M, and M,.
generates moments represented by the three components M,, M;, and This permits use of realistic loading and boundary conditions in the
M, (Nmm). In the case of the trailer axle, the brake discs are mounted FE models (Sections 3.2 and 3.3).

3. The traction. Power transmission generates forces leading to bending
and torsion within the axle. According to the Standard [12], these are
smaller than those generated due to braking and do not occur
simultaneously with braking. The traction moments are not consid-
ered within this analysis as the trailer bogie is being considered.

on the wheel web rather than along the axle and equal braking forces
prevent a torsional moment to act around the axle centreline (y-axis).
For completeness, an assumed moment, M;,, is included to account
for a braking imbalance as well as effects due to curving and wheelset
hunting. This is represented diagrammatically in Fig. 2 as F}’, )
applied tangentially to the wheel, but is included as a pure moment
at Position D' in the finite element models (Section 3.2). The fric-
tional forces at the disc, F}.X (N) and F"z (N) are transferred to the

The loads Py, P, and P, produce bending and torsional moments, M,
as well as internal shear forces, V, within the axle (Fig. 3). The value of
the moments are taken from loading data supplied by Lucchini R.S. [16].
journal (Positions D and D'), and represented as P, (N) and P, (N) to For simplicity these are represented as point loads and fixings, rather
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than as distributed loads across the journal. As the axle is in four-point
bending, there is zero shear force between the loading planes (D —D').
The maximum bending moment occurs between these loading planes
and is constant. The torsional moment, MJ',, has no accompanying shear
force. Position E is highlighted as the axle location with the smallest
diameter and is regarded as a critical section. Position F, the centre of
the axle, is where the maximum deflection occurs.

3. Modelling approach for the finite element analysis (FEA) of
the HMC railway axle

The standard loads in Fig. 3 are applied to the redesigned HMC
railway axle as adapted from the work of Mistry et al [10] and shown in
Fig. 4.

The parametric study in that previous work was sufficient to size the
axle diameters using a mechanics of materials approach coupled with a
netting analysis to define the proportion of fibres orientated to align
with the loading. However, the complexity of the composite axle with a
total of 60 individual, unidirectional plies demanded use of an FE model
(Fig. 5) for a more detailed assessment. Two configurations (Models 1
and 2) are necessary to analyse the different loading conditions. Due to
the asymmetric nature of the material and out-of-plane loading, a three-
dimensional model with continuum elements was developed rather than
applying axisymmetric elements with asymmetric loading. The analysis
is assessed at the mesoscale to obtain the stress distribution within each
lamina. The laminate is defined by a stacking sequence, material type
and lamina thickness.

Fig. 5a, Model 1, shows the axle configured as a quarter wheelset to
simulate the interference fit between the wheel hub and collar. In
Fig. 5b, the model is expanded to a full axle representation (Model 2),
without the wheels, to simulate the global response of the axle subjected
to bending and torsional loads.

To confirm the initial boundary conditions and application of loads,
a beam element model (Model 3) also was used, in conjunction with the
full axle model, comparing the observed displacements and nodal
sectional forces. Once confirmed by Model 3, the Models 1 and 2 were
used exclusively for the FE analysis.

The FE models are described in the following sections including the
loading, boundary conditions and associated assumptions.

3.1. Description of the HMC railway axle models

The FE model of the HMC axle (Fig. 5) is meshed with the collar,
tubes, adhesive (Model 2) and representative wheel (Model 1). The
primary and secondary tubes of the axle are meshed using eight node,
linear, continuum shell elements (SC8R). A single element is used for
each angled ply with three material points through the thickness. Both
tubes are defined as a laminate material section (UCHM450 SE 84LV)
supplied by Gurit (Table A3) using Simpson’s rule integration. Tube
layups are reported in Fig. 4. The collars and wheel are modelled as eight
node, linear solid elements (C3D8) using an isotropic material definition
representing EA1N (Table A1) and ER7 (Table A2) steel, respectively. A
single layer of cohesive elements (COH3D8), 0.2 mm thick, are posi-
tioned between the collar and tube to represent the structural adhesive
supplied by 3 M™ (Table A4). An average element size of 5 and 10 mm is
defined for all components of the HMC axle and wheel, respectively. To
assess the damage allowable of the composite, the Tsai-Wu failure cri-
terion [17] is implemented in Python [18] as a custom field-output.

The reference beam element model (Model 3) is represented using
three node, quadratic elements (B32). The axle is defined as a thick-
walled pipe cross section, with varying sectional and material proper-
ties along the length. The effective material properties of the composite
tube are calculated by classical lamination theory (CLT) [19] for the
layup, including the steel collar, to determine the sectional axial tensile
stiffness across its length. The CLT approach, implemented in MATLAB
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[20], was also further verified within the FE model by assigning the
constitutive matrices as a generalised shell stiffness to the tubes.

3.2. Loading conditions for the HMC railway axle models

The loads associated with the masses in motion and braking condi-
tions are shown in Fig. 2 along with the moments generated (bending
and torsional). For the wheelset model (Model 1), the loading is defined
as an interference fit between the axle and the wheel hub. A nodal
overlap of 0.3255 mm is applied representing the upper allowable
dimensional tolerance [21]. The surface contact and interaction prop-
erties are defined between the wheel hub and collar edges to be finite-
sliding, with a ‘hard’ contact-overclosure. The interaction tangential
behaviour coefficient is given as 0.1.

For the full axle (Model 2), bending moments arise from loading at
the axle journals, Positions D and D'. The static weight of the vehicle, P,
and the representative vertical braking force, P,, provide bending
around the x axis. Additional bending about the z axis develops from the
representative braking force, P,. The braking forces are initiated at the
brake discs, however, to maintain the boundary conditions (Section 3.3),
these are transferred to the axle journals resulting in the equivalent
bending and shear moments. These three forces are superimposed as the
bending load case. The assumed torsional load is imposed as a pure
moment, M,, at Position D'.

The loads, Py, P,, and P, as well as the moment, M;,, are applied to the
element surface of the journal seats using an element to nodal coupling,
located at the centre line point of each journal, where coordinates x =
z = 0. The same loading approach is adopted for the beam element
model (Model 3).

3.3. Boundary conditions for the HMC railway axle models

Finite element boundary conditions are defined for each model. For
the quarter wheelset model (Model 1), symmetry conditions are defined
in the x and z axis as uxy =up, =uy =0 and u; = U = uy = 0,
respectively. For clarification, “u,” represents translation in the x di-
rection and “ur,” denotes rotation about the y axis with the other sub-
scripts following the same logical format. For the full axle element
model (Model 2), the boundary conditions are defined for the axle
without wheels. These are imposed on the wheel hub element surface
using an element to nodal coupling. This applies for the translational
degrees of freedom (DOF) between the external nodes of the seat surface
and a reference node. The reference node is located at the centre axis of
the wheel seat, where coordinates x = z = 0, constrained as u, = u, =
u, = uy, = 0 at Position A and u, = u, = 0 at Position A’. The same
boundary conditions and approach are adopted for the beam element
model (Model 3).

3.4. Assumptions for the FEA modelling of the HMC railway axle

Several assumptions are made in the analysis of the HMC railway
axle, which include:

e The analysis is assumed to be a quasi-static, linear elastic analysis,
conducted at the mesoscale. No dynamic or vibrational effects are
considered.

The primary and secondary composite tubes are to be manufacture
by co-curing and considered as one component, with individual
material properties.

e While a 0.2 mm adhesive layer is included within the model, the
cohesive stress results are not considered.

For the bending and torsional analyses, a high-cycle (107) fatigue
safety factor of 0.5 is applied, reducing the ultimate strength of the
materials [22]. For clarity, fatigue properties are not used in Model 1
for assessing the interference fit between the wheel hub and collar.
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Steel collar:
* doe =177 mm
di. =142 mm

* t,=17.5mm

Wheel hub
I
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_»x
Primary composite tube:
s dop =142 mm
s dip =115 mm
* tp, =13.5mm

Fig. 6. Cross section through the HMC axle and wheel hub at the running surface (Position A) showing the diameters of the metallic collar and the primary

composite tube.

Steel collar
S, Mises

338.60
321.38
304.15
286.93
269.70
252.48
235.25
218.03
200.80
183.58
166.35

Wheel hub

(a)

Wheel hub

Primary composite tube
Compressive stress in 90°
(circumferential) fibres

S, S11

-235.47
-251.44

-379.24
-395.21

(b)

Fig. 7. Stress fields at Position A from the interference fit between the wheel hub and steel collar. (a) Von Mises stresses in stresses in collar. (b) Compressive stresses

(S11) along the axis of the fibres encircling the primary composite tube (90°).

e Environmental thermal loads and adiabatic effects, influencing ma-
terial expansion and contraction, are not considered.

e Failure analysis is limited to a first point of failure and the evolution
of damage or possible interlaminar and non-linear damage effects are
not considered.

4. Structural analysis of the HMC railway axle

A unique aspect of the HMC railway axle is the use of polymer
composites in an ultra-high load bearing application, which is further
complicated by the condition of fully reversed bending. However, the
occurrence of a rotating shaft in 3 or 4 point bending has wide appli-
cations and the following generalised methodology is relevant for
composite shafts with attached elements such as gears or pulleys using
universal metallic collars.

e Step 1: Design the metallic collars so that the wall thickness is suf-
ficient to carry the external load imposed by the interference fit of
the wheel onto the collar. The primary composite tube should carry a
low level of stress only.

e Step 2: Design the primary composite tube of the axle so that the
outer diameter is coincident with the inner diameter of the metallic
collar. Specify the ply layup and tube thickness to meet the bending,
torsional and horizontal shear stress conditions.

e Step 3: Design the secondary composite tube so that the inner
diameter is coincident with the outer diameter of the primary com-
posite tube. Specify the ply layup so that the centre deflection of the
axle is minimised.

The analysis is guided by the Tsai-Wu failure criterion [17] which
provides a “damage index” at ply level. A damage index of 1.00 or above
indicates that an allowable ply strength has been exceeded.
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Fig. 8. A cross section through the HMC railway axle at Position C showing the maximum value of the horizontal stress in the primary composite tube.

S, S22 -
Envelope (max)
(Avg: 75%)

S, si1
Envelope (min)
(Avg: 75%)

43.68 12.30

CA87 10.88
-53.41 9.46
-101.96 8.04
-150.50 6.62
-199.04 5.20
-247.59 3.78
-296.13 2.36
-344.67 0.94
-393.22 -0.48
-441.76 -1.89

(a) (b)
Compressive stress
in 0° (axial) fibres

plies

Tensile stress in matrix of
the 90° (circumferential)

Primary
E composite
tube

| TSAL_WU
Envelope (max)
(Avg: 75%)

Bottom
Steel collar

|<—T

Section T

(c)

Maximum Tsai-Wu
damage index through
Section T

Fig. 9. Stress and damage field in the primary composite tube at Position E due to the superimposed masses in motion and braking moments (Note: secondary
composite tube omitted for clarity). (a) Compressive S11 (fibre) stress, 0° fibres. (b) Tensile S22 (matrix) stress, 90° fibres. (¢) Maximum Tsai-Wu damage index

through the cross-sectional xz-plane (Section T).

These design sequences are considered in detail in the following
sections.

4.1. Step 1: Design of the metallic collars

It is desirable to use the same wheels and bearings on the HMC
railway axle as are used on the certificated, hollow steel trailer axle. The
axle diameter at the journal is necessarily larger than that of the wheel
seat so that the inboard bearing arrangement can be assembled. In
addition, the interference fit of the rolling element bearing on to the axle
is less than that of the wheel against the axle. Hence, the critical
diameter relating to the interference fit is at the running surface (Posi-
tion A). A cross section through the axle is shown in Fig. 6.

The outer diameter of the collar is 177 mm and is aligned with the
inner diameter of the wheel hub. The length of the collar is 140 mm. The
thickness of the collar is modelled with a nominal dimension of 18.0

mm, allowing for a 0.2 mm adhesive bond line. The collar thickness is
dictated by a necessity to maintain an existing geometric feature in the
end of the axle.

The primary composite tube has an outer diameter of 142 mm and
inner diameter of 115 mm. The wall thickness is 13.5 mm, comprising a
balanced layup of 30 plies (see Fig. 4).

4.1.1. Stresses due to external pressure loading

Fig. 7 shows the resultant stress field due to the interference fit
(pressure loading) between the wheel hub and the axle collar (Model 1).
For this case, moments due to masses in motion (P,) and braking (P;( and
P;) are not considered. In addition, the torsional moment,M;, is not
applied.

For the steel collar, the maximum von Mises stress (339 MPa) occurs
at the thinned, end feature that overhangs the primary composite tube.
In service, a cover is fitted providing support in this region thereby
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Primary
composite
tube

TSAI_WU
Envelope (max)
(Avg: 75%)

Steel collar

Section T

(b)

Maximum Tsai-Wu
damage index through
Section T

Fig. 10. Stress and damage field in the primary composite tube at Position E, due to the torsional moment, M; (Note: secondary composite tube omitted for clarity).
(a) Compressive S11 (fibre) stress, —45° fibres. (b) Maximum Tsai-Wu damage index through the cross-sectional xz-plane (Section T).

Angular misalignment (b)

U, U3
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Fig. 11. HMC axle under the combined moments. (a) Vertical displacement field plot (half model) compared against the undeformed state, with a scale factor of 20
applied showing maximum deflection, max, at Position F. (b) Angular misalignment angle, 0, at Position D caused by the axle vertical deflection at the journal seat,

with a scale factor 10 applied.

lowering the stress. As is, at Position A the stress reduces to approxi-
mately 310 MPa which is less than the yield strength of EA1N grade steel
(440 MPa). For comparison, this represents a 6% increase over the
hollow steel axle. Substitution of a higher yielding metallic collar ma-
terial, such as Titanium Grade 5 (6Al-4V) as used by Mistry et al [10],
would both improve the loading capacity of the collar while reducing
the collar mass from 26 kg to 15 kg each.

For the primary composite tube, the dominant stress occurs in the
90° circumferential fibres near the outer surface. These fibres are in axial
compression (S11) with a maximum stress of —395 MPa at the end of the
tube. This stress reduces to —375 MPa at Position A. This is less than the
axial compressive strength of the fibre (843 MPa). A maximum Tsai-Wu

damage index of 0.3 indicates that failure is unlikely at this position.

4.1.2. Stresses due to shear

Loading due to the masses in motion (Py) and components due to
braking (P;( and P;) introduce an internal shear force, V, in the HMC axle
between the running and loading planes. This produces transverse, or
horizontal stress, Tpor, within the HMC axle. For a round, hollow tube,
the horizontal stress is maximum at the neutral axis of the cross section
[23].

The horizontal stress is highest at Position C in the steel collar (42.5
MPa) where the wall thickness is the least (Fig. 8). The same location is
chosen to assess the horizontal stress in the primary composite tube
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Table 1

Structural performance of the HMC railway axle.

Parameter
(Axle Position)

HMC Axle
FEA-3D Continuum
Element Model

Notes

Mass

Interference stresses at
wheel seat

(A)

Nominal bending

74.0 kg Total

Collars = 26 kg each
Primary composite tube
=14kg

Secondary composite
tube = 8 kg

Collar = 310 MPa
Primary composite tube,
119" = 375 Mpa
(Compressive)

Tsai-Wu Index = 0.30
(Model 1)

99.3 MPa

Mass reduction of 63%
compared to hollow steel
axle.

Hoop wound (90°) fibres
under axial compression.

Primary composite tube

stress, op Tsai-Wu Index = 0.18
(F)

Maximum bending 511,0° _ Peak stresses due to
stress, op ((jéompr;s:i‘trze)lvl Fa interaction between steel
® Tsai-Wu Index = 0.66 collar and primary

UEZZ'QOG ~12.3 Mpa composite tube.
(Tensile)
Tsai-Wu Index 0.71

Maximum deflection, 1.71 mm Hollow steel axle 0.56 mm
Omax
®)

Angular misalignment 0.21° Hollow steel axle 0.14°
at bearings, Omax
(D)

Back-to-back 3.47 mm Within 6.00 mm tolerance
displacement, ALgs [24]

(Rail level)

Maximum horizontal Collar = 42.5 MPa
Stress, Thoriz Primary composite tube
) = 2.05 MPa

Maximum torsional S1L-45" _ Je4 Mpa

torsion
Stress, Tiorsion

(Compressive)
® Tsai-Wu Index = 0.47
Maximum angular 0.32°

twist, ¢
(At A from A’)
First wheelset bending 74 Hz
frequency, @
(Estimated [25])

Hollow steel axle 85 Hz

resulting in a value of 2.05 MPa. As this stress is low, the Tsai-Wu failure
criterion is not applied.

In summary, the EAIN grade steel collar with a nominal wall
thickness of 17.5 mm can withstand the pressure load (Position A)
generated by press fitting the wheel onto the axle (310 MPa). At the
same location, compressive, circumferential stress is carried into the
hoop fibres of the primary composite tube (-375 MPa). The minimal
horizontal stresses in both the collar (42.5 MPa) and the primary com-
posite tube (2.05 MPa) are well within the allowable strengths, indi-
cating that failure is unlikely occur in this mode.

4.2. Step 2: Design of the primary composite tube

The design objective is for the primary composite tube to withstand
the bending and torsional loading within the limits of the Tsai-Wu
failure criterion.

4.2.1. Stresses due to bending

The maximum bending moment arises at the loading plane, Position
D, and is maintained at a constant value between loading planes. At
Position E, the collar ends and the diameter of the axle increases due to
the additional 13.5 mm thickness of the secondary composite tube. The
HMC axle is analysed at Position E just before the diameter increases
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(Fig. 9). The load case includes superposition of all the forces (Py, P, and
P)) that lead to the bending moments, My, M, and M,. Of importance is
that as the axle rotates, the configuration changes and the axle is subject
to fully reversed bending for each cycle. The torsional moment,M;, is not
applied in this case.

The maximum stress and damage index, shown in Fig. 9, is due to the
localised bending stress, o3, at Position E in the primary composite tube
where the cross section is minimal.

This causes a dominant compressive, S11 fibre stress (-442 MPa) in
the 0° plies nearest the outer surface, orientated at the “Top” of the tube.
These fibres are aligned with the global y-axis of the railway axle.
Furthermore, a tensile S22 matrix stress (12.4 MPa) in the 90° plies
nearest the outer surface at the “Bottom” of the tube arises. These are the
hoop fibres being loaded transversely in the direction of the global y-
axis. The relative S11 and S22 stress results produce Tsai-Wu damage
index values of 0.66 and 0.71, respectively.

The average through thickness stress in the stacking direction at
Position E is 10.7 MPa. This is caused by the penetration compliance of
the collar to the top side of the primary composite tube. A refinement
study at Position E showed little variation in the stress field with a finer
mesh size of 1 mm.

4.2.2. Stresses due to torsion

Application of the moment, M;,, to the HMC railway axle at Position
D’ produces torsional stress, 7ysion, across the axle. The bending mo-
ments, My, M, and M, are not applied in this load case.

The maximum torsional stress occurs at Position E, where the cross-
sectional diameter is the least. Fig. 10 shows the stress and damage field
in the primary composite tube. The dominate compressive, S11 fibre
stress (—164 MPa) is in the —45° plies nearest the surface (Fig. 10a),
Transverse to the —45° (S22) a tensile stress develops in the matrix with
a maximum of 3.28 MPa. The corresponding Tsai-Wu damage index is
0.47 (Fig. 10b).

The torque, M;,, produces twist in the axle, ¢. The maximum angle of
twist occurs at Position A under the scenario of a seized wheel at Position
A’ and has a value of 0.32°.

In summary, the primary composite tube with a nominal wall
thickness of 13.5 mm can withstand the bending and torsional moment
components of the loading. Traditionally, the axle would be assessed at
the centre of the axle (Position F) where the bending deflection is
greatest. Here, the nominal stress is 99.3 MPa, with a corresponding
Tsai-Wu damage index of 0.18. However, at the reduced cross-section
(Position E), the combination of a peak stress and the potential for col-
lar penetration to the OD of the composite tube under bending affects
the distributed stress at this position. While the Tsai-Wu criterion is not
exceeded (maximum of 0.71), engineering of the collar to primary
composite tube joint is advisable. The torsional stress and associated
twisting around the y-axis is less severe (maximum Tsai-Wu damage
index of 0.47) as anticipated by the Standard [12].

4.3. Step 3: Design of the secondary composite tube

The main function of the secondary composite tube is to permit
stiffness tailoring of the HMC railway axle, controlling deflection.
Altering the ply orientations and laminate thickness affects the flexural
rigidity of the axle. In this way the static and dynamic properties of the
axle can be tuned to meet the performance requirements. In addition,
the secondary composite tube improves the structural capacity of the
primary composite tube.

4.3.1. Deflection due to bending

As the HMC axle is under four-point bending, maximum deflection
occurs at the centre of the axle, Position F (Fig. 11a). The torsional
moment,M;, is not applied in this case. Associated with the deflection of
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the axle is the angular misalignment at the journal shown in Fig. 11b.
The axle is oriented to show the deflection as downward vertical
bending in the section of the HMC axle where the primary composite
tube is reinforced by the secondary composite tube. The greatest
deflection, Smax, is 1.71 mm.

The deflection also increases the back-to-back distance by ALpg
between the wheel flanges at rail level. For the HMC railway axle, ALgs
= 3.47 mm which is within the accepted tolerance of 6 mm [24].

An indication of the angular misalignment imposed on the tapered
roller bearings is described by the degree of rotation, 6, (Fig. 11b)
calculated from the rotational degree of freedom around the x-axis at the
surface nodes of the journal seat for Position D. This maximum rotation,
Omax, 1S equivalent to 0.21° and compares with a value of 0.14° for the
hollow steel axle. If necessary, the internal clearance of the bearing
could be increased, or a self-aligning bearing system could be specified.

4.3.2. First bending frequency

The first bending frequency, w;, of the wheelset comprising the HMC
railway axle is estimated at 74 Hz using a simplified method described
by Peng et al [25]. For comparison, a value of 85 Hz is obtained for the
hollow steel axle using the same technique. A refined analysis is required
as a wheelset bending frequency in the range of 90-110 Hz is prescribed
and what the hollow steel axle is expected to achieve [16].

In summary, the secondary composite tube with a nominal wall
thickness of 13.5 mm constrains the maximum deflection of the axle to
1.71 mm with a back-to-back distance of 3.47 mm. The increase in axial
misalignment at the journals requires further investigation if a standard
tapered rolling element bearing is to be used. The greatest stress in the
secondary composite tube is less than 185 MPa (S11) and 6 MPa (S22)
for symmetrical bending with a Tsai-Wu damage index of 0.3. Further
stiffening of the axle is possible by adding additional layers of rein-
forcement to the secondary composite tube with a mass penalty of
approximately 0.30 kg per layer. This may be considered for tuning the
wheelset bending frequency.

4.4. Summary of the structural performance of the HMC railway axle

The structural performance parameters for the HMC railway axle
(Fig. 4) obtained by the 3D continuum element model within Section 4
are summarised in Table 1 (Model 2 except where noted).

5. Discussion

A modern, steel railway axle is a complex, safety critical component
which has benefited from many years of in-service use with comple-
mentary scrutiny of performance. The scope of this paper is restricted
primarily to the function of the axle as a structural member. Other
important functions of the axle relating to, for example, fatigue reli-
ability, damage tolerance, electrical grounding, even fire performance
will require fuller consideration to raise the fidelity of the design to a
high technical readiness level. Here, a preliminary structural analysis of
a lightweight, HMC (hybrid metallic composite) railway axle has been
presented using a FE model. This model first provided a verification of
previous design by Mistry et al. [5] and allowed refinements to be made.
In addition, stress concentrations, particularly at the collar ends were
analysed using the FE model. The total mass of the axle is 74.0 kg, a
reduction of 63% compared to an equivalent hollow steel axle. The FE
model was used to analyse the interference fit of the collars as well as
bending and torsional response of the HMC axle. The structural per-
formance of the HMC railway axle is summarized in Table 1.

Aligned with the design approach presented by Mistry et al [10], the
thickness of the metallic collars are specified first to withstand the
pressure of the interference fit of the wheel without damage propagation
through the collar to the primary composite tube. EAN1 steel at a
nominal thickness of 18 mm was used for this purpose. The stress in the
collar is 310 MPa, resulting in a circumferential compressive stress on
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the hoop wound (90°) fibres of 375 MPa and a Tsai-Wu damage index of
0.30. While the stress in the collar is less than the yield strength of the
material, the Standard BS 8535 [12] specifies a more stringent strength
allowable in the wheel seat region. The steel collars also mitigate hori-
zontal stresses within the primary composite tube in the non-uniform
bending region between the running surfaces and the loading planes.
A horizontal stress of 2.05 MPa develops in the primary composite tube
at the smallest overall radius indicating that failure in this mode is not
likely.

The second step in the analysis was to establish the thickness of the
primary composite tube. A value of 13.5 mm was determined to with-
stand the bending and torsional loading under a 50% strength reduction
due to fatigue loading (107 cycles). The nominal bending stress at the
middle of the tube (Position F) is 99.3 MPa with a Tsai-Wu damage index
of 0.13 indicating a low likelihood of failure. The occurrence of a high
peak stress in the tube at the in-board end of the collar (Position E)
presents the greatest challenge to the design. Here, the axial fibres (0°)
undergo a compressive stress of 442 MPa (Tsai-Wu damage index of
0.66) while the hoop wound fibres (90°) sustain a transverse tensile
stress of 12.3 MPa (Tsai-Wu damage index of 0.71). Engineering of the
collar joint at this position is necessary to reduce these stresses. While
bending is the predominant load case, the effect of torsion at Position E
is also presented. Here the —45° fibres exhibit a compressive (buckling)
stress of 164 MPa with a Tsai-Wu damage index of 0.47.

The final step in the analysis is to specify the orientation and thick-
ness of the secondary composite tube. The purpose of this tube is to
permit adjustment of the flexural rigidity of the axle and thereby in-
fluence the bending deflection and the onset of shaft whirl. The
maximum deflection of the HMC axle is 1.71 mm at the centre compared
to 0.56 mm for the hollow steel axle. This results in a back-to-back wheel
deflection of 3.58 mm which is within the 6 mm tolerance for this
parameter [24]. The angular misalignment at the bearings is limited to
0.21° compared to 0.14° for the hollow steel axle. As the loading in the
FE model has been applied at a point rather than distributed, further
analysis of the journal region is necessary before recommending either
an increase in internal clearance for the bearing or a change to a self-
aligning bearing system. The first wheelset bending frequency is esti-
mated at 74 Hz and is comparable to that for the hollow steel axle at 85
Hz [25], although both are below the accepted frequency range of
90-110 Hz [16] indicating that a more rigorous analysis of shaft whirl is
necessary.

While the design methodology has been used for a railway axle, the
approach is generic and could be used for the design of any composite
shaft using metallic collars for the attachment of shaft elements. Notable
applications include shafts within an aero engine gearbox where the
mass reduction translates to significant fuel savings. Adoption for a wind
turbine main shaft would ease handling during installation with po-
tential stability gains afforded by the lower mass at the top of the mast.
Finally, a new generation of machines for space exploration are envis-
aged where low mass shafts will contribute to a lighter launch weight.

A clear area for further study is in the design of the metallic collars
and the joint with the primary composite tube. The high peak stress
where the collar impinges on the surface of primary tube is within the
limits of the Tsai-Wu criterion for the static loading case. However, ef-
forts to reduce this should be addressed. The adhesive bond between the
collar and the primary composite tube is an area of future work. While
initial laminate analysis has been adopted in the FEA of this HMC rail-
way axle, full optimisation of the laminate has not been undertaken. A
second area of future work is the development of a computational design
tool that permits rapid assessment of ply failure under loading at
discrete, critical sections of this axle. This would allow the ply stacking
sequence to be optimised prior to undertaking an intensive FEA study.

6. Conclusion

This work provides a structural analysis of a lightweight hybrid
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metallic-composite (HMC) railway axle, first proposed by Mistry et al
[10]. That manuscript proposed a mechanics of materials approach
using a netting analysis to establish fibre weightings. The FEA model in
this work confirmed that analysis and was further extended to areas on
the HMC railway axle with stress concentrations. The resulting mass of
74 kg represents a 63% reduction to the equivalent hollow steel axle. A
finite element analysis was performed using the general design approach
set out in the Standard BS 8535 being followed. While a new Standard
will be required for the HMC railway axle, the load cases within BS 8535
are expected to apply irrespective of the material solution used.

The axle comprises a full length, primary composite tube (OD = 142
mm, ID = 115 mm) manufactured from a high modulus carbon fibre,
epoxy prepreg to withstand the bending and torsional loadings as pro-
vided by Lucchini R. S. A secondary composite tube (OD = 169 mm, ID
= 142 mm), using the same prepreg material, is applied to the central
region of the axle between the loading planes and controls the flexural
rigidity of the axle. Collars made from EA1N grade steel with the exte-
rior profile (nominal OD = 177 mm) matching a standard, hollow steel
axle and an ID = 142 mm are bonded onto either end of the primary
composite tube. The collars are designed to withstand the compressive,
interference fit of the wheel onto the collar without damaging the pri-
mary composite tube.

The nominal bending stress at the centre of the axle is 99.3 MPa
(Tsai-Wu damage index of 0.18). Peak bending stresses occurs within the
primary composite tube inboard of the collar. Here, the hoop (90°) fibres
are loaded transversely resulting in a Tsai-Wu damage index of 0.71 at
the condition of 107 bending cycles. Although meeting the failure cri-
terion, this joint requires further analytical design. The principle of
attaching a metallic collar with a hard outer surface to a composite shaft
represents a generic solution for fastening, application dependent shaft
elements (for example, brake discs, gears, pulleys or flywheels).

Shear stress due to torsion (Tsai-Wu damage index of 0.42) as well as
the horizontal shear stress (2.05 MPa) between the running surfaces and
loading planes indicate that failure by these mechanisms is unlikely.

The maximum deflection at the centre of the axle is 1.71 mm, with an
increase in the back-to-back wheel dimension being held within toler-
ance at 3.47 mm. However, the angular misalignment is 0.21° at the
bearings requires further analysis if double row tapered bearings are to
be used. Furthermore, a rigorous assess of the wheelset first bending
frequency is recommended to ensure Standard compliance.

The methodology used for the design to the HMC railway axle is
generic and could be applied to any composite shaft with elements
attached using universal metallic collars. Conceivable applications
include the shafts within an aero engine gearbox, the main shaft of a
wind turbine or any shaft driven machine for space exploration.

Structurally, further understanding of the high cycle (10°) fatigue
properties of the composite under fully reversed bending and the failure
mode of the axle is necessary to bring this study to a higher technology
readiness level. Implementation of a rapid, CLT numerical solver would
allow the designer to optimise the ply stacking sequence prior to
commitment to an FEA solution. This is recommended as an area of
additional future work.
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Appendix

The following tables include material properties used as input to the
FEA models. These include the EAIN grade steel used for the collars
(Table A1), ER7 grade steel for the wheel hub (Table A2), carbon fibre
reinforced epoxy prepreg (Gurit-UCHM450 SE 84LV) used for the pri-
mary and secondary composite tubes (Table A3) and the adhesive
(3M™-Scotch-Weld 9323B/A Two Part Structural Adhesive) (Table A4).

Table Al
Mechanical properties of AISI 1030, 0.3% C steel, normalised, representing
EAI1N grade steel for the collars [22].

Mechanical property Symbol Value  Unit
Modulus of elasticity Estrain 200 GPa
Shear modulus GstEaIN = 77.8 GPa
Estpain
2(1 + vstpain)
Yield strength OStEAINY 440 MPa
Poisson’s ratio Vst EAIN 0.285 -
Density PStEAIN 7850 kg/
m3
Average fatigue strength at 107 OStEALN fat107 270 MPa
cycles
Table A2

Mechanical properties of AISI 1050, 0.5% C steel, normalised, representing ER7
grade steel for the wheel [22].

Mechanical property Symbol Value  Unit
Modulus of elasticity Esier7 215 GPa
Shear modulus Estery 82.5 GPa
Gstrr7 = o7
2(1 + vseer7)
Yield strength OStER7y 580 MPa
Poisson’s ratio Vst ER7 0.295 -
Density PstER7 7850  kg/
3
m
Average fatigue strength at 107 cycles o,y fat107 350 MPa
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Table A3
Mechanical properties of Gurit UCHM450 SE 84LV unidirectional (0°) prepreg
for the primary and secondary composite tubes (Source: Gurit).

Mechanical property Symbol Value Unit
Fibre volume fraction vy 56 %
Ply thickness oy 0.45 mm
Ply weight Wiy 683 g/m?
Density p 1498 kg/
m3
Longitudinal tensile modulus Eyp, 208.26 GPa
Longitudinal tensile strength o114t 1562 MPa
Longitudinal tensile fatigue strength at 107 cycles 011 tfa10? 781 MPa
(estimated)
Longitudinal compressive modulus Eii ¢ 187.43 GPa
Longitudinal compressive strength O11c¢ 843.40 MPa
Longitudinal compressive fatigue strength at 107 011 ¢ fal0? 421.7 MPa
cycles (estimated)

Transverse tensile modulus Exy 6.39 GPa
Transverse tensile strength 022t 28.80 MPa
Transverse compressive modulus Expc 6.39 GPa
Transverse compressive strength 022 83.1 MPa
Interlaminar shear modulus Eq3 4.31 GPa
Interlaminar shear strength 013 64.70 MPa
In-plane shear modulus Ei2 4.31 GPa
In-plane shear strength (estimated) 012 64.70 MPa
Poisson’s ratio — longitudinal strain Vi 0.337 -

Table A4
Mechanical properties of 3 M™ Scotch-Weld 9323B/A Two Part Structural
Adhesive for the bonding of collars to primary composite tube (Source: 3 M).

Mechanical property Symbol Value Unit
Modulus of elasticity Eudhesive 2.133 GPa
Poisson’s ratio Vadhesive 0.33 ~
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