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Material-specific use of carbon
fibre-reinforced plastics (CFRP)

in highly stressed rail vehicle
structures opens up enormous
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CFRP lightweight solutions
for rail vehicles

Material-specific use of carbon fibre-reinforced plastics (CFRP) in highly stressed
rail vehicle structures opens up enormous lightweight potentials
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Current trends in rail vehicle technol-
ogy such as the accomplishment of hybrid
drives for greater operational flexibility or
the integration of additional comfort and
information systems for passengers are
leading to increasing structural masses.
However, the total mass of the vehicles is
limited by the maximum permissible wheel-
set loads. Here, the development of modern
lightweight CFRP solutions for fully loaded
structures offers an attractive opportunity
for significant mass reduction, although
railway vehicles are still a comparatively
young field of application for CFRP materi-
als. The lightweight potential of CFRP and
the solution of associated challenges have
already been successfully demonstrated by
CG Rail GmbH for various rail vehicle struc-
tures.

Potentials of CFRP

in the rail vehicle sector

The material-specific use of continuous fibre
reinforced plastics for highly stressed load-
bearing structures in rail vehicles allows the
exploitation of enormous lightweight poten-
tials. The technical significance of glass fibre
and carbon fibre reinforced plastics (GFRP
and CFRP) stands out because of their excep-
tionally high specific strengths and stiffnesses
compared with metallic structural materials.
The diagram in Fig. 1 compares density-related
lightweight indicators for different materials,
whereby the values for composites are only
valid if applied in fibre direction. When deve-
loping GFRP or CFRP lightweight solutions, the
directional dependence (anisotropy) of the
material properties must be given special con-
sideration in the development of GFRP or CFRP
lightweight solutions to exploit the full materi-
al potential. In addition, special manufacturing
and joining restrictions of continuous fibre
reinforced GFRP or CFRP must be considered
throughout the entire design process, from
the first concept to the detailed design phase
[11.

However, the structural application of fibre re-
inforced composites in rail vehicle technology
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has so far mainly been limited to components
with low loads, such as front cabin structures
or cladding components for interiors and ex-
teriors. In these cases, GFRP with either short,
long or continuous fibre reinforcement is usu-
ally applied. Compared to metallic materials,
the main advantages of GFRP are an excep-
tional freedom to design, combined with low
material and production costs including an
excellent corrosion resistance.

Compared to metals and GFRP, the adequate
use of CFRP permits mass reductions of up to
50% in highly stressed rail vehicle structures
- a fact that has already been successfully
demonstrated in extensive studies and basic
research projects (see [2, 3, 4]). Furthermore,
in contrast to metals, fibre composites such
as CFRP allow direct integration of sensor el-
ements into the material during the primary
production process (see [5, 6]). This means that
the sensor elements are excellently protected
from environmental influences ensuring com-
ponent strains to be reliably measured during
operations. Continuously monitoring online
structures also provides the opportunity for
condition-based maintenance of CFRP struc-
tures. Other advantages of CFRP and GFRP
materials compared with metallic materials in-
clude high material damping, lower heat con-
duction perpendicular to the fibre direction

(thermal insulation), excellent corrosion resist-
ance and mostly benign failure behaviour.

Selected challenges for the application
of CFRP in the rail vehicle structures
However, the commercial series use of CFRP
materials in rail vehicles is currently limited
to only a very few applications such as light-
weight antenna carriers on bogies. It seems
that CFRP is still being used hesitantly because
of the high material costs for carbon fibres
(CF), which, along with the plastic, constitute
the main part of the composite material CFRP.
The main cost drivers for CF production result
from the precursor - the polyacrylonitrile fibre
(PAN) - contributing around 50%, and the en-
ergy costs for stabilisation, carbonisation and
optional graphitisation of the PAN-fibre during
CF production which contribute about 20%
[7]. However, the steadily increasing CF pro-
duction capacities worldwide and the associ-
ated economies of scale have already led to a
significant fall in prices for pure carbon fibre of
up to less than 20 €/kg in recent years [8]. In
addition, there are promising developments
regarding a successive replacement of the ex-
pensive, petroleum-based precursor PAN with
cost-effective and sustainably produced ma-
terials such as lignin, which is a waste product
from paper production. As a result, further cost
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Fig. 1: Comparison of the lightweight potential of different materials
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Fig. 2: Basic principles of selected repair processes for CFRP materials

reductions can be expected in future [9].

High manufacturing costs due to labour-in-
tensive manual processes are also often men-
tioned as a critical point in practice. These can
be significantly reduced through a higher de-
gree of automation, which simultaneously im-
proves component quality and reproducibility.
However, the economic profitability of process
automation should always be examined in
view of the higher initial investment consider-
ing the planned production scenario. In addi-
tion, a planned automated production should
have been considered before, in the early con-
ceptual design phase of CFRP components, as
the selected manufacturing process usually
influences important factors such as usable,
semi-finished products and realisable shape
[1].

In general, however, the monetary evaluation
of lightweight CFRP construction measures for
rail vehicles should not only be carried out in
a limited manner for the manufacturing costs,
but in a systemic manner for the entire life cy-
cle costs, whereby the material price and the
manufacturing costs usually only form a sub-
ordinate part. For example, the application of
CFRP lightweight structures to material-adapt-
ed designs can lead to a significant reduction
in energy costs (mass reduction), maintenance

costs (wear reduction on the rail vehicle, excel-
lent corrosion resistance) and track charges
(reduction of stress on the track superstruc-
ture) (see [10, 11]).

The fulfilment of fire protection requirements
according to the European standard EN 45545
is often considered another challenge for CFRP
in rail vehicles. It has been in place since 2016,
especially for the highest hazard class HL 3,
e.g. in metros [12]. To this end, CG Rail GmbH
has carried out extensive fire tests on various
CFRP structural materials with both thermo-
set as well as thermoplastic matrix, whereby
even the highest requirements according to
HL3 R7 in accordance with EN 45545-2 are
fulfilled through special fire protection meas-
ures. On the one hand, this is achieved by us-
ing inherently flame-retardant plastics such
as phenolic resins. On the other hand, the
market offers many different flame retardant
additives, which, added to plastic and depend-
ing on their chemical composition, influence
fire behaviour with different modes of action.
Another possibility is integrating special fire
protection-modified fibre layers or resin layers
(so-called gel coats) on the outer side of fibre
composite components directly during the
main manufacturing process (see [13]). Finally,
fire protection coatings can also be applied

after manufacturing fibre composite compo-
nents, although this leads to additional manu-
facturing steps and therefore additional costs.
Another focus during the development of
lightweight CFRP structures for rail vehicles is
on impact behaviour and fatigue behaviour. In
the exemplary case of lightweight CFRP struc-
tures in rail vehicles exposed to impacts by fly-
ing gravel, especially adapted layer structures
with high impact tolerance and energy absorp-
tion capacity can be achieved. CG Rail GmbH,
for example, has developed a novel underfloor
cladding in lightweight CFRP design with high
impact resistance. The CFRP claddings that
were applied achieved a mass saving of 55%
compared to the metallic reference compo-
nents and, at the same time, require less space
for design [14]. The fatigue behaviour of CFRP
materials with continuous fibre reinforcement
is influenced by many different factors, such
as the CF fibre type, the plastic (thermoplastic,
thermoset), the manufacturing process and
the component quality (see [15]). As an exam-
ple, in CFRP components with continuous fibre
reinforcement, stresses should predominantly
only occur in the fibre direction under all load
conditions to exploit the excellent fatigue
strength of CFRP materials in this direction. If
this basic principle is considered during design
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Fig. 3: CFRP lightweight bogie frame in differential design
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and dimensioning of the components, a long
service life can be achieved.

In the area of damage detection and repair of
CFRP lightweight structures, the aviation sec-
tor provides several established technologies
that can be partly transferred to the rail vehicle
sector in a synergetic manner. Suitable tech-
nologies for damage detection in CFRP struc-
tures include the ultrasound method, acoustic
emission testing, thermography or the X-ray
method. However, these methods differ re-
garding various criteria, e.g. detectability of
different types of damage (see for example
[16]). Furthermore, the integration of sensor
elements with different operating principles
offers great potential for continuous structural
monitoring of CFRP lightweight components
(see [17]). For repairing CFRP components with
a thermoset matrix in the aerospace sector,
various certified technologies have been es-
tablished, too, such as milling out the damage
and subsequently laminating a repair patch
(also known as “scarf repair” or “patch repair”)
or the so-called doubler repair (also known as
“bolted repair”). The basic principles of these
methods are shown in Fig. 2 (see [18, 19, 20]).
The exceptional lightweight potential and the
resolvable challenges in the structural use of
CFRP in rail vehicles provide many approaches
for development and technology solutions for
innovative lightweight components. In the fol-
lowing, two novel CFRP lightweight structures,
developed under the leadership of CG Rail
GmbH from Dresden, are presented as exam-
ples.

Lightweight CFRP bogie frame
Innovative lightweight CFRP solutions for bo-
gies can lead to multiple advantages such as
improved running dynamics due to reduced
inertia forces, reduced wheel-rail wear due to
lower loads and lower energy consumption.
An impressive example of the beneficial use of
CFRP in bogies is the lightweight bogie frame
developed by CG Rail, offering a mass reduc-
tion of almost 50% compared to the steel ref-
erence frame [21]. This innovation has been
awarded with the European “ERCI Innovation
Award 2020".
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The classic H-shape of this lightweight bogie
frame results from the requirement to adopt
all interfaces, installation spaces and add-on
components from the steel reference frame
(Fig. 3a). The intended highly automated pro-
duction was already considered at an early
development stage during the conceptual
design phase. As an example, a new kind of
CFRP differential design with an intelligent
division into four CFRP single components
using simpler geometry was developed, be-
cause the complex H-frame shape makes
producing a one-piece CFRP integral design
technically and economically almost impos-
sible (Fig. 3b). The automated production of
the single components enables a very high
component quality with low production costs
at the same time.

The new CFRP bogie frame was success-
fully tested in extensive tests under static as
well as cyclic loading. The cyclic testing was
carried out in accordance with the DIN EN
13749:2011 standard over a total of 12 mil-
lion load cycles. The load level was gradually
increased from 100% to 160% during the test
after the successful completion of 6 million
load cycles (see also [21]).

Lightweight CFRP pantograph
platform

In high-speed trains, the pantograph can be
mounted either directly onto the car body
roof or in a recessed position. In both cases,
additional claddings are usually provided
to reduce air resistance and turbulence (see
[22]). Mounting the pantograph into a roof
recess can reduce the cross-sectional area
of the car body and thus contribute to a re-
duction in aerodynamic drag, especially at
very high speeds of over 300 km/h (Fig. 4a).
An aerodynamically favorable design of the
recess can also reduce turbulence and the
resulting noise emissions generated by the
pantograph, especially at higher speeds (see
[23, 24, 25, 26]). Therefore, the shape of this
so-called pantograph platform has to be
adapted to its special aerodynamic require-
ments. This usually results in complex ge-
ometry on outer surfaces which, in classic

metal design, can usually only be produced
using very complex welded constructions
with a large number of individual parts (see
Fig. 4b). In addition to the related very high-
subsequent extensive manufacturing costs,
complying with the required tolerances is a
further challenge.

The extremely high design freedom in the
primary molding process and the possibility
of producing an integral component in just
one manufacturing step predestine the use of
CFRP to produce the pantograph platform. In
addition, CFRP offers the possibility of a sig-
nificant reduction in mass and thus also in the
moment of inertia in the particularly relevant
roof area. Another aspect is the possibility of
noise reduction in the interior through im-
proved sound insulation. The acoustic prop-
erties of CFRP can be adjusted especially by
the layer structure and fibre orientation in the
layers to reduce structure-borne noise.

As part of a research project, CG Rail GmbH
therefore developed and technologically im-
plemented the world's first CFRP pantograph
platform in a new integral design, which
has a mass saving of 30% compared to the
aluminum reference platform (Fig. 5). The
aerodynamically designed outer surface of
the platform was specified by the customer
[23]. The one-piece CFRP sandwich structure
of the platform, in a maximum dimension of
3.80 meters, is manufactured by means of a
vacuum infusion in just a single process step.
The use of the one-step infusion process has
significantly reduced the amount of work
and fixturing required in production. With a
tolerance of just £2 mm, the finished compo-
nent also exhibits high dimensional accuracy.
In addition, a specially adapted sandwich
structure has significantly improved sound
insulation in the audible frequency range.
Compliance with the required fire protec-
tion class HL3 R8 in accordance with standard
EN 45545-2 was achieved using fire protec-
tion systems and demonstrated in extensive
fire protection tests. The platform in integral
lightweight CFRP construction was also suc-
cessfully tested in extensive tests under static
and cyclic loads over 10 million load cycles.
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Rendering of the CFRP pantograph platform

Pfototype of the

Fig. 5: Prototype of the CFRP pantograph platform

Summary

CG Rail GmbH and its renowned partners have
successfully demonstrated the enormous
lightweight potential of CFRP materials for
application in load-bearing structures of rail
vehicles in the framework of several projects.
These include a CFRP pantograph platform in
an integral design with a mass saving of 30%
and a CFRP lightweight bogie frame in a dif-
ferential design with a mass saving of almost
50%. All specific requirements for rail vehicles
such as those relating to fire protection or op-
erational stability were considered throughout
the development process, from the conceptu-
al design phase through to the technological
realization of the prototypes. The knowledge
gained in the projects on the use of continu-
ous fibre reinforced CFRP in rail vehicles is an
important foundation for the future realization
and approval of series applications for new ve-
hicles as well as modernization measures. H
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