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ABSTRACT

A method is described for the optimal selection of composite
materials based on: performance indices to define material
performance, materials selection charts on to which the material
properties and performance indices can be plotted and the use of
bounds to define the envelope of properties accessible to a
particular material. Weighting factors are also introduced as a
means of compensating for the relative effect and importance of
performance index groups. The method makes use of a computer
implementation. To demonstrate the method, a case study is
described that investigates the feasibility of using composite
materials for commercial printing-press cylinders.

INTRODUCTION

Selecting appropriate materials is an important part of the design
process for mechanical engineering products, particularly for load
bearing components and structures. For a given loading system,
the performance of an engineering structure is limited by the
properties of the material of which it is made, and by the shapes to
which this material can be formed. However, compared to
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conventional engineering materials, the use of composites
complicates the situation because these materials are actually a
combination of different materials, comprising of reinforcement,
matrix, and possibly fillers and additives. Composites are also
expensive and can be difficult to fabricate, but provide an
enhanced shaping capability and an ability to tailor the
reinforcement, thus leading to efficient material utilisation and
high performance structures.

SELECTION METHODOLOGY

For the mechanical engineering design process, materials are
considered at all stages. At the concept stage, all materials are
considered but at a low level of precision. At the embodiment
stage, sub-sets of materials are compared at a higher precision level
to determine the size, layout, performance and cost of the design.
Finally, at the detailed stage, normally one material is chosen with
the best available precision. Designing with a single material at
the detail stage is more straight forward with data available from
many sources, including in-house testing. The difficulty,
particularly if the application is novel, is deciding which material
to use.

The performance of a structural component such as minimising
energy per unit mass (index) is a function of the functional
requirements, geometry and material properties. These three
groups of parameters can be separated and therefore the optimum
choice of material becomes independent of the details of design; it
is the same for all geometries and all values of functional
requirements. The performance can therefore be maximised by
maximising a group of material parameters.

Performance usually depends on two or more material properties
which can be presented by plotting one material property (or
combination of properties) on each axis of a Materials Selection
Chart [1]. Superimposing the performance index on the chart (a
sloping line plotted on log scales) allows an optimum choice of
material to be made. Section shape can also be taken into
consideration by including a dimensionless shape factor in the
selection procedure. If after several selection stages, the sub-set of
selected materials is still too large, it may be possible to apply
weighting factors to reduce the sub-set even further [2].
Performance indices cannot deal with weighting the relative effects
in importance of each index in a quantitative way because each has
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different units. However, this can be dealt with by expressing each
index as proportions of the largest value. The performance index
values can therefore be converted to relative values (values relative
to the largest quantity) and combined empirically. The weightings
are decided by intuition based on the relative importance of each
performance index.

When the selection procedure results in a composite material, the
next step is to determine the proportions of the constituent
components. For composite materials, bounds (e.g. for modulus)
or limits (e.g. for strength) defining upper and lower values
between which the properties lie, can be used to bracket, or
envelope, the properties of all arrangements of matrix and
reinforcement [3]. For instance, the modulus of a composite is
bracketed by the well-known Voigt [4] and Reuss [S] bounds. The
upper bound is obtained by postulating that, on loading, the two
constituent components suffer the same strain; the stress is then the
volume average of the local stresses. The lower bound is found by
postulating that instead that the two components carry the same
stress; the strain is the volume average of the local strains. Similar
envelopes can be defined for other material properties using other
analytical solutions and approximations. The method gives the
designer freedom in considering trade-offs pertaining to the
potential increase in performance index for a given increase in
volume fraction of a constituent.

COMPUTER IMPLEMENTATION

This work has made use of the Cambridge Materials Selector
(CMS), a computer based implementation of the method described
above [6]. This package comprises of a hierarchy of several
databases of materials properties (including composites), a
management system which recovers and manipulates the data, and
a graphical user interface which presents the data on material
selection charts. The use of such a package facilitates rapid
assessment of selection criteria.

CASE STUDY

A case study was carried out in collaboration with Rockwell PMC
in Peterborough to investigate the feasibility of using composite
materials to improve the design of commercial printing-press
cylinders [7].
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A commercial heatset web-offset printing-press comprises of a
near vertical stack of large horizontal-axis cylinders (approx. 150-
300mm diameter, 2000mm long) as shown in Figure 1. These
cylinders are solid and made from steel (medium-carbon). At high
speeds, the cylinders tend to vibrate, leading to poor quality
printing. The main source of vibration is a longitudinal slot in the
surface of each cylinder. A new design of cylinder was required
that would delay the onset of vibration, thus allowing higher
speeds or reduced diameter cylinders to be used. Another
requirement was that the new cylinder must be capable of being
retrofitted so that design changes to the rest of the printing-press
are not required.

In the case of a printing-press cylinder, the sectional shape and
mode of loading is determined by the configuration of the printing-
press and cannot be easily changed. The choice of material is
therefore the only parameter that can be changed to significantly
affect the structural performance of the cylinder. The cylinders
operate under high transverse loads (closing force up to 150 kN)
and speeds (up to 13 m/s) in an ink/water environment at
temperatures slightly above ambient. Mild solvents are also used
regularly for cleaning purposes.

To impartially choose a material from the full range of
engineering materials, the CMS form of graphical selection
procedure, described previously, was used with a database of
generic material properties. Sectional shape was not included
because it cannot be changed due to the configuration of the
printing-press and a constant radius cylinder has a shape factor of
unity. A functional analysis of the printing-press cylinder revealed
the most appropriate properties, or performance indices, for
maximising mechanical performance. These include elastic
modulus, damping coefficient, resonant frequency, strength and
cost. The selection criterion were superimposed on material
selection charts and the intersection of several selection stages
produced a sub-set of 21 candidate materials. Figure 2 illustrates
one of these selection stages for choosing materials with high
resonant frequency. To reduce the sub-set further, the performance
index values were converted to relative values and combined
empirically using weighting factors. This led to a sub-set of 7
candidate materials.

Taking into account the significance of other important properties
such as qualitative data on manufacturing constraints,
environmental effects and application suitability, the optimum
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choice was a composite material consisting of carbon fibre
reinforced plastic (CFRP). In general, CFRP possesses high
stiffness and strength, good damping capacity and high resonant
frequency properties, but have high raw material costs compared to
steel. Using the detailed composites database, Figure 3 illustrates
the selection of the most appropriate CFRP system. A high
modulus carbon fibre embedded in a thermoset epoxy resin matrix
was considered to be the most appropriate system. There are a
large range of commercially available polymer matrix resin
systems. A thermoset resin was chosen instead of a thermoplastic
resin because it has better creep resistance. Specifically, €poxy
resin was chosen because of its superior physical and mechanical
properties, lower cost, availability and ease of processing. Carbon
fibre typically ranges from ultra-high strength to ultra-high
modulus grades. For similar reasons of economy, availability and
ease of handling, high modulus carbon fibre was chosen, even
though this did not give the highest modulus value.

The composites selection methodology identified the optimum
proportions of fibre and matrix, specified as a fibre volume
fraction. Figure 3 shows the use of bounds to define upper and
lower property values which correspond to the parallel and
perpendicular directions to the fibres respectively. The effect of
fibre volume fraction on properties can be determined, thus
allowing an optimum choice to be made. Several processing
methods were investigated, including hand-layup, compression
moulding, resin transfer moulding, pultrusion, and filament
winding. To maximise the flexural properties of the cylinder, a
high proportion of axial fibre was required. This could be
provided by pultrusion or filament winding. The pultrusion
process is suited to constant cross-section shapes with high
proportions of axial fibre, but the section size exceeds the practical
limits of the process. Filament winding was therefore chosen with
a practical limit of 60% fibre volume fraction. A special purpose
machine was envisaged to wind axial fibres.

The scope of this paper has not permitted a detailed description
of the cylinder design. Essentially, the final design comprised of a
steel core with a thick-walled filament wound composite sleeve.
This construction positioned the composite material furthest away
from the neutral axis, thereby maximising its stiffening effect. The
steel core was extended beyond the length of the sleeve to provide
spigots for locating bearings and gears, as well as acting as a
mandrel during the winding process. The new design allows the
use of either higher speeds, or smaller diameter cylinders, but the
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full potential will not be realisable with the retention of the slot.
The slot was also investigated as part of the study, but changes in
the slot have major effects on the design of the rest of the printing-
press and compromise the retrofitting requirement. The final
decision is a business one and will depend on whether the
increased performance provides sufficient competitive advantage
for the company.

CONCLUSIONS

A rational material selection methodology, facilitated by a
computer implementation, has been demonstrated through a case
study investigating the feasibility of using composite materials for
printing-press cylinders. The combined use of performance
indices, weighting factors and bounds has enabled the optimal
selection of a composite material. The method depends on an
unique synergy of theory and practical experience. The result of
the case study is a new cylinder design with increased stiffness and
damping performance, thus permitting higher operating speeds.

REFERENCES

1. Ashby, M F. Materials Selection in Mechanical Design,
Pergammon, 1992.

2. Charles,J A & Crane, F A A. Selection and Use of Engineering
Materials, 2nd Ed., Butterworth-Heinemann, 1989.

3. Ashby, M F. Criteria for Selecting the Components of
Composites, Overview No. 106, Acta metall. mater., Vol. 41,
No. 5, pp. 1313-1335, 1993.

4. Voigt, W. Lehrbuch der Krystallphysik, p. 962. Teuber, B G,
Leipzig, 1928.

5. Reuss, A. Z angew. Math. Mech. 9, 49, 1929.

6. Cebon, D & Ashby, M F. Computer-Aided Materials Selection
for Mechanical Design, Metals & Materials, pp. 25-30,
Jan. 1992.

7. Edwards, K L. Improving the Design of Printing-Press
Cylinders, Technical Report to Rockwell PMC, Aug. 1992.



Transactions on Engineering Sciences vol 4, © 1994 WIT Press, www.witpress.com, ISSN 1743-3533

Composite Material Technology IV 91

plate cylinder (upper)

blanket cylinder (upper)

blanket cylinder (lower)

plate cylinder (lower)

Figure 1: Schematic of printing-press cylinder stack

1000 . — T
1. MODULUS-DENSITY NGINEERING @ .
YOUNGS MODULUS E CERAMICS | X o 1
(G=3E/8; K=E) A5 I\ ]
I MFA 94 o wALLovs |7
100 SEARCH
3 REGION -
¥ -
~~ - // . A ()
QO_ L (g)’fl o A7 ENGINEERING—"| LAMINATES
m,
o) 5 sl COMPOSITES ’
w 10
0 ENGINEERING ~ ~ /A
2 A% /0
51 - / Ve :
-~ V
2 ~ ’,
o] . e
= |_enGiNEERING ///’// ]
h ST~ POLYMERS ///1
o 10 -1 3
z -7 X 3
> R ]
- 7 GUIDE LINES FOR
@) PTFE, - i MINIMUM WEIGHT | ]
> o £ -JC/ ///, DESIGN E
rLabnicisen [P T 4 B
C P pid /
0.1 N d 4
. - 3
ARDA \ ELASTofaﬂg / 3
3x107 LR e | ]
- /B= / -
POLYMERS o\ T w / 1
FOAMS BuUTYL l E =C
0.01 PR | P bl a1 L
[o}] 0.3 ) 10 3 10 30

DENSITY, P (Mg/m?)

Figure 2: A design chart of generic materials properties showing
resonant frequency selection.
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Figure 3: Design chart of composite materials properties showing
bounds for unidirectional carbon-epoxy composite



