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W yne Ward examines “he current state of the art and

{uture procreccs in m *rals technology for motorsports

he suf ject of metallic materia.~ - .heir pro er sele: tion,
met~lury - a'.d prope.._~ — already fills cou..'~~, textbooks,
¢ v it v ould be fruitl 'ss and mpractic | to try to cover these
“~nic. inany der.ch in . article or ever, " an entire issue
of this nagazi e. What ve c..~ do though is giv ~ an appraisal of the
pres~nt s ~+ of metal~ development and p. ssible future developments,
Fased ~= "aput fror 1 ~otorsport and meta. inaustry experts.
W “ile anyone ringrading an exicang duction engine will need
2. least some "ateria. s knowled~=, i. < the companies who supply
» “spoke ra~e e, 7ine, who nr 2d tc be up to date not only on the
materials hut ai. ~ their applicatic ~ and new developments in the
technology. Although an in. roved material specification can only
rarely make up for soi, = uenuicncy in the design or manufacture of
a particular part, it is . '<o t e that an improved specification will,
for example, offer the opportunity to make a part lighter for the same
durability, or more durable given the same mass, or a combination

of the two. This doesn’t just apply to durability (as judged by fatigue
performance); equally we could consider corrosion resistance, friction,
temperature resistance and so on.

Companies who make bespoke engines — particularly the few who
make a large proportion of the parts themselves — need to know which
materials will best suit a given application if they are to produce a
light, powerful, durable and economical engine. They also need a
good knowledge of the function of the component to which they will
apply their chosen material choice, as well as the critical quantity or
quantities that affect the design.

For example, say we would like to make the lightest possible test
piece that will withstand a 10,000 N tensile load. If we imagine that
we are limited to using steel, we need to choose a material with
the greatest tensile strength (assuming that every type has the same
density). We may therefore find one with a tensile strength of 2500

N/mm? and we have our answer.
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teri® for a given application.
x\aterials suppliers take
w t your knowledge of your
WP lication is good enough to
ake the correct material choice
given the information they supply
to you. It is a good idea to involve
material suppliers at an early

stage, not only to gauge what

is available but also to listen to

@E what knowledge they may have

of similar applications. Without
access to some complex FEA,
and a method of validating the
results, we have to make a lot
O of assumptions about what we
require for a given part in terms of
Q materials, and the knowledge of a
Fig.1 Norton was using magnesium for major engine components more % good materials supplier or expert
than 50 years ago, and the material is now widely used in automotive engines can be invaluable here.
% There are a few motorsport
If we then find another material with a strength of 150 aw#® who are rich enough to venture into the world of material
mment individually, but the rest of the industry is well served
V{ manyf the materials we use are also used by the aerospace
@dustry. I injgrthe aerospace industry, and its constant striving

bo or impr hat we have to thank for better materials being
Q- deve suit our needs.

sium alloys

a con rod, it is complex and consequ j ly 7| lation proscribing the use of magnesium alloys in Formula
stressed. We could optimise the rod, b and NASCAR engines is puzzling. In the days when the flow of

However, most real-world applications
out. Take the case of a con rod. If we lgg

(most sensibly by matching the f.
material) to arrive at a very i

by the geometry ofpth

of the material. jffweffire

that is 10% s 3% mg
elastic mo@ual to the d
i gamgk e :

g limi rength is a small
region little-end oil AN ng then the
answer is we should the existing material.

As can be seen fro ple, the issue of
correct material choi®ggdeMwnds only partly on
knowledge of the best materials. AShby/S book (1) Fig. 2 Aluminium is commonly used for major structural engine castings,

. as seen here in this V10 endurance engine (Courtesy of Engine Developments)
is an excellent reference on how to select the best
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wasn’t beyond the wallet of even small engi turers. ge

NASCAR engine regulations use the wordgnagffesium’ twi
both occasions stating, “Magnesium angss otic matt ill
ag a Wge

t as exo,
sible c'ygdl in grtain

manu

\ Vared t
w stren
money into the sport was even more limited thai™gg8 now, ma@ unsatisfa

applications.
Magnesium has been com

reasonably low-bud
40M, which has

hter car can
omy. Just as

hich roadcar

has cast production
30 models from

lloy insert for the cylinder

attractive ma

it doesn’t h

jal mainly because of its low
density. a particularly high specific strength
or specific stiffness, t for a given mass we can use more
material is an advan b&ause we can arrange the material into a
geometry that gives a stiff Structure.

If we look at an aluminium beam in bending, say 50 mm wide

L 4

and 10 mm deep, for the same masdyge cq use a beam of 50 mm

wide and 15 mm deep in magnegs iffness of the beam

is proportional to the product d @ Hulus of elasticity and the

moment of inertia of the s%

The modulus, E, of alM&nium is 72 GPa and that of magnesium is
44 GPa.
% for stiffness gives magnesium a 106% stiffness
is emple. If we were happy with the stiffness of the

Doing the
er modulus, nor even specific modulus

ity), represent a good way to select the best

an advantage over cast aluminium as it can be cast

ickness, hence its widespread use for this purpose in

Its when simply trying to substitute aluminium with
mag ma®wever, if we take magnesium’s mechanical properties
int comgt and design around them, it is an attractive material and
ound su®ess when used for structural castings such as sumps in

One before it was banned.

F
ere have been several attempts to use magnesium for more
ighly stressed engine components, notably pistons. The fact is that,

in some respects, magnesium is not an ideal piston material. In terms
of physical properties for piston materials, high thermal conductivity

is considered important, and that of magnesium is much less than that
of aluminium. However, when people are looking to thermal-barrier
coatings on piston crowns, the low thermal conductivity of magnesium
alloys for use as a piston material may no longer be the obstacle it was
once considered to be.

There are a number of high-strength wrought magnesium alloys that
could be considered as candidates where aluminium components are
currently used.

The use of magnesium can in some cases be limited by its corrosion
behaviour. It is the least noble of the commonly used engineering
materials, but in recent years a number of new surface treatment
processes have been developed that have improved the corrosion

behaviour of components made from it.

Aluminium alloys

As a lightweight alloy, aluminium has found widespread use in
automotive engines for decades, for the main castings of the engine,
cylinder liners, pistons, con rods, covers of various descriptions and
many other ‘minor’ pieces. Fig. 2 shows a typical bespoke race engine +
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Fig. 4 Con rods, pistons and compressor wheels are some of the components
for which rapidly solidi ed alloys nd application (Courtesy of RSP Technology)

that uses aluminium for major castings.

Cast aluminium remains the most popular choice for &gin

for road as well as race vehicles. There is a wide rang\
used for race castings, many of which are based arou

rials

emistr
involving 5-10% of silicon, often with additions
is a popular British specification, broadly e
composition.

In recent years alloys have been develgagg

improved fatigue properties compared
and despite some difficulties in the prooW
(A201 being an example), race colgpanies have b
lately. These alloys are based
expensive alloying elemen

forward in fatigue behaviour coMgared to

which have significa roved casting
excellent fatigue a e propertieg

ing race engines or
pp mmercially
i h an ultimate tensile

inium-lithi

lloy is 30.31, which represents a 17%

increase.
Piston alloys COHU\ tract a lot of attention, and there is a
steady stream of new matdrials which try to knock the long-term

favourites from their pedestal. RR58/2618 is an old specification of

<2C)

~Z‘

stings

V/vever,

agnesium. L
ivalent (¥the US356
maiving’ the material will be in hard-contact situations. Where
material has little ductility, any edge contact or loading must be

<
N
&

X
&
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% ich continues to be used for highly-stressed applications.
Fig. 3'%hows an RR58 forged piston.

cently developed ‘conventional’ alloys, metal-matrix

omposit mgpallic-glass (see below) alloys aimed at piston
manufac well see RR58 displaced for a small number of
appli future. One property in many new materials that is
lac cOwgpared to RR58 is elongation.

WhileWe don’t expect pistons to need much capacity for significant

eformation, elongation does give some indication of how

carefully considered if failure is to be avoided. Where people simply
replace RR58 with a stronger material with lower elongation, they
often get a nasty shock. However, with attention to detail in critical
areas, these low-ductility materials can be made to work well for
piston manufacture.

Research into the processing of aluminium has given us a lot of
materials with striking mechanical properties. Metallic glasses, so
called because of their amorphous structure, based on aluminium and
manufactured using astonishingly high cooling rates — of the order of
a million degrees centigrade per second — have shown truly incredible
results. One of the resulting alloys has a yield strength in excess of
700 MPa, another has a specific stiffness of 51.44 and several have
improved high-temperature properties compared to the current best
conventional piston alloys, while also showing improved fatigue
properties. Fig. 4 shows a number of products developed from rapidly
solidified aluminium alloys.

Metal-matrix composites based on aluminium offer an alternative
route to very high levels of stiffness, and these currently find
applications in a number of race series. Con rods and pistons are two
major components of the engine for which these alloys are currently
used; the valvetrain is another area.
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Fig. 6 These machined steel NASCAR rockers have replaced aluminium
in the search for stiffness and low inertia (Courtesy of Jesel)

A typical aluminium-based metal-matrix composite has a
higher density (2-3% higher usually) than a typical alumi |

but a 60% higher modulus, combined with improved wigr rési

nce.

These materials are prohibited in a number of race se ly
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alugai or non-structural areas of the block.
& 'ASCAR engine blocks are made from CGl, and it has
u

foundQuccessful application in recent years for cylinder blocks in

mented with CGl iron for its 500 cc V4 Grand Prix

X Vutput
Formula One, although they find use in a number o mulae s Audi a
with much lower budgets. hat SuzdNgX
Aluminium beryllium has had a lot of covgrage ove®the yeaggand motc%ine during the later stages of the two-stroke era.
t

is, technically speaking, a metal-matrix c

e rather a )
s used irQJ;Ia
@ ill manygfictyre d
r

supplied to the aerospace industry, and ellite

applications.
While these materials are in Formula ngines, the

remain legal in many oth ce series. A tygjcal alumium-beryl

as beryllium isn’t soluble in aluminiu

One for pistons more than a decade

alloy has a density of just over Wg/cm® (a
of 193 GPaa

en used in

igher than f

magnesium) and a m

steel). The materia re it

ductivity,

aterials technology was
’ @ 'CGlI cast iron, however, there is a

0
Cal irog not a new %Eial, but its use for large structural engine
iC

castings is a recent d Dieter van der Put discussed it in
a recent RET-Monito 2) when he looked at the advantages
of the material and the poSsibility for producing an optimised-mass

‘composite’ block using CGl, where it makes sense to use it, and

s for Compacted Graphite Iron and its success lies in

e takes. The German name for the material is GGV, or Grau

'tsw%ructure, in particular the form that the graphite within the

i
Vermikular (grey iron vermicular). Vermicular means to be like
worm in form or movement, and this worm-like form refers to

the graphite within the iron matrix. This structure and the method
by which it is produced were discussed in an article in RET 42 in
November 2009 (3).

The vermicular structure is produced by adding magnesium, and
controlling the melt to ensure even dispersion of the magnesium
throughout is critical to the success of the material. Areas of the
casting lacking in magnesium will produce a standard ‘grey iron’
structure which, compared to the desired CGI structure, is much

weaker.

Steel

Whether it be through the rules mandated by various series or by
sensible choice, steel remains the best material for a number of

the most highly stressed engine components. It is certainly the

only sensible option for very highly stressed crankshafts (page 29),
and remains popular for con rods, flywheels, gears and valvetrain
components (Fig. 6). Indeed, for some applications, steel is replacing
aluminium and titanium because of its better tribological behaviour
or to increase stiffness where space constraints limit the scope to add
more material.

The development of steel materials continues apace, and in recent
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years there has been a trend whereby re-melted steels have been

used more commonly for applications where fatigue needs to be
considered. These re-melted steels (Fig. 7) are much ‘cleaner’ than the
standard types of steel, containing less of the elements that can lower
the fatigue life of the steel. Sulphur and phosphorous are two harmful
elements (in terms of fatigue strength) which remelted steels seek to
reduce to a minimum.

There are single, and double re-melt steels, each of which offers
an improvement in fatigue strength. The costs involved with each
re-melting are considerable, as each one involves a lot of waste in
discarding bar ends, ladle waste, material skimmed off when slag is
removed and material discarded when the scaly outer layer of the
bar is removed during a process called peeling. A 50% loss in the
original yield of the material is common for multiple re-melt steels.

However, there is a diminishing return in this improvement versus
cost, and only those who have undertaken a lot of optimisation work
can probably justify using the most expensive grades of material. It
is true that using the re-melt grades will offer an increased factor of
safety, but as one crankshaft manufacturer told me recently, “Most

people would never have a failure, even with the most basic ma

so these steels only increase cost.”

The development of steels with properties seemingly tgg#8¥egt

certain uses within the engine are common, with some &pefimgntal

and commercially available steels offering lower den

o
>
>
D
<

10% for one experimental steel) than the normal gra
a density of 7.85g/cm®. Some offer far higher elaW
10% increase being available in many comrgercially
and a few offering an increase in modulugQf tf¥ order of 1

compared to the standard value of 209

These examples of lower density arffd esed modfffius,

the opportunity for lower-mass compo o1 signifi ncgfases

significant advantage.

e than V
mperat
odulus, wit he intenE

L4
There have been two major steel elgent directions in recent
years — a concerted push toward 4 il gV the cleanliness of steels,

produce more highly alloyed

as with the re-melted grades, a reasing popularity of powder
metallurgy steels.

Powder metallurgy offe

ay,

steels, and a wider range oMicts is becoming available by this
method, offering co s that would be difficult or impossible
to produce by direct allOWgg methods. Some of these steels, although
developed for industries, have properties or combinations of
properties th ot be found in direct-alloyed products. Fig. 8
shows theghiggostr®ture of a powder metallurgy steel with particles of
small ¢ s vifible.

PogydeNgetdllurgy methods are driving toward ever-smaller powder
ult of this is that any defects are correspondingly small,

the frag  fatigue behaviour. Powder sizes of a few

sareb gated, and we are likely to find that these

um stegls il bg used far more widely in the next few years.

There is&so towards ‘tighter’ chemistry for steel, giving

less vaigati in composition limits in order to produce greater

congeenCINQ properties and response to heat treatment.
2 gfinY steels are finding more commercial applications and are
iMgLesta® because of their low-temperature heat treatment and high

levels®f strength. With conventional steels, the heat treatment leaves

the component a relatively low-temperature ageing process

%%chined and welded. To bring about the final hardened

name. The temperature of the final heat treatment is low enough

to avoid significant distortion

t
H d at about 485 C (about 900 F). The heat treatment process,
in stiffness. For valvetrain and criktrain compon, his ¥n be a : nown as martensitic precipitation ageing, gives these materials their
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in the machined or fabricated
components. There is a range of
these high-nickel steels available,
with ultimate tensile strengths up
to 2400 MPa (350,000 psi).

Steel valve wire is an area of
research that continues to yield
improvement for both road and
race engines. There is great
interest in spring wire because
improvement of the fatigue and
relaxation characteristics means
that lighter springs can be used,
which is good for friction, and
hence the roadcar manufacturers’
interest in these materials.
Similarly, race engine designers or
those specifying parts for engine

upgrades can run higher stresses in

37
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Fig. 8 The microstructure of this powder metallurgy steel clearly shows ne carbide particles (Courtesy of Eramet Alloys)

the springs.

anything we have discussed so far. Used in a number of

although none | am aware of in motorsport, there is ax ially
available steel with a tensile strength in excess of 50 (730,0@% purc

the form of very fine wires, and so would o

reinforcement material.

and lower density than the steels they

number of useful applications in Yace engines.
Iron-based intermetallics g develope

and are being used for tri ow. These are geckone

excellent properties for cuttin ardness be the

temperatures at whic _speed steels |0 ess a

If they become avggla n quantity g ure, it is L they
could be used t@uperallo)’s e applic @
itani a ste in
d rods, but also

car under low load when

cing Wgrticularly for

other components,

haves in contact

being quite a strong

ions depends on proper surface
| engineerin ontact conditions — for example,
all end of a con rod, where a steel rod
can run happily with

ace treatments for titanium which

There are a numb&
increase its ability to be uSed in sliding contacts, but these need to be

properly supported. | attended a prize lecture in London in the late

There are steel materials with strength levels far in exc Q

A4
OSQ which research into the
X@ngineering of titanium
% discussed. According to the
earch, by using a number of
rocesses to engineer the surface
g of the material to support a

which has a huge proportion of

market share both for motorsport
an%dustries, and is available comparatively cheaply in good
ity

ught form. A note of caution here though: there is also

combination of rolling and sliding
loads, valvetrain gears had been
run successfully in a race engine
for a limited period of time. The
work is summarised in several
papers (4), one of which is by
Dong. Simply using DLC or one
of the other new coatings in this
application is not going to make
this a success.

The predominant alloy for all

uses except valves is Ti-6Al-4V,

some ®ery cheap bar stock out there which is of absolutely abysmal
y. The gfforst quality material | have ever seen was some titanium

the Far East. So if it seems far too cheap, it

probablySwan®gflere will be a reason for it.

8%1—4\4 there are a number of materials which the
aer&' dustry has been using to substitute for steel components
j ions such as landing gear. These alloys have markedly

that of Ti-6Al-4V.

In looking to substitute Ti-6Al-4V with an alternative material,

n applic
EM strength compared to Ti-6Al-4V, but their density is higher
oling use,
offer

we have to consider the proportion of material that is limited by
strength, and how other important considerations of the design are
affected by the relevant mechanical and physical properties of the
other material, such as modulus, density and so on.

Titanium spring wire has found some race engine applications,
although mainly for single-spring applications, owing to the surface
behaviour of the material. Interference-fit nested springs would not be
likely to survive for long.

Titanium fasteners are widely available in Ti-6Al-4V, and | have a lot
of them holding some fairly critical pieces of my motorcycle together.
At the very least, it is important to use a high-quality lubricant when
using titanium fasteners. Far better though to use a permanent surface
treatment in these situations that cannot either be omitted through
forgetfulness or displaced by the natural action of the fastener.

Titanium valves are very popular, as they allow lighter springs or
more aggressive valve lift profiles to be used. As such, they have
enjoyed a lot of materials development in recent years, with a number
of new alloys being introduced.

There are some series-production engines that use titanium valves,
and this could become more popular as the quest for ever-lower

friction continues. The titanium materials for high-temperature use are
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Fig. 9 Many fasteners are routinely made in a number of titanil@tesy of T& cis:
TheNngreNyed for many important parts in the modern bespoke race

more highly alloyed, using more expensivgall

ing eleme €
. terial. Ti has
@ g fora years

correspondingly more expensive than g
miger
on

been almost universal in top-flight ci

now and, while the current economic e and re

that is likely to remain the case.
Titanium is used widely fo manufact r both race @
road applications, particu on motorcyclgs. Motor®cle exhau
i gy than

badcar manufacturers would like

ygmical to produce in quantity. In

racing, sh regulations economical conditions allow, titanium

aluminide is likely to er for use in valvetrains or as a

material for con rods; ich it is also well suited. Piston pins are
another good application ®f such a material.

Copper alloys

ngine, Mainly where there is sliding motion and where lubrication

nal. Intermittent and low-sliding velocity applications such as

is
ersist, od small-end bushes and valve guides are good examples here.
Copper-nickel-silicon alloys are popular, typically containing 2-

3% of nickel and about 1% of silicon. However, some more heavily
alloyed materials, known as ‘spinodal alloys’ containing much
higher percentages of nickel and silicon — in one case about 15%
nickel and 8% silicon — have been used with success in such sliding
motion applications. Alloys containing small amounts of beryllium
are favoured by some engine builders for heavily loaded small-end
bushes.

Beryllium-copper alloys, typically containing less than 2% by mass
of beryllium, are favoured by many race engine builders for use as
valve seats because of their combination of strength and high thermal
conductivity.

Copper alloys are widely used for lifter bores on racing OHV
(pushrod) engines, and some high-strength aluminium-bronze alloys
are used for pushrod tips.

There are also promising alternatives to beryllium-copper alloys in

the form of copper alloys originally developed for mould production.

Superalloys
The term ‘superalloys’ is generally applied to materials developed
for high-temperature use and which are based on nickel or cobalt.

Owing to the ‘strategic’ nature of the constituent elements in these
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seriesqggod®tion cars, it has to have
i, offer.

Formula One engine

ns will go some way towards
ut materials regulations ought
eflect the use of current series-
production materials at the very least,
and there is a good argument in favour
of racing being able to provide a lead.

We might also argue that what was

E affordable in previous decades should
be affordable now.

The danger with writing rules that

are too detailed is that there are often
loopholes in them. Such is the case with

O the current Formula One regulations,
which seem to allow one type of metal-
Q matrix composites. While these materials

may not be within the intended spirit of
materials — they are used in large quantities by aerospace and deMjce the pghes, do come within the wording of the rules and are therefore
companies — the alloying elements are expensive, which ma Ieg@obably only the ‘deep freeze’ of engine development that
superalloys correspondingly expensive. % ted this loophole from being exploited.
These highly alloyed materials are often used for valv@ally
exhaust valves, in turbocharged applications. Exhausx are V‘lma

often made from them as well, and this practice is bEggig more %he field erigh technology is one where development is driven

popular despite the initial cost, as the exhausts materials su

argely, tONgr Wflefit, by other industries, particularly aerospace and
Inconel (Fig. 10) are much more durable thag alloys s®ch as stgjnless defer%f these have aims that are similar to ours: they strive
steel or titanium. to uCyightweight structures, engines and vehicles that operate
5 used is i ‘t higher¥emperatures and with increased durability. While there are

er of well-funded race organisations that are able to develop

Another significant area where superg

manufacture of high-strength fastener C ly R)
made of these expensive materials, as Muggg#fhe other Qgglal fsteners oke materials, in general we must look to commercially available
such as cylinder-head studs and rgin bearing bol ighl¥'loade lloys to find an improvement.

applications.
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+44 1384 2919 as| c +1 317 549 4290 www.mi-techmetals.com
Amari Aer als Ovako North America

+1 803 389 7088 www.ovako.com

ogPa
+44 23 807% www.amari-sgfospace.
ATI (Allggringn hnologh® Performance Alloys & Services Inc.
+44 1 @ 764 @ inium-int@national.com +1 262 255 6662 www.moldstar.com
. Performance Forged Products

Bohler SWgls
+4¢ .bohlerste 0.uk +1 323 722 3460 -
C Reliance Steel & Aluminum Co

I tals.co.uk +1 213 687 7700 WWW.rsac.com
Rolled Alloys

Q0 tals.co.uk +1 734 847 0561 www.rolledalloys.com
Eramet Service Steel Aerospace Corp
+44 (0)11 rast®el.com +1 253 627 2910 WWW.SSa-corp.com

Firth Titanium Engineers

+4 002 Wrthrixson.com +1 281 265 2910 www.titaniumengineers.com
Hem pecial Met TW Metals

+44 118 978 020 .hempel-metals.com +1 630 690 0110 www.twmetals.com
Magnesium Ef§gtro Winsert

+44 161 911 10& www.magnesium-elektron.com +1 715 732 1703 www.winsert.com
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