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Abstract

Automobile manufacturers are increasingly turning to molybdenum-bearing steels to
achieve various objectives, including reduced weight — which allows better performance
and fuel-mileage — and enhanced passenger safety.

Automobiles produced 20 years ago used mostly mild carbon steels without
molybdenum. Today, advanced steels containing molybdenum are displacing these
legacy steels. It is estimated that a typical vehicle produced today contains just under
one pound of molybdenum.

A number of recent developments in the automotive industry indicate increased usage of
molybdenum in automobiles, including in the body and structural components, engine
blocks, exhaust manifolds, wheels, and high-performance motor oils.

Moreover, global automobile production is expected to increase dramatically with the
introduction of a $2,500 vehicle by Asian producers in 2008/2009. These producers see
world automotive demand increased by 20-25 percent through the introduction of these
new models.
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Bodies/structurals

The automotive industry has been increasing its use of advanced- and ultra high-
strength steels (AHSS, UHSS) in bodies and structural components, thus driving a
reduction in overall weight and an increase in overall vehicle safety. These new steels
contain molybdenum.

Other parts of the car like the engine, for example, are also starting to see additions of
molybdenum as operating temperatures increase, and as strength-to-weight
requirements become more demanding.

I'll refer to these new classes of steels loosely as “advanced high-strength steels” or
“advanced steels” to cover both groups. These steels are the next generation relative to
the high-strength low alloy steels (HSLA) that we sometimes read about in the literature.
HSLA steel use and that of mild carbon steel is declining in the automotive sector
worldwide.

To illustrate the benefits derived from the use of advanced high-strength steels, we can
look at the new 2008 Mazda 2. This car, shown below, uses 40 percent advanced high
strength steels in the unibody which give it a curb weight of 950 kg (2,100 pounds) —
100 kg less than last year’'s model — a 15 percent increase in fuel efficiency, and an
improved crash safety test rating.

The new 2008 Mazda 2: 40 percent advanced high strength steels in
the unibody give 15 percent better mileage and improved crash safety.
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Advanced high-strength steels are defined as an alloy recipe using manganese,
columbium, vanadium, titanium, molybdenum and silicon to achieve tensile strengths

over 300 megapascals (MPa) — the tensile strength of the legacy steels we are familiar
with.

The 500-600 MPa steels are in use and on-order at the time of writing. The next
manufacturing step involves dual-phase (DP) steels and TRIP steels (TRansformation-
Induced Plasticity) with a tensile strength near 1,000 Mpa.

U.S. Steel and others are developing super-strong 1,400-1,500 Mpa hot-rolled grades
for future applications in vehicle frame pillars.

. |

What is bainite? It is a stronger metallic found in advanced high-
strength steels. The fine-scaled microstructure shown results from
transformation at 200°C for 1 week after casting and rolling.
Analysis: Fe-0.8C-1.6Si-2Mn-1.3Cr-0.3Mo0-0.1V wt.%

Requests for quotations (RFQs) on advanced high-strength steels for several GM and
Chrysler products as received by a large U.S. steel producer are shown below.
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Known RFQs for
Advanced High-Strength Steels (AHSS)

Model
Company Platform (tofl‘;)?esar) Year
Starting
GM light truck 10,000 2007
GM light truck 1,000 2007
GM car 5,000 2007
Chrysler car 8,000 min. 2007
Chrysler car 8-10,000 2008
GM car 60,000 2008

‘GM and Chrysler requests for quotations (RFQs) on advanced
high-strength steels (AHSS) containing minimum 0.2-0.4% Mo.

The tensile strength relative to percent elongation of various steels is shown in the chart
below. The graphic shows how the advanced steels act to transfer energy away from
occupants in a car crash, and to protect them from structure collapse: Steels shown to

the bottom right of the chart will provide greater protection to occupants involved in a car
crash.

oad Transfer/
ish Resistance

Advanced high-strength steels (AHSS) use molybdenum together with other
elements to gain a level of strength and ductility heretofore unknown. New
manufacturing involves dual-phase (DP) steels and TRIP sheet with tensile
strengths near 1,000 Mpa, U.S. Steel and others are developing super-strong
1,400-1,500 Mpa hot-rolled grades for future applications in vehicle frame pillars.
Key: TRIP — TRansformation-Induced Plasticity; DP — Dual Phase; CP —
Complex Phase; MART — martensitic. Source: General Motors, 2007

The applications seem almost unlimited throughout the vehicle, and include car
subframes, engine cradles, front rails, frame rails and cross members, front suspension
cross members, roof rails, bumper beams, bumper systems, instrument panel beams,
roof rails, body side inners, and truck frames.
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A 2005 Chevy Malibu exposed to show molybdenum-bearing AHSS steels (blue) as
used in various chassis structural components is shown below. Comparable views of the
Ford 500, the Ford Freestyle, and the new Honda Civic follow.

Ford S00 body structure

Freestule body structure

2005 Chevy Malibu, 2007 Ford 500 and 2007 Ford Freestyle exposed
to show molybdenum-bearing AHSS steels (coloured) as used in
various chassis structural components.
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Honda has improved both performance and safety by increasing the percentage of
advanced high strength steels in the new Civic to 50 percent from 32 percent in the ‘05
model. The relative use of advanced steels is increasing in the automotive business.
(Strength in megapascals (MPs) is converted to pounds per square inch by multiplying
by 145. For example, 590 Mpa is approximately 85,000 psi.) Source: Honda Motor Co.

This change in steels over time is highlighted in the chart below:

Increased use over time of advanced high strength steels. (Source: GM)
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The drivers for this particular molybdenum application were already in place before the
current energy crunch. They include safety — improved vehicle crash worthiness test
results directly correlate with the higher tensile strengths offered by the new steels — and
cost: Manufactures can improve profit margins by reducing their overall tonnage of steel
purchased.

These developments are not isolated to the United States but are in fact jointly
developed by 32 global steelmakers in a program called ULSAB, the Ultralight Steel
Auto Body.

In the United States, all manufacturers want the 5-star crash safety test rating. In
Europe, all carmakers want four- and five-star EuroNCAP crash test ratings.

There are other marketing arguments for the use of the advanced steels: With the same
engine, better performance can be advertised. Alternately, larger vehicles can be offered
with the same fuel mileage.

From virtually nothing in 1995, European car bodies now contain an average of one-third
advanced high-strength steel grades, and this is expected to double within the next 10
years.

This year, Japan's JFE Steel Corp. announced a new automotive steel sheet they say is
50 percent stronger than conventional product, created by adding small amounts of
titanium and molybdenum (exact levels not disclosed).

According to the company, the new steel is expected to be used in the main body as well
as to reinforce parts. They expect that replacing legacy steels with the new steel will
reduce vehicle weight by around 10 per cent, thus improving fuel economy and/or
performance without compromising strength. The company aims to develop mass
production capability in the current fiscal year.

China's Baosteel and Japan's Nippon Steel said they plan to build a 450,000 tonne per
year automotive sheet line using advanced steels at their Shanghai plant. Baosteel is
China’s sole electro-galvanized sheet producer and a key supplier to General Motors
and Volkswagen.

After a push to use these stronger steels to satisfy consumer demand for safer vehicles,
the European Union's new focus on reducing vehicle carbon dioxide (CO,) emissions to
130-grams per kilometer is again directing attention to the weight-saving potential of
advanced high-strength steels.

And in the United States, the National Highway Traffic Safety Administration appears
ready to toughen crash tests. Some changes are already in effect for the 2008 model
year. As a result, without further improvements, fewer vehicles will earn the five-star
ratings that have become the essence of automotive marketing in that country.

So it appears likely there will be renewed pressure on suppliers of these advanced high-
strength steels in the United States as well.

The really exciting news comes out of Asia where auto producers feel that they've
identified a market of 18 million drivers who can be upgraded from bicycles and scooters
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with the introduction of a $2,500 platform in 2008/2009 — potentially adding more than
one-fifth to current world production.

Nissan/Renault will build a $2,500 car in a new plant with Mahindra & Mahindra, India's
biggest maker of SUVs, to compete with a proposed budget model from Tata Motors in
the 2008 model year.

In India, 1.5-2 million motorcycle and scooter riders are likely to buy a car in the next 5
years. India’s auto market is set to double to 3.3 million units by 2014 while China’s will
grow another 40 percent to 16.5 million units in the same period, according to J.D.
Power & Associates.

The paradigm is borrowed from Henry Ford; produce a car that buyers can afford. So far
this year, every major automaker has announced its own 21* Century versions of the
Model T.

GM will use its Korean subsidiary, Daewoo, to design a $7,000 car. Chrysler is working
with China’s Chery. Hyundai will double its output to 600,000 cars from an India base
where it produces a popular entry-level subcompact, the Santro, at $6,300 (with air
conditioning and power steering standard).

China’s Geely makes a model for $3,900. Suzuki Motor Corp. is selling cars starting at
$4,400 in India and will launch a new subcompact in 2008.

Tata’s $8,500 Indica already sells in southern and Eastern Europe.

The 2007 Tata Indica V2: 1.4 litre diesel; 5-speed manual
transmission; 53.5 horsepower; air conditioner standard.

The least of these new vehicles will do 80 miles an hour with a 30 horsepower engine,
so overall weight is critical and lighter, stronger advanced high-strength steels seem the
logical choice.
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Engines/Motor Blocks

The increased popularity of diesel engines seems likely to drive new demand for cast
irons containing up to 0.5 percent molybdenum, mainly in motor blocks and cylinder
heads.

Auto engine designers are turning to a long-neglected type of cast iron called compacted
graphite iron (CGI) that can handle the much higher internal pressures of modern
engines. What changed is that the production of high quality CGl is only feasible within a
very narrow range of +/— 0.004% magnesium, and new process control technology now
makes that possible on a consistent basis.

The structural change in engines resulting in higher internal pressures relates to the fact
that the power density of automotive engines has increased from about 40 kilowatts
(kW) per liter in the 1990s to about 60 kW per liter today (20 kW = 27 horsepower). As
the peak firing pressure increases, the mixing of air and fuel becomes more complete;
power and torque increase; noise decreases; fuel economy increases, and CO, and
particulates emissions decrease.

Manufacturers can also reduce engine weight and size because the higher strength of
CGil allows for thinner walls between cylinders. Compacted graphite iron has 80 percent
more tensile strength — strengths in excess of 1,000 MPa (145,000 psi) — 40 percent
more stiffness, and double the fatigue strength of conventional grey iron castings. The
weight of the cylinder block can be reduced by 15 percent and the change allows more
compact engines with higher specific power and torque.

BMW, Audi, and now Ford Motor Co. have introduced high-volume diesels using
compacted graphite iron engine blocks.

Audi will use CGl for all of its V-configuration engines, and the company says it saved 22
pounds on its new 3.0-liter V-6 TDI diesel engine, and 33 pounds on its 4.0-liter V-8 TDI
engine.

Ford had similar results with its 2.7-liter V-6 Lion diesel engine in the Jaguar and Land
Rover. Ford and PSA/Peugeot-Citroen just started production of the compacted
graphite iron engine block at Ford's new powertrain complex in Dagenham, England,
with initial volume estimated to be 150,000 units annually. Ford and PSA have forecast
its use across at least 10 vehicle lines, including in North America. Ford will offer diesels
in its popular F-series 1/2 and 3/4 ton trucks beginning in the 2009 model year (which
starts next year).

Most of the CGI production will initially go to diesel blocks. U.S. suppliers indicate that
about a million diesel cars and trucks will carry compacted graphite iron engine parts this
year, and predict that usage will eventually extend to gasoline-powered engines.

Using 150 pounds as the weight of a typical motor block casting (that’'s the casting, only)

and about a third of one percent molybdenum addition as an average, indicates about
0.5 new pounds of molybdenum added to the vehicle.

marketfriendly, inc. — research@marketfriendly.com — (816) 665-5577



10

Exhaust manifolds/turbocharger housings

There has been growing interest in the use of high silicon-molybdenum ductile irons with
0.5 percent- or up to 1 percent molybdenum in turbocharger housings and engine
exhaust manifolds. Exhaust temperatures are higher along with engine operating
temperatures and molybdenum addition improves high temperature strength and
machinability.

Influence of Silicon and Molybdenum on the
Thermal Cycling Behavior of Cast Iron

Temperature = Cycles to

R Cycling (C) Failure
2.1% Si 200-650 80
3.6% Si 200-650 173
3.6% Si, 0.4% Mo 200-650 375
4.4% Si, 0.2% Mo 200-650 209
4.4% Si, 0.5% Mo 200-650 493

The GM flex-fuel vehicles, like the E-85 series, use these manifolds. GM has nearly 2
million flex-fuel vehicles on North American roads, and will offer 14 E85-compatible
vehicles in 2007.

Taking one representative manifold as an example at 24 pounds; a pair at 0.5 percent
Mo indicates about a quarter pound of molybdenum added to the vehicle.

Exhaust manifold. Two per engine, one each side at 24
pounds each, would add about a quarter pound of
molybdenum to the GM flex-fuel vehicles. GM has nearly 2
million flex-fuel vehicles on North American roads, according
to the company, and is offering new models this year. Shown
as shipped in three sections each.
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Wheels

For some time, aluminum alloy road wheels have been the most popular material of
choice by original equipment manufacturers (OEMS), recognizing both the lower weight
of aluminum and its visual appeal.

At one time, steel had 100 percent of the market for automobile wheels
but then slipped down to about 40 percent in the 1990s. We are now
seeing steel wheels rebounding, taking back market share from
aluminum.

However, according to the American Iron and Steel Institute (AISI), steel wheels are
making a comeback as vehicle makers realize they can save up to US $250 per vehicle,
without sacrificing quality or performance.

At one time, steel had 100 percent of the market for but then slipped down to about 40
percent in the 1990s. We are now seeing steel wheels rebounding and the aluminum
wheel is losing market share.

The structural change corresponds with enhanced use of advanced high-strength steels
that now demonstrate about the same weight as aluminum in the application — at lower
cost.

There is currently a strong aftermarket for wheels as fashion dictates larger rims with low
profile tires to certain consumer segments.

Brake drums/rotors

In January 2007, two lllinois inventors were granted a patent on an alloyed grey iron
casting containing “about 0.8% Mo”, for use in brake drums and rotors. The patent was
immediately assigned to the Gunite Foundry of Rockford, lllinois, a company that's been
operating there since 1854, and is today the largest producer of wheel-end components
in North America.

With these new applications for molybdenum in cast iron engine parts — motor blocks,

exhaust manifolds, and now brake drums/rotors — it will be interesting to watch the iron
foundry sector as a growing molybdenum consumer.
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Electric Vehicles

The use of molybdenum has been described in the production of lithium batteries.
Research has included lithium-molybdenum oxides for the anode in one design, and
silver-molybdenum sulfide or thin-film molybdenum oxysulfides on nickel foils for the
cathode in two other cases.

While there are several vehicles now in commercial production with lithium batteries,
including this year’s Subaru’s G4e, there is nothing definitive yet on the trend for
molybdenum use in this sector.

Pistons/rings/bearings

In February, Federal-Mogul began offering engine bearings for a variety of small- and
big-block Chevrolet and small-block Ford engines using its DUROSHIELD™ friction-
reducing polymer base coating containing molybdenum disulfide.

The company continues to offer aftermarket molybdenum piston rings with a “plasma-
moly facing on the top ring for instant seating and long life”.

Since the 2006 model year, Nissan has designed molybdenum-coated pistons into the
engines of several models, including the Quest and Infiniti.

Lubricants

Lubricant grade MoS; is used in greases and oils, and maintains excellent performance
under relatively high temperatures and pressure. There is a good following in the
industrial sector, but retail automotive has been spotty.

Quaker state this month introduced a new fully synthetic motor oil containing
molybdenum, called “Q Horsepower”. The company claims it was developed and tested
on the NASCAR circuit. After experimenting with a variety of formulas, they report
they've “found one that does the job”.

As the oil heats up, it deposits more layers of molybdenum on the metal surfaces.
According to the company: “The additive works harder as the engine oil gets hotter.”

Through Quaker State’s well-developed retail marketing channels, we may now see
some additional growth in this sector.

Automotive Plastics

Molybdenum in the form of molybdic oxide or ammonium octamolybdate (AOM) is used
as a smoke suppressant in plastics, especially polyvinyl chloride (PVC). It can be found

in automotive vinyl backed carpet, and as pigments and lubricant in plastics as well as in
paints.
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Racing

The most common steel used in race car construction is grade 4140. Also known as
chrome-moly steel, it contains 0.15-0.25 percent Mo. Research into all classes of race
cars from NASCAR to sprint cars to dragsters shows steady demand for this product
whenever structural tubing is required for frames or the protective cage.

Nanotechnology

In the nanotechnology area, molybdenum- and tungsten disulfide or diselenide layers
can be made to fold into hollow cage, multilayer onion-like structures, called inorganic
fullerenes( IF). Since their discovery in 1992, these compounds have undergone intense
research in view of their unigue mechanical and electronic properties. One of the most
promising commercial applications of IF is as dry, solid, lubricants for the automotive and
aerospace industries.

Currently, 31 companies are researching new ways of introducing IF into surface
coatings and lubricants. The consortium includes companies like Rolls Royce, Renault,
European Aeronautic Defence and Space Company (EADS), the parent company of
Airbus, and Goodrich Corporation.

Tool Steels

Demand for machine toaols is closely related to the auto industry, and molybdenum has a
close relationship with machine tool steels as is shown in the table below:

Common Tool Steels
Grade M1 M2 M42 H13 D2 P20
Mo (%) 8.2-9.2 4.5-5.5 9.0-10.0 1.10-1.75 0.70-1.20 0.30-0.55

M1/M2/M42 — high-speed tool steels; H13 — hot work tool steel
D2 — cold work tool steel; P20 - mold tool steel

The demand driver is not just the absolute number of vehicles built, but the number of
models as well. The number of models increases in times of automotive industry duress,
as producers try to better address segmented demand in the marketplace, so there is a
countercyclicity in molybdenum demand here.

With all the recent bad news about the North American automobile industry, it is
illustrative to note that this month, tool steel markets are gaining strength, and domestic
tool steel prices have increased about 7 percent since September.

Advanced high-strength steels require new tooling. Dual Phase steels, for example,

require blank bolder forces which are 20 percent higher than legacy HSLA steels. They
are also harder to cut.
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Like a new branch of mathematics that had to be invented to explain extraordinary
developments in physics, new technology in tooling is driven by the materials science
that gave us these new steels.

The forming of advanced high-strength steels is a “cold work” application, in the lingo of
the tool steel business, and a very common cold work tool steel in North America is D2
(0.7-1.20 percent Mo).

As an example of the industry’s response to the new tooling requirements, Uddeholm, a
major tool steel maker, introduced this year its new Vancron 40™, which the company
says is “the most exciting tool steel Uddeholm has launched in many years”. This
product contains 3.2 percent Mo — roughly a 3x increase in molybdenum usage
compared with the traditional cold work tool steel, D2.
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