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Preface

Titanium is an important raw material that accounts for a significant
portion of the structural weight of many military airframes. It offers an
excellent set of properties, such as high strength-to-weight ratio, high
strength at high temperatures, corrosion resistance, and thermal stabil-
ity, that make it ideal for airframe structures. However, in recent years
a combination of multiple factors caused a major spike in titanium
prices that is expected to significantly influence the acquisition costs of
future military aircraft.

This monograph examines the titanium industrial base, produc-
tion technology, and demand characteristics important to the price of
military aircraft. In particular, it addresses the factors underlying price
fluctuations in the titanium market in an effort to better forecast eco-
nomic risks involved in the market and to improve estimates of the
future cost of military airframes. We attempt to identify what triggered
the unprecedented dramatic increase in titanium metal prices between
2003 and 2006 by presenting an analysis of the raw material markets
themselves. The monograph also reviews new titanium manufactur-
ing techniques and assesses their implications for the production cost
of future military airframes. In addition, it analyzes both supply- and
demand-side determinants of prices and their future prospects.

The research reported here was sponsored by then—Lt Gen Donald
J. Hoffman when he was the Military Deputy, Office of the Assistant
Secretary of the Air Force (Acquisition), SAF/AQ, and Blaise Durante,
SAF/AQX, and was conducted within the Resource Management Pro-
gram of RAND Project AIR FORCE (PAF). The project’s technical
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monitor is Jay Jordan, Technical Director of the Air Force Cost Analy-
sis Agency.

This monograph should interest those involved with the acquisi-
tion of systems for the Department of Defense and those involved in
the field of cost estimation, especially for titanium-intensive systems.

This document is one of a series from a PAF project entitled
“Weapon System Costing Umbrella Project.” The purpose of the proj-
ect is to improve the tools used to estimate the costs of future weapon
systems. It focuses on how recent technical, management, and govern-
ment policy changes affect cost. Another PAF report that addresses
military aircraft material cost issues is Military Airframe Costs: The
Effects of Advanced Materials and Manufacturing Processes, MR-
1370-AF, 2001, by Obaid Younossi, Michael Kennedy, and John C.
Graser, which examines cost-estimating methodologies and focuses on
military airframe materials and manufacturing processes. This report
provides cost estimators with factors useful for adjusting and creating
estimates based on parametric cost-estimating methods.

RAND Project AIR FORCE

RAND Project AIR FORCE (PAF), a division of the RAND Corpo-
ration, is the U.S. Air Force’s federally funded research and develop-
ment center for studies and analyses. PAF provides the Air Force with
independent analyses of policy alternatives affecting the development,
employment, combat readiness, and support of current and future aero-
space forces. Research is conducted in four programs: Aerospace Force
Development; Manpower, Personnel, and Training; Resource Manage-
ment; and Strategy and Doctrine.
Additional information about PAF is available on our Web site:

http://www.rand.org/paf


http://www.rand.org/paf
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Summary

Titanium is an important raw material accounting for a significant
portion of the structural weight of most military airframes. It offers an
excellent set of properties, such as high strength-to-weight ratio, high
strength at high temperatures, corrosion resistance, and thermal stabil-
ity, that make it ideal for airframe structures. However, in recent years
a combination of factors caused a major spike in titanium prices that is
expected to influence the acquisition costs of future military aircraft.

Between 2003 and 2006, the price of this expensive metal
increased at an unprecedented rate, more than doubling during this
period. Government and industry observers said this was the first time
a global materials supply concern has affected the defense sector since
the steel shortage after World War II (Murphy, 20006). They also noted
that the short supply of titanium might influence delivery schedules for
military aircraft and weapons (Toensmeier, 2006). There are worries
that titanium shortages may substantially raise the program cost of the
F-35 (Murphy, 2006; Defense Industry Daily, 2006). Although prices of
titanium products have fluctuated over the years, the recent price surge
was extreme compared to previous fluctuations (see Figure S.1).

Study Objective and Approach

The Office of the Assistant Secretary of the Air Force for Acquisition
asked PAF to conduct this study in order to better understand the fac-
tors underlying price fluctuations in the titanium metals market, to
better forecast economic risks involved in the market, and to improve

Xiii



xiv  Titanium: Industrial Base, Price Trends, and Technology Initiatives

Figure S.1
Producer Price Index Trend for Titanium Mill Products, 1971-2006
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estimates of the future cost of military airframes. To do so, we attempted
to answer three primary questions:

e What triggered the recent titanium price surge?

e What are the future market prospects and emerging
technologies?

* What are the policy implications for U.S. military buyers of
airframe structures and other titanium-intensive weapons?

Although a previous RAND study (Younossi, Kennedy, and
Graser, 2001) focused on the costs of processing raw materials into air-
frame parts, this study analyzes the actual raw material markets. It also
reviews new manufacturing techniques and assesses their implications
for the production cost of future military airframes.

Based on literature reviews and analyses of historical data avail-
able in defense and commercial industries, this monograph assesses the
past trends, current changes, and future prospects for each of the tita-
nium price determinants and their relative importance. In particular,
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the study analyzes both supply- and demand-side price determinants
and their future prospects.

To widen our understanding of the titanium industry, we con-
ducted interviews with experts from the titanium manufacturing and
processing industries, the aircraft manufacturing industry, and govern-
ment agencies compiling titanium price data, such as the United States
Geological Survey and the Bureau of Labor Statistics.! (See pp. 1-6.)

Titanium Is Expensive to Produce

Titanium is expensive to refine, process, and fabricate. In terms of pro-
cessing cost per cubic inch, titanium is five times more expensive than
aluminum to refine and more than ten times as expensive as aluminum
to form into ingots and to fabricate into finished products. Titanium
sponge is the commercially pure form of titanium metal that is refined
from titanium ore.? Titanium ingot is produced from titanium sponge,
titanium scrap, or a combination of both.? Titanium mill products,
such as plate, sheet, billet, and bar, are produced from titanium ingot
through such primary fabrication processes as rolling and forging.
Titanium parts are then produced from mill products by means of sec-
ondary fabrication processes, such as forging, extrusion, hot and cold
forming, machining, and casting. Fabrication is the most costly pro-
cessing stage, followed by sponge production. (See pp. 7-20.)

What Triggered the Recent Titanium Price Surge?

It is a common belief that cyclical fluctuations of titanium prices are
mainly driven by demand-side events, especially aircraft demand cycles.
However, the Producer Price Index (PPI) for titanium mill shapes in the
United States was relatively insensitive to the declining demand from

1 Appendix B contains questions asked of industry experts.

2 Ttis called sponge because of its porous, sponge-like appearance.

3 Titanium scrap is a by-product of the fabrication processes.
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the commercial aircraft industry during the previous downturn (1998—
2003), contrary to common belief. This is because world titanium
demand did not decrease as severely as commercial acrospace demand.
In the global titanium market, industrial demand, historically more
stable than aerospace demand, had dominated aerospace demand since
the mid 1990s. The industrial titanium market bottomed out in 2001,
earlier than the aerospace market, which hit bottom in 2003. Driven
by the growth in industrial demand, global titanium demand was
already at its previous peak level in 2004. This contributed to amplify-
ing the impact on titanium price and supply availability of the historic
aircraft order surge in 2005 and 2006. Given that industrial demand
dominates the global market, commercial aerospace demand is not the
only major driver of titanium market prices. In fact, the extreme price
volatility in the recent titanium market resulted from the coincidence
of various supply-side and demand-side price drivers.

Supply-Side Drivers

On the supply side, prices of titanium sponge and scrap began increas-
ing sharply even before the significant surge in commercial aircraft
orders in 2005 and 2006. There was an extreme shortage of titanium
scrap in 2003, because of the low aircraft production rate, which
resulted in less recycled scrap. This coincided with the period during
which China’s dramatic growth in steel consumption* drove up the
prices of ferrotitanium,’ an alloy used in the steel production process.
The ferrotitanium price surge led to increased demand for titanium
scrap and sponge, both of which are close substitutes for ferrotitanium
in steel production. The cross-market substitution effect was signifi-
cant, because the steel market size was 10,000 times that of titanium.
In addition, the Defense Logistics Agency titanium sponge stockpile
depletion in 2005 also coincided with the sponge and scrap market
shortage, worsening the titanium raw material supply shortage. The

4 World steel prices increased dramatically in 20032004, driven mainly by China’s strong
demand and world economic recovery.

> FPerrotitanium is used in steel production processes for deoxidation, achieving a finer
grain structure, and controlling carbon and nitrogen.
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stockpile depletion, which had been authorized by Congress, started in
1997; by 2005, there was no titanium sponge left in the stockpile. Since
the supply of titanium raw materials was already tight in 2003-2005,
the additional demand shock from the record-high level of commercial
aircraft orders in 2005 and 2006 intensified the shortage. In addition,
titanium metal suppliers were not able to respond quickly to ameliorate
the supply shortage. In particular, expanded sponge capacity required
building an additional factory, which would take about three years
and an investment of $300 million to $400 million. Right before the
recent demand surge, titanium producers had suffered from several
lean years, and some producers were on the verge of bankruptcy. As
a result, the producers hesitated to invest in capacity expansion until
they were assured that increased demand would continue for at least
the next several years. (See pp. 35-50.)

Demand-Side Drivers
On the demand side, there have been three main demand drivers in
the aircraft manufacturing industry in recent years. First, commercial
aircraft orders skyrocketed as both Boeing and Airbus received record
levels of orders during 2005 and 2006.6 Second, the average level of tita-
nium content per aircraft rose significantly, which meant that increases
in aircraft orders in turn amplified the demand for titanium. Third, the
demand for titanium in military aircraft production also increased sig-
nificantly, as full-time production of the F-22A Raptor began in 2003.7
These three demands coincided to create a record-breaking increase in
titanium demand.

In addition, increases in military armor and industrial demand
for titanium added to the demand surge from the aircraft industry.
Even before the surge in aircraft demand, the global titanium market

© We obtained commercial aircraft order and delivery data from the Bocing and Airbus
Web sites.

7" Full production of the F-22 was funded in fiscal year (FY) 2003. Refer to the Defense
Acquisition Management Information Retrieval Web site, Selected Acquisition Report for
the F-22A, December 31, 2006.
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was already tight because of high demand from the industrial equip-
ment industry, the steel industry, and other titanium users.

Titanium price volatility was further exacerbated by an increase
in spot transactions on the titanium market in 2005 and 2006. During
this period of demand surge, even aircraft manufacturers, which nor-
mally rely on long-term contracts for their titanium, had to procure
titanium on the spot market because of the supply shortage and long
lead times.® In such a strong seller’s market, titanium prices were sub-
ject to the titanium producer’s bargaining power.

On the whole, increased demand for titanium exceeded the avail-
able supply of scrap and sponge, as well as the production capacity for
new titanium metal. Given the fact that titanium sponge production
capacity expansion requires a high capital investment and long lead
times, sponge supply expansion was simply not responsive enough to
meet the unexpected surge in demand over the short run. Moreover,
given the long record of excess capacity in the industry, titanium pro-
ducers were reluctant to invest in capacity expansion until they were
assured that the strong demand was not temporary. The market imbal-
ance was further worsened by the spurt of speculative purchasing on
the spot market, which amplified price volatility. Titanium prices sky-
rocketed and remained extremely volatile from 2003 to 2006. (See pp.
51-71.)

Market Prospects and Emerging Technologies

Titanium Markets in the Near Future

By the end of this decade, the world titanium sponge production capac-
ity is expected to almost double its 2005 capacity, growing to approxi-
mately 217,970 tons per year. In response to the recent demand surge,
many titanium metal producers have announced increases in titanium
sponge capacity or have taken steps to increase in the near future. If

8 Some of the military aircraft contractors had minimal protection of long-term contracts
and were exposed to the risk of price volatility and supply shortage to a greater extent, as they
had to purchase titanium for one lot production at a time.
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new titanium sponge plants become fully operational as planned, Japan
and China will be the top titanium sponge producers in the world, fol-
lowed by Russia and the United States.

For market prospects, we examined three potential scenarios of
world titanium demand: optimistic, base, and pessimistic. In each sce-
nario, we assumed a certain combination of annual average growth
rates in titanium demand from the aerospace and industrial market
segments and then calculated the projected demand in 2010 in relation
to the actual 2005 demand.

We do not attach probabilities to each of the potential future sce-
narios; rather, we use the scenarios to bound predictions for the future.
As a result, different combinations of demand and supply scenarios will
result either in a variety of potential market imbalances or in market
equilibrium.

Assumptions regarding the following three factors heavily influ-
ence the future titanium market outlook:

1. realization of the capacity expansion plans by titanium suppli-
ers, including American and Chinese producers

2. the Boeing 787 build rate and demand from other titanium-
intensive aircraft

3. continued Chinese economic growth and Chinese consumption
of steel, titanium, and other metals that are related to world tita-
nium demand and supply conditions.

By comparing the demand scenarios and production capacity
expansion plans, we determined that the titanium industry’s current
capacity expansion plans appear to be based on the future demand
expectations inherent in the optimistic scenario. Therefore, if the base
demand scenario is realized (instead of the optimistic scenario) and
the world titanium production capacity expands as planned, we expect
there will be excess production capacity in the titanium market by
2010. (See pp. 73-82.)
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Emerging Technologies

Breakthroughs. Of the experts we interviewed, only a few were
optimistic about any dramatic changes in titanium metal extraction,
processing, and production technologies that may be realized within
the next ten years. In addition, the titanium industry has not identi-
fied any particular technology that is worthy of an aggressive invest-
ment for a medium-term (three- to five-year) return. Titanium compa-
nies are taking a “wait and see” position on significant technological
breakthroughs.

Technologies with Cost-Saving Potential. After reviewing the lit-
erature and conducting discussions with industry experts, we devel-
oped a list of emerging technologies with at least marginal cost-saving
potential. These technologies are classified into five categories:

* improved extraction and refinement
* powder metallurgy

* single-melt refining

* solid freeform fabrication

* improved machining.

We then assessed these technologies based on their time frame,
feasibility of application to the market, and potential for cost savings.

The greatest potential cost savings lie in the combination of
improved extraction processes and powder metallurgy, a specialized
titanium production process that would limit waste and remove many
steps from the current production process. If successful, the higher
yield and increased speed of this process would expand the amount of
titanium on the market and considerably shorten lead times, dramati-
cally changing the titanium industry over the next decade. However,
this combination of developments is unlikely to occur in the near or
mid term and is still technically uncertain.

Single-melt refining (instead of multiple-melt refining) and
improved machining also would improve production yields and save
time and energy. Although the savings from these improvements are
expected to be smaller than the savings offered by improved extraction
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and powder metallurgy, they are also expected to be much steadier and
more consistent.

Across these new technologies, most savings will be realized by
improved yields resulting from reduced waste during processing and
part fabrication. Improved labor efficiency will yield some savings,
especially during the fabrication process. Energy savings should be an
important, but much smaller, proportion of the savings, primarily con-
centrated in improvements during initial extraction and melting.

The emerging technologies have the potential to reduce costs suf-
ficiently to open new markets, such as military ground vehicles. How-
ever, it will take a long time for these technologies to influence the cost
of aerospace-grade titanium substantially.

Barriers to Adopting New Technologies. A major barrier to adop-
tion of new technologies in acrospace applications is the required cer-
tification of new materials. Aerospace manufacturing standards are
typically based either on judgments by a government body, such as the
Federal Aviation Administration or the U.S. Air Force, or on standards
set by the primary aircraft manufacturers. Within the Air Force, mate-
rials and processes must be certified separately for each program. The
certification process typically lasts 18 to 24 months and requires exten-
sive qualification processes. In the course of this process, a company
must manufacture test articles and validate their properties at its own
expense. The cost of this process prevents companies from attempting
to certify materials until they are quite certain of their performance
and properties. Consequently, an innovative titanium product or pro-
cess must be used for several years in other applications before design-
ers will consider it for aerospace uses. (See pp. 82-94.)

Policy Implications

Based on the findings of this study, we suggest policy measures in five
areas: improving contract practices, monitoring market trends, reduc-
ing buy-to-fly ratios, optimizing scrap recycling, and exploring new
technological opportunities. (See pp. 95-107.)
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CHAPTER ONE
Introduction

Background

Titanium is an important metal, accounting for a significant portion
of the structural weight of many military airframes. It offers an excel-
lent set of properties, such as a high strength-to-weight ratio, corrosion
resistance, and thermal stability, that make it ideal for airframe struc-
tures. For example, titanium contributes about 39 percent of the struc-
tural weight of the F-22A Raptor (Phelps, 2006). Similarly, a legacy air
superiority fighter such as the F-15 includes approximately 32 percent
titanium in its structural weight. The Navy’s F/A-18 E/F includes about
21 percent titanium in its airframe structure (Younossi, Kennedy, and
Graser, 2001). Figure 1.1 displays a time trend in the use of titanium
in military aircraft.

Although titanium constitutes a relatively significant percentage
of the aircraft’s structural weight as measured by material fly weight
(MFW), the amount of titanium material necessary to produce each
plane, called the titanium material buy weight (MBW), is many times
more than the amount actually included in the finished aircraft.
Because of the reactive properties of the metal and the multistep refine-
ment, machining, and fabricating processes, a significant amount of
titanium scrap is generated during the airframe production process.
The ratio of the total weight of purchased raw material to the weight of
the finished part included in the airframe is commonly referred to as
the buy-to-fly (BTF) ratio.

For example, the titanium MBW is more than ten times the
MEFW for the F-22A Raptor; each F-22A requires about 50 metric tons



2 Titanium: Industrial Base, Price Trends, and Technology Initiatives

Figure 1.1
Percentage of Titanium in the Structural Weight of Selected
Military Aircraft
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of titanium.! By comparison, the BTF ratio for an F-15 is about 8, and
each plane requires about 30 metric tons of titanium.? If we assume the
BTF ratio of the F-35 is similar to that of the F-22A, then the F-35 will
require about 15 tons of titanium per plane on average.’

Although the raw material cost of titanium accounts for a rela-
tively small portion of the unit recurring flyaway cost, a sharp increase
in the titanium metal price will influence the acquisition cost of future

1 Titanium MBW and MFW statistics were obtained from the F-22 Program Office in
November 2007.

2 The F-15 BTF calculation is based on the estimates of MBW and MFW in Schmitt,
1993.

3 Because the F-35 configuration is not yet mature, the average BTF ratio estimates vary
widely from 7 to 26, depending on sources and the time of estimation. The sources include
F-35 Joint Program Office, Lockheed Martin Aeronautics Company, and ODUSD-IP, 2005.
The average BTF ratio means the weighted average BTF ratios of the three types of the F-35:
F-35 CTOL, F-35 STOVL, and F-35 CV.
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military aircraft.* According to the Office of the Deputy Under Secre-
tary of Defense for Industrial Policy (ODUSD-IP, 2005), a 50 percent
increase in titanium prices would increase the unit price of the F-22A
by $1.3 million, which is about 1 percent of the plane’s unit recurring
flyaway cost. However, titanium prices almost tripled between 2003
and 2006, which means the unit recurring flyaway cost of an F-22
might have increased about 6 percent.

Recently, the price of this expensive metal has increased at an
unprecedented rate. The Producer Price Index (PPI) for titanium mill
shapes more than doubled in three years, from 114 in 2003 to 300 in
2006.5 During the same period, the average sales price of mill prod-
ucts® by major titanium metal producers—those who receive a signifi-
cant portion of their sales from long-term contracts’—also nearly dou-
bled during this time frame.$

Government and industry observers say this is the first time that
a global materials supply concern has affected the defense sector since
the steel shortage that followed World War II (Murphy, 2006). They
also note that the titanium supply shortage may influence delivery
schedules for military aircraft and weapons (Toensmeier, 2006). There
are worries that titanium shortages may substantially raise the program
cost of the F-35, previously called the Joint Strike Fighter (Murphy,
20006; Defense Industry Daily, 2000).

4 Unit recurring flyaway cost is the cost of the airframe, propulsion, armament, electronic
fire control, and similar air-vehicle items. Airframe is usually the most significant cost
element.

> The PPI tracks the average change in net transaction prices that domestic producers and
service providers receive for the products and services that they make and sell. Since the
PPI tracks transaction prices, it is based on both spot market prices and long-term contract
prices, similar to the universe of transactions in the producer market place. PPI statistics
were downloaded from the Bureau of Labor Statistics Web site.

6 Mill products such as billet, bar, plate, sheet, tube, and wire are fabricated through forg-
ing or rolling processes.

7" In the aerospace industry, long-term contracts are often referred to as long term agree-
ments, or LTAs.

8 According to the Titanium Metals Corporation Annual Report (TIMET, 2006), mill
product average price increased from $31.50 in 2003 to $57.85 in 2006.
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Prices of titanium mill products have fluctuated cyclically over
the years. However, as shown in Figure 1.2, the recent price surge was
extreme compared to previous fluctuations. What caused the unprec-
edented price increase in titanium metal products? What are the impli-
cations for the future cost of military airframes? This monograph will
explore these questions further.

Study Objective

This study aims to understand the factors underlying price fluctuations
in the titanium metals market in order to better forecast the economic
risks involved in the market and to improve estimates of the future
costs of military airframes. It attempts to answer the question of what
triggered the unprecedented dramatic increase in titanium metal prices
between 2003 and 2006. While a previous RAND study (Younossi,
Kennedy, and Graser, 2001) focused on the costs of processing raw
materials into airframe parts, this study analyzes the actual raw mate-

Figure 1.2
Producer Price Index Trend for Titanium Mill Products, 1971-2006
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rial markets. It also reviews new manufacturing techniques and assesses
their implications for the production cost of future military airframes.

Approach

Based on literature reviews and analysis of historical data available
in defense and commercial industries, we assess past trends, current
changes, and future prospects for each of the titanium price determi-
nants and their relative importance.

In particular, we analyze both supply- and demand-side price
determinants for titanium. Some of these price determinants are
detailed in Table 1.1.

To confirm our understanding of the industry, we conducted
interviews with experts from the titanium manufacturing and process-
ing industries and the aircraft manufacturing industry,® as well as gov-
ernment agencies that compile titanium price data, such as the United

Table 1.1
Price Determinants of Titanium

Supply-Side Determinants

Demand-Side Determinants

Major suppliers

Degree of competition among
suppliers such as number of
suppliers, entry, and exit

Distribution of production capacity
over suppliers

Geographic distribution of industrial
base (U.S., China, etc.)

Cost-reducing technological changes
in the industry

Industrywide learning curve, if
relevant

Ore and other raw materials costs

Other factors that may influence cost
to suppliers

Major buyers
Downstream industries
Market conditions of downstream

industries and their influence on
demand

Market for titanium substitutes

Relative importance of the U.S.
military buyer in the titanium
market

Foreign demand trends and their
impact on prices for U.S. military
buyers

Other factors that may influence
the demand-side market
conditions

' Typical questions posed to industry experts are illustrated in Appendix B.
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States Geological Survey (USGS) and the Bureau of Labor Statistics
(BLS).

Outline of the Monograph

Chapter Two presents the basic characteristics of titanium metal, the
products involved, production processes, and the production cost
structure. Chapter Three discusses the titanium industrial base and
other market characteristics including major suppliers, distribution of
production capacity over suppliers and geographic regions, major con-
sumers of titanium, and titanium price trends. Chapter Four examines
how the supply-side drivers of titanium price fluctuations unfolded to
create the recent turmoil in the titanium market. Chapter Five ana-
lyzes demand-side drivers of titanium price fluctuations. Chapter Six
reviews future prospects for the titanium market and discusses cost-
saving technology trends. Chapter Seven derives policy implications
for U.S. military buyers of airframe structures and other titanium-
intensive weapons.



CHAPTER TWO

Titanium Processing

This chapter provides basic information on titanium, its properties,
products, and processing techniques. It concludes with a discussion of
titanium-processing cost drivers.

Titanium and Its Properties

Titanium’s many useful properties make it a critical material in build-
ing aerospace systems. Titanium has a high strength-to-weight ratio,
corrosion resistance, and thermal stability. It is as strong as steel but 45
percent lighter. It is approximately 60 percent heavier than aluminum
but is more than twice as strong as the most commonly used alumi-
num alloy (Barksdale, 1968). Its resistance to corrosion is significantly
higher than that of stainless steel. In addition, titanium’s coefhicient
of thermal expansion is significantly less than that of ferrous alloys,
copper-nickel alloys, brass, and many stainless steels.

However, titanium’s main drawback is its high price—titanium
metal is more than five times as expensive as aluminum. This is not
because titanium ore is scarce.! In fact, titanium is the fourth-most
abundant metal in the earth’s crust and the ninth-most common
element on the entire planet (Kraft, 2004; Gerdemann, 2001;

1 According to TIMET, 2006, the availability of rutile ore (the major titanium-containing

ore) will not be a problem in the foreseeable future.
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Cariola, 1999). However, titanium is expensive to refine, process, and
fabricate.?

Titanium Metal Products

The titanium industry produces a variety of products—titanium
sponge, ingot, and mill products. These mainly intermediate goods are
produced when titanium ore is refined, melted, and fabricated into a
metal.

Ores and Concentrates

Most of the titanium ore processed in the United States comes from either
Australia or South Africa. Titanium is found in both rutile and ilmenite
(iron titanjum oxide) ores, which contain about 95 percent and 70 per-
cent titanium, respectively.? All titanium metal production begins with
rutile (titanium oxide, or TiO2). High-titania slag, produced by ilmen-
ite smelting, is the first, most important step in the production of syn-
thetic rutile. More than 80 percent of titanium resources come from
ilmenite. This means that synthetic rutile from ilmenite plays an impor-
tant role in the titanium industry. Less than 10 percent of the titanium
concentrate is used in titanium metal production. The rest is used as
titanium dioxide in pigments to increase opaqueness or intensity in
paints, paper, and medicine.*

Sponge

Titanium sponge is the first commercial form of titanium metal that is
refined from titanium ores. It is called “sponge” because of its porous,
sponge-like appearance. Sponge is produced in various grades, with

2 We discuss the cost structure of titanium production in detail later in this chapter.

3 Ilmenite ores are used in iron production. They leave a TiO2-rich slag, which is usually
upgraded to be used in titanium production.

4 According to the USGS Minerals Yearbook 2005, worldwide production of titanium diox-
ide for the chemical industry is estimated at around 2.5 million tons per year and is continu-
ing to grow.
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varying levels of impurities. Higher-grade sponge is used in engine
parts and man-rated static airframe parts; lower-quality sponge is used
in commercial products, such as golf clubs.

Ingot

Titanium ingot is produced from titanium sponge, titanium scrap, or a
combination of both. Titanium ingot is often an alloy, containing such
metals as vanadium, aluminum, molybdenum, tin, and zirconium.
Titanium alloyed with 6 percent aluminum and 4 percent vanadium,
called Ti-6Al-4V, is most commonly used in the aerospace industry.
Titanium ingot is produced in either a cylinder or a rectangular slab
that may weigh several metric tons. It may be used for titanium cast-
ings or to produce mill products.

Mill Products

Mill products are produced from titanium ingot through such primary
fabrication processes as rolling and forging. They are in the shape of
billet, bar, plate, sheet, tube, and wire. These basic forms are the inputs
to secondary fabrication. In secondary fabrication, titanium mill prod-
ucts are turned into finished shapes and components.

Production Processes

Titanium production requires complicated processes that are capi-
tal- and energy-intensive.> Refining the ore to titanium metal requires
multistep, high-temperature batch processes. At the temperatures
required for its reduction, titanium cannot be exposed to the atmo-
sphere because its great affinity for oxygen, nitrogen, carbon, and hydro-
gen will make the metal brittle (Masson, 1955; Kraft, 2004). There-
fore, either vacuum or inert gas metallurgy techniques are necessary to

5 'The details of the titanium metal production process described in this subsection are
drawn from Hurless and Froes, 2002; DoD, 2004; Gerdemann, 2001; Kraft, 2004; TIMET
2005, 2006; and USGS Minerals Yearbook 2005.



10 Titanium: Industrial Base, Price Trends, and Technology Initiatives

reduce and process the metal. In addition, the hardness of the metal
makes the machining process more difhicult and time consuming.

Extracting Titanium Metal from Ore

Extracting titanium metal from ore requires multiple laborious steps.
Titanium ores are chlorinated to produce titanium tetrachloride and
then reduced with magnesium (called the Kroll process) or sodium
(called the Hunter process) to form commercially pure sponge.¢ The
Kroll process, which is the most common and least expensive process
for producing titanium sponge, has four major steps. First, rutile con-
centrate or synthetic rutile (titanium slag) is chlorinated to form tita-
nium tetrachloride and then distilled to remove metallic impurities
such as iron, chromium, nickel, magnesium, and manganese. Second,
the titanium tetrachloride is reduced with magnesium.” Third, the
remaining magnesium and magnesium chloride are removed, most
commonly by vacuum distillation. In this technique, heat is applied
to the sponge mass while a vacuum is maintained in the chamber,
causing the residue to boil off from the sponge mass. At the end of
the process, the residual magnesium chloride is separated and recycled.
Fourth, the sponge mass is mechanically pushed out of the distillation
vessel, sheared, and crushed.

Producing Ingot from Sponge

Titanium sponge, titanium scrap, or a combination of both is melted
together in an electric arc furnace to produce titanium ingot. On aver-
age, 40-50 percent of the raw material is titanium scrap.® In the aero-
space industry, sponge is typically melted two or three times to produce
an ingot. Titanium ingot may be used to produce mill products or

6 See Gambogi, 2004; Kraft, 2004; and Gerdemann, 2001, for details of the titanium
refining technology.

7 The Hunter process is similar to the Kroll process except that it uses sodium instead

of magnesium to reduce titanium tetrachloride (TiCl4), which is commonly referred to as
« »
tickle.

8 The percentage of scrap in feedstock for ingot varies over different final usage of the ingot.
For example, no scrap is currently used for producing titanium ingot for the F-22.
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titanium castings. Figure 2.1 shows the conversion of sponge to ingot
using the vacuum arc remelting (VAR) process.

Titanium ingot is usually produced by either VAR or cold hearth
melting. In VAR, the inputs undergo a first melt. The surface of the
resulting ingot is ground to remove defects and contamination and the
cleaned ingot is inverted and welded to a stub. The ingot is then melted
again to improve homogeneity and dissolution of the alloying elements.
Titanium ingot intended for high-stress and high-fatigue applications,
such as engine rotors, is usually melted a third time.

Cost drivers for the melting process include the labor-intensive
electrode preparation, the need for multiple melts, and the yield loss
produced by intermediate and final conditioning.

Figure 2.1
Vacuum Arc Remelting Process for Converting Titanium Sponge into Ingot
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SOURCE: TIMET Corporation.

NOTES: The figure describes the process used at TIMET's Henderson, Nevada, plant.
The process illustrated is not universal for all sponge production in the world.
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Cold hearth melting uses a water-cooled copper hearth to contain
a “skull” of solidified titanium, which in turn holds a pool of molten
titanium.? If gas plasma is used as the heat source, the process is called
plasma arc melting (PAM). If an electron beam is used as the heat
source, it is called electron beam melting (EBM). Cold hearth melt-
ing can substitute for VAR, but it also may be followed by a VAR melt
to produce ingot for high-purity applications, such as aircraft engine
rotors.

Cold hearth melting is a more cost-effective process than VAR
because it includes fewer steps, can use more scrap, and allows a wider
variety of scrap. Cold hearth melting can also cast rectangular slabs.
Titanium plate for airframes can be produced more cheaply from rect-
angular slabs than from the round ingots created by VAR. However,
cold hearth melting has some disadvantages compared with VAR—
such as large surface areas for evaporation of volatile elements, the need
for complex equipment, and batch processing by-products. For some
higher-end products, such as aircraft engines, cold hearth melting
cannot be used alone but should be combined with VAR.

Cold hearth melting will not be able to replace VAR completely
in the near future. According to the USGS Minerals Yearbook 2005,
about 20 percent of the U.S. titanium ingot capacity was produced by
cold hearth melting that year, and the remaining 80 percent was pro-
duced by VAR.

Figure 2.2 displays the breakdown of the raw materials used to
produce titanium ingot and mill products by TIMET, a U.S. titanium
producer. The exact mix of titanium sponge, scrap, and alloy depends
on the kinds of products to be produced and the quality of scrap avail-
able. TIMET both produced sponge in 2006 internally and purchased
it on the market. The purchased quantity made up more than half
of the total sponge it consumed. For titanium scrap used in 20006,
TIMET generated material internally during production as well as
material purchased on the market. The purchased quantity made up
about 25 to 30 percent of the total scrap consumed. The breakdown

? See Figure 6 in Kraft, 2004.
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Figure 2.2
Composition of Materials Used to Produce Titanium Ingot
and Mill Products
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SOURCE: TIMET, 2006.
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between internally produced sponge or scrap and purchased sponge or
scrap varies over different titanium ingot and mill product producers.

Primary Fabrication: Processing Ingot to Mill Products

Generic mill products such as plate, sheet, billet, and bar are produced
from ingot or slab through a sequence of operations, such as forging
and hot or cold-rolling.® The fabrication process is complicated by the
susceptibility of titanium metal to oxidation. Frequent surface removal

10 Sheet is a flat-rolled product that is typically thinner than three-sixteenths of an inch and
is produced by either hot or cold-rolling. Plate is usually thicker than three-sixteenths of an
inch and wider than 20 inches. It is produced by hot-rolling. Billet can have round, square,
rectangular, hexagonal, or octagonal cross sections, with an area equal to or greater than 16
square inches and width less than five times its thickness. Bar has round, square, or rectan-
gular cross sections with an area less than 16 square inches, thickness greater than three-
sixteenths of an inch, and width less than or equal to 10 inches. Forging is a process in which
metal is placed in a die and a compressive force is applied. Usually, the compressive force is
in the form of blows from a power hammer or a press. Rolling is the most widely used method
of shaping metals. It may be done while the metal is hot (hot-rolling) or cold (cold-rolling).
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and trimming are required to eliminate surface defects. These opera-
tions are costly and involve significant yield loss.

Secondary Fabrication: Fabrication Parts from Mill Products

Production of finished titanium products from generic mill products
requires a second set of steps, called secondary fabrication. Second-
ary fabrication includes a variety of processes, such as forging, extru-
sion, hot and cold forming, machining, and casting.'" Selection of the
fabrication process depends on the properties and shape of the final
product. Secondary fabrication for titanium is similar to that for other
metals, except for two main challenges. Titanium’s hardness and reac-
tivity slow the machining process and quickly wear down tools.!? Also,
machining generates large amounts of scrap, and the high price of tita-
nium makes this waste a significant expense. Figure 2.3 illustrates the
process of fabricating an aircraft part from a titanium ingot.

Scrap

Titanium scrap is a by-product of the fabrication processes used to
produce titanium products. Titanium scrap is used as feedstock not
only in titanium ingot production but also in ferrotitanium produc-
tion. Because titanium scrap is a recycled good—not a manufactured

The process consists of passing the metal between pairs of revolving rollers. See Kraft, 2004;
ITA, 2005a; and the Encyclopedia Britannica.

W Extrusion is a process by which long straight metal parts of one cross section are pro-
duced. The parts can be solid or hollow and can be round, rectangular, or other shapes. In
cold forming, metal is placed under pressure, without adding heat, until a desired shape is
achieved. Cold forming uses dies and punches to convert a specific metal of a given volume
into a finished shaped part of the exact same volume. Hoz forming is used in manufacturing
industrial fasteners, such as bolts, screws, and rivets. In this process, heat is used to soften
the metal, which is usually in the form of a sheet, bar, tube, or wire. Pressure is then used to
alter the shape of the metal. Machining is a group of processes in which material is removed
from a workpiece in the form of chips. It involves operations such as cutting, drilling holes,
and grinding. In casting, liquid metal is poured into a mold, which contains a hollow cavity
of the desired shape, and is allowed to solidify. The solid is then removed from the mold to
complete the process.

12 Here, reactivity concerns chemical reaction. Reactivity is the relative capacity of an atom,
molecule, or compound to undergo a chemical reaction with another atom, molecule, or
compound.
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Figure 2.3
Converting a Titanium Ingot into an Aircraft Part
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good—the supply of scrap depends on the consumption cycles of tita-
nium end users. Not all scrap is reusable. For instance, machine turn-
ings of different alloys that are not carefully segregated from other
metals are too difficult to reuse. Once different metals and alloys are
well segregated, typical contaminants such as oil and lubricants should
be removed. Therefore, machine turnings are usually washed with soap
and dried before being melted. Other scrap includes bulk solids.’? Bulk
solids can be reprocessed into ingot through the VAR process. Cold
hearth melting can be used for machine turnings and smaller pieces of
scrap, while VAR is less effective for small pieces. The ratio of scrap to
sponge is determined by the customer’s specifications for the ingot.

Ferrotitanium

Titanium also can be combined with iron to create ferrotitanium. Fer-
rotitanium is an alloy that is used in stainless steel and other specialty
steel production for deoxidation, achieving a finer-grained structure,
and controlling carbon and nitrogen. The two standard grades of fer-
rotitanium contain 40 percent and 70 percent titanium. Significant

13 Bulk solids are large pieces of titanium created during the machining or the forging of
titanium parts.
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amounts of ferrotitanium, titanium scrap, and titanium sponge are con-
sumed by the steel industry and other industries that produce alloys.

Production Cost Structure

Titanium is expensive to refine, process, and fabricate. As shown in
Table 2.1, titanium is much more expensive than aluminum and steel
in all stages of production, including metal refining, ingot forming,
and sheet forming (Hurless and Froes, 2002). In terms of the process-
ing cost of materials per cubic inch, titanium is five times more expen-
sive to refine than aluminum, and more than ten times more expensive
than aluminum to form ingots and fabricate finished products.

Of all the stages of production, fabrication is the most costly, fol-
lowed by extracting sponge from ore. Assuming that the Kroll process
is used for sponge production and VAR is used for ingot production,
Kraft (2004) calculated the cost composition of the conventional mill
processing of a one-inch-thick titanium alloy plate. Fabrication is the
largest cost factor, accounting for 47 percent of the mill product cost.
Sponge production is the second largest cost, accounting for about one-
third of the total. The ingot melting process makes up approximately 15
percent of the production cost, while rutile ore accounts for 4 percent.

Table 2.1

Cost Comparison of the Stages of Metal Production

Production Stage Steel Aluminum Titanium
Metal refining 0.4 1.0 5.0
Ingot forming 0.6 1.0 10.7
Sheet forming 0.4 1.0 18.0

SOURCE: Hurless and Froes, 2002.

NOTE: Process costs were estimated in dollars per cubic inch of the relevant material
and then normalized to the cost of aluminum.

14 According to the USGS Minerals Yearbook, about 11,000 tons of titanium products were
consumed in the production of steel and other alloys in the United States in 2005.
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Refining Cost
Refining the ore into titanium metal is a costly, multistep, high-
temperature batch process that is energy and capital intensive. Because
of the high reactivity of titanium, an extraction process similar to that
for aluminum has not yet been developed.”>

Refining titanium metal into ingot is a slow, energy-intensive pro-
cess that requires significant capital. VAR requires about 25 hours to
melt an ingot, and the process must be done two or three times. The
ingots are produced in three- to seven-ton batches, requiring a large
space and involving many steps between each melt. Not only are the
space and production equipment expensive, but the labor involved in
moving batches adds significant cost (Gerdemann, 2001).

Fabrication Cost
The two main factors in the fabrication cost are the slow machining
process and the high BTF ratio in part production.

The hardness that makes titanium so desirable also makes it more
difficult to machine than traditional aluminum. This presents a chal-
lenge akin to that of machining high-strength steel. However, the pro-
cess is complicated by titanium’s high reactivity and low thermal con-
ductivity. It is highly reactive and tends to wear tools very quickly,
especially at higher temperatures. The low thermal conductivity means
that high temperatures can be generated easily in the course of machin-
ing. Consequently, titanium must be machined at lower tool speeds,
slowing production.

Titanium parts have very high BTF ratios, with most parts
machined from large, solid pieces of metal. Because the raw mate-
rial is so expensive, scrap represents a significant portion of the cost.
As explained above, not all scrap can be reverted or recycled. In the
fabrication process, a significant portion of the cost of a part is often
left on the machining room floor.! Titanium producers and aircraft
manufacturers try to recycle titanium scrap as efficiently as possible

15 We discuss the development trends in titanium processing technologies in Chapter Six.

16 Tt was not until recently that military aircraft programs started to pay much attention to
titanium scrap recycling.
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through various contractual arrangements and supply-chain manage-
ment practices.

Buy-to-Fly Ratio

The BTF ratio depends on the form of the initial material (ingot, plate,
sheet, etc.) and the fabrication process (forging, machining, casting,
etc.). The BTF for titanium parts fabricated from plate or sheet is
often more than 20 to 1—that is, to produce a part weighing only a
pound may require more than 20 pounds of the raw metal (Younossi,
Kennedy, and Graser, 2001). In machining, losses take the form of
machine turnings, which can be reverted as scrap if properly handled
and segregated from other materials.

A more common titanium manufacturing process is forging,
which forms a nearly final-shaped (also called near-net-shaped) part
from plate. In this process, ingot is rolled into plate and then subjected
to extreme pressure and temperature, causing it to flow into a mold
or die. The forging includes additional material called “cover,” as well
as tabs to easily attach it to a milling machine. Forgings also include
an extension used as a test coupon to examine the metallurgic and
mechanical properties of the material. The forging, flushing,'” cover,
tabs, and the test coupon have to be removed by machining. Most of
the scrap resulting from this process is reverted.'

Cost-Saving Technical Changes

Titanium extraction technology has not progressed much since the
Kroll process was commercialized in 1948. And the Hunter process is
not any cheaper than the Kroll process. Several companies are devel-
oping improved processes that could produce titanium metal more
cheaply and quickly than with the Kroll process. However, the com-

17 Flushing is the extra amount of material that is extruded from the die during the forging
process.

18 Presentation to the authors by representatives of Wyman-Gordon Forgings, August

2007.
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mercial viability of many of these processes is still unclear.’” Whether
there will be a breakthrough in titanium extraction technology in the
near future, in the same way as the aluminum industry revolutionized
its extraction process many years ago, is uncertain.

The technology for processing sponge into ingot has not changed
much either. VAR has been the most commonly used process since
its introduction in 1952. EBM and PAM are not used as widely as
VAR. There are alternative approaches, such as investment casting and
powder metallurgy, which aim to eliminate multistep melting and pro-
duce near-net-shape products. However, wide application of these new
technologies to the aerospace sector may take a long time.

A major cost of technological change is certification of new materi-
als. Standards are typically based either on judgments by a government
body, such as the Federal Aviation Administration or the Air Force,
or on standards set by the primary aircraft manufacturers. Within the
Air Force, materials and processes must be certified separately for each
program. The certification process typically lasts 18 to 24 months and
requires extensive qualification processes. In the course of this process,
a company must manufacture test articles and validate their properties
at its own expense. The cost of this process prevents companies from
attempting to certify materials until they are quite certain of their per-
formance and properties. Consequently, a material must be used for
several years in other applications before designers will consider it for
aerospace uses.

Summary

The titanium industry produces a variety of products—titanium
sponge, ingot, and mill products. They are mainly intermediate
goods produced in the process of refining the titanium ore and melt-
ing and fabricating the metal. Titanium production requires compli-

19 Commercial viability concerns whether commercialization of the technology would pro-
vide acceptable returns to investors in a reasonably foreseeable market and under reasonable
operating conditions.
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cated processes that are capital- and energy-intensive. Of all the stages
of titanium production, fabrication is the costliest process, followed
by extracting sponge from ore. Refining ore into titanium metal is a
costly, multistep, high-temperature batch process. Because of the high
reactivity of titanium, an extraction process similar to that for alumi-
num has not yet been developed. The two main drivers of titanium’s
high fabrication costs are its slow machining process and the high BTF
ratio required for titanium part production. The hardness that makes
titanium so desirable also makes it more difficult to machine than tra-
ditional aluminum. Titanium parts have very high BTF ratios, with
most parts machined from large, solid pieces of metal. The BTF for
a titanium part fabricated from plate or sheet is often more than 20
to 1—that is, a part weighing only a pound may require more than
20 pounds of the raw metal to produce. Chapter Six examines a number
of emerging technologies that have the potential to address these vari-
ous production cost drivers.



CHAPTER THREE

The Titanium Industrial Base and Other Market
Characteristics

This chapter discusses the global sources of titanium sponge, the role
of the supplier base, and other market characteristics—major buyers,
substitutes and complements, and market price systems.

Geographic Distribution

About half of the world titanium sponge capacity in 2005 was located
in Russia, Kazakhstan, and Ukraine, as shown in Figure 3.1. However,
Japan had the largest titanium sponge production capacity, account-
ing for 33 percent of world capacity, followed by Russia at 25 percent,
and Kazakhstan at 19 percent (International Titanium Association,
2005b). The United States had approximately 8 percent of global tita-
nium sponge production capacity in 2005. China’s sponge capacity
is similar to that of the United States. However, China mainly pro-
duces titanium sponge for industrial uses, as its quality does not meet
aerospace requirements. In 2004 and 2005, the Chinese steel industry
consumed considerable amounts of titanium scrap and sponge, which
drove up market prices for both commodities considerably and pro-
vided an incentive for construction of multiple new sponge plants in
China."' In 2007, the combination of slightly reduced steel demand

' 1n 2004, China accounted for over 30 percent of world steel consumption.

21
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Figure 3.1
Geographic Distribution of World Titanium Sponge
Production Capacity, 2005

Ukraine United States

D

Russia

Japan

Kazakhstan BN
China (PRC)

SOURCE: ITA, 2005b.

RAND MG789-3.1

and the significant increase in sponge production in China has had the
reverse effect on the market.?

The United States is a net importer of titanium sponge. In 2005,
approximately 60 percent of U.S. sponge consumption was imported.
U.S. sponge imports originate mainly from Kazakhstan and Japan. As
shown in Figure 3.2, Kazakhstan accounted for 53 percent and Japan
accounted for 39 percent of U.S. sponge imports in 2005.

Major Producers

Like the steel and aluminum industries, the titanium market is an oli-
gopoly. There are a limited number of titanium manufacturers in the
world and market shares are concentrated in a small number of large
producers.

2 Authors’ discussion with TIMET in August 2007.
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Figure 3.2
U.S. Titanium Sponge Imports by Origin, 2005
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One Russian company and three U.S. companies are the major
producers of high-quality titanium metals for aerospace. The Russian
company, VSMPO-Avisma (Verkhnaya Salda Metallurgical Produc-
tion Association) is the world’s largest titanium metal producer, with
approximately 29 percent of the market share in global titanium ship-
ments (Bush, 2006). The three major U.S. titanium metal producers
are TIMET, Allvac (Allegheny Technologies Inc. [ATI]), and RMI
Titanium Company (RTT International Metals, Inc.). In the titanium
market for industrial and emerging users, UNITI (a joint venture

3 TIMET operates three melting plants, located in Henderson, Nevada; Morgantown,
Pennsylvania; and Vallejo, California. ATT also has three melting plants: Richland, Wash-
ington; Bakers, North Carolina; and Albany, Oregon. RTT melting plants are located in
Niles, Ohio, and Canton, Ohio. TIMET and ATT are integrated titanium manufacturers
that produce a full spectrum of titanium products from titanium sponge to ingot and mill
products. In 2007, RTT also announced it would build a new titanium sponge factory to be
in operation by 2010.
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between ATT and VSMPO), TIMET, RTI, and Japanese companies
are the major producers.

Of the major U.S. producers, TIMET had approximately an 18
percent market share of the world’s titanium industry shipments and
an 8 percent market share of the world titanium sponge production in
2005.4 TIMET is the only aerospace-engine-grade sponge producer in
the United States and one of the largest sponge producers in the world.s
The other major sponge producers are located in Russia, Kazakhstan,
China, and Japan.

In addition to the three major U.S. producers mentioned above,
there is one more titanium sponge producer and another titanium
ingot producer in the United States (USGS Minerals Yearbook 2005).
Alta Group (Honeywell International, Inc.) has a small electronics-
grade high-purity sponge plant in Salt Lake City, Utah, which uses the
Hunter process. Howmet Corporation (Alcoa, Inc.) also has some tita-
nium ingot capacity in Whitehall, Michigan. Unlike the three major
U.S. producers (TIMET, RT1, and ATI), these two smaller companies

are not integrated producers.

Major Buyers

Major titanium buyers include the commercial and military aircraft
manufacturing industry, the industrial equipment sector, and the con-
sumer goods sector.

In the aerospace industry, titanium is mainly used in airframe
components and jet engines. In an airframe, titanium is used in bulk-
heads, the tail section, landing gear, wing supports, and fasteners. In jet
engines, titanium is used in blades, discs, rings, and engine cases. The

4 TIMET, 2005.

5 As of 2005, TIMET’s sponge plant in Henderson, Nevada, could produce up to 8,600
tons per year through the Kroll process combined with vacuum distillation. In 2008, ATI
started to produce aerospace-grade sponge, but not acrospace-engine-grade sponge.
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commercial aircraft manufacturing industry is the largest single con-
suming market for titanium in both the world and U.S. markets.¢

Titanium is used for industrial applications primarily due to its
excellent corrosion resistance, which allows plants to reduce the main-
tenance cost and life-cycle costs of equipment. For industrial applica-
tions, “commercially pure” grade titanium is generally used.”

Industrial-sector buyers include a diverse set of producers of indus-
trial equipment. The chemical and petrochemical industry is a leading
buyer, using titanium for corrosion resistance in such equipment as
heat exchangers, tanks, process vessels, and valves.® Other major indus-
trial buyers include power plants, desalination plants, pollution control
equipment producers, and the aluminum and steel industries.

Military buyers of titanium are mainly fighter programs in the
United States and Europe, but the use of titanium in ground combat
vehicle and naval applications is also growing. The relative importance
of the military sector has been increasing recently due to the focus on
light armaments and mobility, and this trend is expected to continue
for at least the next several years.

Relatively small but high-growth-potential users of titanium are
off-shore oil and gas production facilities, particularly for deep-water
oil and gas fields; passenger cars, trucks, and heavy vehicles; geother-
mal facilities; architecture; medical devices and instruments; and golf
clubs. Titanium producers often call these sectors emerging markets.

In 2006, the non-aerospace industrial equipment sector, con-
sisting of various manufacturing industries, accounted for 50 percent
of the titanjium mill product demand in the global titanium market.
However, the commercial aerospace industry alone accounts for 38

6 Ti-6Al-4V is the titanium alloy most commonly used in aircraft manufacturing .

7" There are two types of titanium, commercially pure titanium and titanium alloy. Tita-
nium alloys contain other metals, such as aluminum and vanadium, and are used for jet air-
craft engines, airframes, and other components. Commercially pure (CP) titanium is unal-
loyed titanium used in the power generation and chemical processing industries. CP grades
1 and 2 are most commonly used for industrial applications.

8 A heat exchanger is a device that transfers heat from a hot to a cold fluid. Heat exchangers
are widely used in fossil-fuel and nuclear power plants, gas turbines, heating and air condi-
tioning, refrigeration, and the chemical industry.
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percent of titanium mill product demand, followed by the military
sector and emerging markets at 6 percent each (see Table 3.1).” Global
consumption of titanium was estimated at 68,500 tons in 2005 and
75,000 tons in 2006.

In the United States, the aerospace industry accounted for 6075
percent of the titanium sponge consumption over the past decade (see
Figure 3.3) (USGS, Historical Statistics, 2008). The aerospace industry’s
share decreased from 75 percent in 1991 to 60 percent in 2004, but it
rebounded to 75 percent in 2005 due to the dramatic increase in air-
craft orders. In 2006, approximately 72 percent of titanium sponge was
used in aerospace applications, and the remaining 28 percent was con-
sumed in military armor and other industrial sectors (USGS, Mineral
Industry Survey, 2006). Compared with the composition of global tita-

Figure 3.3
Aerospace Industry’s Share of Titanium Sponge Consumption
in the United States, 1975-2005
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9 The demand composition is calculated from world titanium mill product shipment statis-

tics in TIMET, 2005.
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nium demand, aerospace buyers constitute a considerably larger share of
the U.S. market.! In the global market, acrospace demand accounts for
only 44 percent of the global titanium demand, as shown in Table 3.1.
The dominance of aerospace buyers in the U.S. titanium market
can also be observed in the revenues of TIMET. In 2006, 57 percent of
TIMET’s revenues came from commercial aerospace buyers, 15 percent
from the military, 17 percent from industrial equipment producers and
emerging markets, and 11 percent from other industries (Figure 3.4).!

z\a;::fd3+:tanium Mill Product Shipments by End-User Sector, 2005-2006
2005 2006
Quantity Quantity
Sector (tons) Share (%) (tons) Share (%)
Commercial aerospace 24,000 35 28,500 38
Military aerospace 5,200 8 4,400 6
Industrial equipment 35,600 52 37,600 50
Emerging markets 3,700 5 4,500 6
Total mill product shipments 68,500 100 75,000 100

SOURCES: TIMET, 2006; other historical industry data from titanium melters,
forgers, and casters.

NOTE: Non-aerospace military users are included in the emerging markets.

10 The acrospace share of sponge consumption does not necessarily reflect its share of tita-
nium mill product demand, because the raw material mix is different between titanium
products for the acrospace sector and those for the industrial sector. We use the share of
sponge consumption only as a proxy, since data for the acrospace share of titanium mill prod-
uct consumption in the United States are not available.

I TIMET’s revenue structure may not represent the general revenue structure of titanium
producers in the United States. We display the TIMET case here because comparable data
from other major U.S. producers, such as ATT and RTT, are not available.
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Figure 3.4
Sectors to Which TIMET’s Titanium Mill Products Were Shipped, 2006
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Substitutes and Complements

Other materials can be used as substitutes for titanium in various
applications (USGS, Mineral Commodities Summary, 2007). In high-
strength applications, titanium substitutes include composites, alu-
minum, steel, and high-performance alloys. In corrosion-resistance
applications, aluminum, nickel, stainless steel, and zirconium alloys
may substitute for titanium. However, these are not perfect substitutes.
Even if the relative prices of the substitutes change, the degree of substi-
tution is usually limited by the requirements of the specific application.
Especially in military aircraft applications, performance considerations
often overrule cost concerns.

Titanium and composites complement each other in airframe
applications. Among aerospace metals, titanium is very compatible
with carbon fiber reinforced polymer (CFRP) composites (Fanning,
2006). Titanium’s stiffness and its coeflicient of thermal expansion
are similar to that of CFRP composites. Titanium is electrochemically
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compatible with carbon and resists galvanic corrosion, in contrast to
aluminum, which tends to corrode when placed next to a CFRP com-
posite.!2 These compatibilities make titanium an excellent substructure
material for maximizing the effectiveness of composite parts. Accord-
ing to industry experts, usage of titanium in commercial and military
airframes increased significantly over the last decade, partly due to the
increasing use of CFRP composites.'?

Market Price

Oligopolistic Price

Like other metal industries, such as the steel and aluminum industries,
the titanium market is an oligopoly because there are a limited number
of titanium manufacturers in the world. In an oligopolistic market, the
small number of suppliers often results in prices that are higher than
those in a competitive market.

Market Size and Market Risks

Unlike other metals markets, the titanium market is extremely small.
World titanium sponge production capacity was only 110,000 tons in
2005, whereas world crude steel production for the same year was 1.1
billion tons."* Given the small market size and highly concentrated
buyers and suppliers, the titanium market is more exposed to turbu-
lence caused by supply and demand shocks than are large raw material
markets with diversified buyers and suppliers.

12 Galvanic corrosion results when two materials with dissimilar electrical potentials come
into contact. Over time, ions from one material will migrate to the other, gradually creating
corrosion.

13 Authors’ discussion with Boeing in July 2007.

14 Titanium sponge capacity data are from USGS, Mineral Commodity Summaries, 2006.
Crude steel production data are from the International Iron and Steel Institute (IISI).
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Spot Market Versus Long-Term Contracts

Titanium prices are based on both spot market transactions and
longer-term contracts. Spot market transactions are basically delivery-
on-order agreements in which the purchaser pays the current price for
titanjum. Titanium is not traded on a fully developed auction market
such as the London Metal Exchange.> Contracts for less than three
years are considered short-term contracts; contracts for three years or
more are considered long-term. Major buyers of titanium often prefer
five- to ten-year contracts.

The coexistence of spot market prices and contract prices is a
common characteristic of raw material markets. Due to the two dif-
ferent price systems, there are multiple prices for the same good in
the same market at a given time. Spot market prices adjust quickly
to supply-and-demand shocks, whereas long-term contract prices are
more rigid.

Compared to other raw materials, such as aluminum, steel,
copper, and oil, titanium spot market transactions are less prevalent,
and the titanium spot market has only recently become significant.
Although the exact size of this market is unknown,¢ industry experts
estimate that it usually accounts for at least 10 percent of transac-
tions and can easily account for one-third to more than one-half of all
transactions.!”

The limited volume of titanium spot market transactions—
compared to other raw materials—is partly due to the limited size
of the titanium market in general, the characteristics of downstream
industries, and the nature of price shocks.!s

15 The London Metal Exchange is the world’s largest market in options and futures con-
tracts on metals. The metals exchanged in the London Metal Exchange include aluminum,
copper, nickel, tin, zinc, and aluminum alloys. Refer to the London Metal Exchange Web
site, 2008, for details.

16 The size of the titanium spot market is unknown because titanium contracts are not
traded through an organized metal exchange. There is no institute or agency that compiles
titanium transaction data for public use.

17 The percentage of spot market transactions in titanium varies depending on business
cycles and when long-term contracts expire, according to industry experts.

18 Downstream industries are industries that buy titanium.
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Conversely, long-term contracts still dominate the titanium
market, accounting for approximately 50 percent or more of the trans-
actions by major titanium producers. The aerospace industry is the
dominant downstream industry in which the major buyers are fixed
and production lead time is significant. Three U.S. companies and one
Russian company are the major producers of high-quality titanium
metals for aircraft manufacturing.®

Sources of underlying price fluctuations may provide another
explanation for the prevalence of long-term contracts in the titanium
market. According to Hubbard and Weiner (1985), when demand
shocks are more significant relative to supply shocks, it is more likely
there will be greater contracting and price rigidity.

Long-term contracts usually stipulate conditions such as mini-
mum annual quantity, minimum share of the customers’ titanium
requirements, prices determined by an agreed-upon formula, and price
adjustments for raw material and energy cost fluctuations. Long-term
contracts reduce price volatility for the buyer while securing a base
level of revenue for the supplier throughout the business cycle. In 2005,
approximately 49 percent of TIMET’s sales revenue was from custom-
ers under long-term contracts, such as Boeing, Rolls-Royce, and United
Technologies (TIMET, 2005).

Import Tariffs
As of 2007, imports of the titanium mill product called wrought tita-
nium are subject to a 15 percent tariff if the country supplying the
import has normal trade relations with the United States (USGS,
Mineral Commodities Summary, 2007). If wrought titanium imports
are from countries that do not receive normal trade relations treat-
ment, the tariff is 45 percent. The tariff on titanium sponge and ingot,
or unwrought titanium, is 15 percent regardless of trade relations
treatment.

The tariff on wrought titanium may unilaterally protect domestic
mill product producers against foreign producers. However, the tariff on
unwrought titanium would have asymmetric effects on domestic pro-

19 Details of major suppliers will be discussed later.
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ducers. Domestic titanium ingot producers that use imported sponge
pay 15 percent more for raw materials than their domestic competitors
who do not rely on imported sponge. As mentioned above, approxi-
mately 60 percent of U.S. titanium sponge consumption depended on
imports in 2005.

These tariffs influence the titanium mill product market price
by increasing costs for domestic mill product producers who depend
on imported raw materials. As a result, domestic producers who do
not depend on imported raw materials have higher profit margins,
assuming all other factors remain equal. However, if their final prod-
ucts are exported, the import tariff paid can be refunded through duty

drawback.

Summary

The United States had approximately 8 percent of the global titanium
sponge production capacity in 2005. That year, the United States
imported approximately 60 percent of the sponge it consumed—and
92 percent of U.S. sponge imports came from Kazakhstan and Japan.
There are a limited number of titanium manufacturers in the world and
market shares are concentrated in a small number of large producers.
One Russian company and three U.S. companies are the major produc-
ers of high-quality titanium metals for acrospace. Major titanium buyers
include the commercial and military aircraft manufacturing industry,
the industrial equipment sector, and the consumer goods sector. In the
United States, the aerospace industry has accounted for 60 to 75 percent
of the titanium sponge consumption over the last decade.

The titanium market is very small—only one ten-thousandth
the size of the steel market. Given its small size and highly concen-
trated buyers and suppliers, the titanjium market is more exposed to
turbulences caused by supply and demand shocks than are large raw
material markets with diversified buyers and suppliers. Compared with
other markets, such as aluminum, steel, copper, and oil, titanium spot
market transactions are less prevalent. However, industry experts esti-
mate that the size of the titanium spot market varies from 10 percent to
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50 percent, depending on business cycles and contract turnover in the
industry. In addition, supply and demand shocks will become evident
first in the spot market.






CHAPTER FOUR

Supply-Side Drivers of Titanium Price
Fluctuations

On the supply side of the market, what factors drive titanium price
fluctuations? In this chapter, we examine raw material availability and
price trends, the responsiveness of capacity expansion to demand, pro-
duction cost drivers and trends, and other supply-side drivers, such as
government regulations.

Availability and Price Trends of Raw Material

Raw material, such as sponge and scrap, account for approximately
40 percent of the cost of titanium mill product production. There-
fore, fluctuations in titanium mill product prices are often triggered by
supply shocks in raw materials.! In fact, prices of titanium sponge and
scrap started increasing sharply even before the commercial aircraft
order surge in 2005 and 2006. As shown in Figure 4.1, average import

' In addition to the impact of sponge and scrap availability, one may ask whether the tita-

nium dioxide pigment market has influenced the volatility of titanium metal prices. We
found that the titanium dioxide pigment price and consumption have been quite stable in
recent years. Annual average growth in consumption between 2003 and 2007 was less than
1 percent; the PPI for titanium dioxide pigment increased 3.3 percent annually in the same

period.

35
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Figure 4.1
Annual Inflation Rates of Titanium Sponge and Scrap Prices, 1994-2004
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prices of titanium scrap and sponge increased 71 percent and 49 per-
cent, respectively, in 2004.2

Sponge and Scrap Shortage
The heightened demand for ferrotitanium, titanium scrap, and tita-
nium sponge from carbon and stainless steel production brought an
added raw material shortage in 2003-2005. This cross-market sub-
stitution effect was significant, given the fact that the steel market is
10,000 times as large as the titanium market.

Sponge-capacity expansion requires a long lead time, so the gap
between supply and demand needed to be filled with titanium scrap in
the short run. However, titanium scrap was in extreme short supply,

2 The import price of titanium sponge increased from $2.72-$3.95 per pound in 2003 to
$3.55-$6.44 per pound in 2004. The scrap import price increased from $1.61 per pound in
2003 to $3.80—$4.00 per pound in 2004. Import prices of sponge and scrap were obtained
from USGS, Historical Statistics for Mineral and Material Commodities in the United States,
2008.
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especially from 2003 to 2005. Since scrap is a recycled good, the supply
of scrap depends on titanium metal consumption. Scrap supply was
extremely limited from 2003 to 2005 because aircraft production bot-
tomed out in 2003.

On the other hand, scrap demand surged as growing carbon steel
and stainless production caused a surge in ferrotitanium demand. As
mentioned above, ferrotitanium is used in the steel production for
reduction, achieving a finer-grained structure and controlling carbon
and nitrogen content. In 2003-2004, world steel prices increased dra-
matically, mainly driven by China’s strong demand and world eco-
nomic recovery. The ferrotitanium PPI increased 82 percent from 2003
to 2005.3 The phenomenal increase in the price of a substitute for tita-
nium scrap further exacerbated the titanium scrap shortage.

Titanium scrap prices peaked in 2006. The scrap shortage situ-
ation has improved since 2000, as aircraft production increased sig-
nificantly (thus producing more titanium scrap) and the price of steel
products stabilized after 2005.4

The scrap shortage and ferrotitanium price surge induced sharp
increases in titanium sponge prices because sponge, scrap, and ferro-
titanium substitute for each other in the production of steel and other
alloy industries. However, the world titanium sponge capacity in 2004
was 22 percent lower than the peak capacity in 1997. Given that an
expansion of the titanium sponge production capacity would neces-
sitate building a complete factory and would require a high capital
investment and a long lead time, it was not possible for titanium pro-
ducers to quickly expand the sponge supply to meet the unexpected
surge in demand.’ In addition, titanium sponge had not been a lucra-
tive business since the end of the cold war in the early 1990s. Since the
titanium raw material supply was already tight in 2004, the additional

3 Ferrotitanium buyers are insensitive to price because ferrotitanium accounts for less than
1 percent of steel production cost.

4 After 2005, China became a net exporter of steel.

> Ingot and mill product capacity can be expanded incrementally by adding more furnaces,
opening up a mothballed furnace, or utilizing steel mill facilities. However, sponge capacity
expansion needs a complete factory.
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demand shock from record levels of commercial aircraft orders in 2005
and 20006 further amplified the raw material shortage.

Titanium spot market prices were especially volatile. For example,
the spot market price of the titanium ingot used in aerospace manufac-
turing quadrupled in two years, from 2003 to 2005.”

Depletion of U.S. Titanium Sponge Stockpile

Titanium is regarded as a strategic material by the U.S. government.
Under the terms of the Strategic and Critical Materials Stock Piling
Act,8 the Defense National Stockpile Center (DNSC) of the Defense
Logistics Agency (DLA) was directed to maintain a large stockpile of
titanium sponge, especially during the cold war. The purpose of the
stockpile was to minimize dependence on foreign sources of strategic
and critical materials in times of national emergency. After the cold
war, the size of the stockpile was reduced significantly but was still
maintained at more than 33,000 tons (see Figure 4.2). The size of the
stockpile could cover total domestic consumption of titanium sponge
for at least one year, even during peak consumption.

However, in 1997, Congtress authorized the disposal of the stock-
pile at the DNSC.? The stockpile declined rapidly after that and was
finally depleted in 2005, as shown in Figure 4.2 (USGS, Minerals
Yearbooks).

Russia used to maintain a national stockpile of titanium sponge,
which was also depleted recently. Sales from the national stockpiles can
no longer serve as a buffer against spikes in sponge demand. As a con-
sequence, unexpected surges must be met by production and industry
stocks.

© We discuss the dramatic increase in commercial aircraft orders in recent years and its
impact on the titanium market in the next chapter.

7" According to Metalprices.com, the spot market price of titanium 6Al-4V increased from
$5 per pound in the first quarter of 2003 to $20 per pound in the third quarter of 2005.

8 50 U.S.C. Section 98 et seq.

9 National Defense Authorization Act for Fiscal Year 1998 Section 3304, “Disposal of Tita-
nium Sponge in National Defense Stockpile.”
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Figure 4.2
U.S. Titanium Sponge Inventory Stocks, 1990-2006
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The depletion of the titanium sponge stockpile maintained by
the DLA coincided with the beginning of the shortage of sponge and
scrap, accelerating the stockpile’s decline. This was because major tita-
nium producers had aggressively used the sponge stockpile as a substi-
tute for scrap and ferrotitanium. The stockpile depletion significantly
influenced the titanium market in the critical years of 2004-2006.

Responsiveness of Production Capacity to Demand

The response of the titanium metal supply lagged behind the unex-
pected surge in demand for several reasons. One source of sluggishness
was the fabrication lead time necessary for mill products. Another was
the 12—18 months needed to add more furnaces for ingot production.'

10 According to industry experts, it takes about nine months to add the new furnace itself.
In addition, securing permits to meet environmental, financial, and other regulations takes
at least a few extra months, and often several months.
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More important, sponge capacity could not be expanded without an
additional factory, which would require an investment of $300 million
to $400 million and take about three years to build. Right before the
recent demand surge, titanium producers had suffered several years of
bad business, and some of them had been at the verge of bankruptcy.
As a result, titanium metal producers hesitated to invest in capacity
expansion until they could be assured that increased demand would
continue for at least the next several years.

Excess Production Capacity of Titanium Sponge Until 2004

After the cold war ended, the world had an excess of sponge production
capacity. Sponge import unit values declined significantly from the
early 1990s until the recent demand surge beginning in 2004 (Figure
4.3). In 1998 constant dollars, the sponge import price in 2003 was
only half the 1991 price.

Adjusting to the market downturn, world titanium sponge pro-
duction capacity decreased until 2001, as shown in Figure 4.4. World
titanium sponge production capacity in 2004 was only 78 percent of
that in 1997. However, the sponge capacity reduction in the United
States was rather extreme. U.S. titanium sponge capacity in 2004 was
only 40 percent of that in 1997. Until the recent surge in titanium
demand, sponge production was not an attractive business to U.S. tita-
nium producers.

At the beginning of the titanium sponge shortage in 2004, world
titanium sponge producers first met increased demand by using more
of their idle capacity rather than expanding it. As Figure 4.4 shows,
there was no significant expansion in sponge capacity in 2003 and
2004. In 2005 and 2006, however, capacity, production, and capac-
ity utilization rates all increased significantly in the rest of the world."
According to industry experts, world sponge capacity utilization was
more than 90 percent in 2006, and production capacity for ingot and
mill product was almost fully utilized in that year.

1 The sponge production capacity utilization rate is calculated as production divided by
capacity.
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Figure 4.3
U.S. Titanium Sponge Import Price, 1985-2004
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Titanium Sponge Production Capacity Expansion After 2004
Sponge producers expect that the increased demand for titanium is
not a transient shock but a persistent phenomenon that will last for at
least several years. Many believe the heightened demand for titanium
is based on growth in the commercial aircraft industry, increasing mili-
tary demand, and growing industrial demand from developing coun-
tries such as China and India.2

World titanium sponge capacity grew 10 percent in 2005 and
15 percent in 2006 (USGS, Mineral Commodities Summary, various
years). The total world sponge capacity is estimated to have increased to
more than 130,000 tons per year by the end of 2006. Sponge producers
in Japan, China, and Russia are leading the recent expansion, account-
ing for 77 percent of the world sponge capacity increase in 2005 and

12 See Holz, 2006, and other presentations at the International Titanium Association (ITA)
Conference, San Diego, California, 2006.
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Figure 4.4
World Titanium Sponge Production Capacity and Production
Trends, 1995-2006

140 Non-U.S. capacity
— — Non-U.S. production
120 — —— U.S. capacity

100

B [<2) [
o o o

Metric tons (thousands)

N
o

0
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006

SOURCE: USGS, Mineral Commodities Summary, various years.

NOTES: Sponge production data for the United States are proprietary and not
publicly available. Non-U.S. producers are China, Japan, Kazakhstan, Russia, and
Ukraine.

RAND MG789-4.4

20006 (Figure 4.5). U.S. sponge capacity was estimated to have increased
35 percent in 2000, reaching 12,300 tons per year.

Other Supply-Side Factors

Entry and Exit

Before the recent price surge, U.S. titanium sponge production capac-
ity decreased nearly 70 percent between 1995 and 2004. Many U.S.
titanium metal producers exited the market or merged with large com-
panies in the last decade. The industry’s excess capacity after the cold
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Figure 4.5
Titanium Sponge Production Capacity Trends by Country, 1995-2006
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war and its cyclical nature were among the major challenges to U.S.
titanium producers.!?

The number of titanium sponge and ingot producers in the United
States decreased from 11 in 1995 to only five in 2005 (USGS, Minerals
Yearbook: Titanium, various years). In 1994, there were two titanium
sponge producers that also produced ingot, Oregon Metallurgical
Corp. (Ormet) and TIMET; nine other ingot producers; and about 30
producers of titanium mill products and castings. In 2005, there were
only five companies that produced either sponge or ingot: TIMET
produced both sponge and ingot, Alta Group produced sponge, and
Allvac, RMI Titanium, and Howmet Corp. produced ingot.

Since there was already excess capacity for more than a decade
through 2004, no new integrated producers entered the U.S. titanium

13 We discuss the cyclical nature of the industry in the next chapter.
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metal manufacturing industry during that time." Steel and aluminum
metal producers that maintain forging, rolling, and finishing facilities
could modify their plants to produce titanium mill products. However,
industry experts do not believe that a completely new integrated tita-
nium producer will enter the market in the near future, given the small
size of the market, the cyclical nature of the business, and large capital
commitment needed.

U.S. Titanium Metal Production Capacity Trends

U.S. titanium sponge production capacity declined 70 percent between
1995 and 2004, and U.S. sponge consumption fluctuated between
17,100 tons and 31,300 tons during the same period. This volatile
demand was mainly accommodated by adjusting sponge imports (see
Figure 4.6).

In contrast, U.S. ingot capacity increased 39 percent during the
same period, from 61,400 tons in 1995 to 85,300 tons in 2005 (Figure
4.7). Most of this expansion occurred from 1996 to 1998. Between
1995 and 2005, ingot export prices peaked in 1999 at $18,500 per ton,
and then declined to $12,700 per ton in 2003. From 1998 to 2003,
ingot capacity utilization averaged about 61 percent of the peak utiliza-
tion rate, which came in 1997.

The increase in ingot capacity was partly due to changes in pro-
duction technology. As new melting technologies, such as EBM and
PAM, were adopted, new types of furnaces were added to the existing
capacity. Additionally, when ingot production peaked in 1997, U.S.
titanium producers were optimistic that future demand would go even
higher. As a result, they increased ingot production capacity 15 percent
between 1997 and 1998. Instead, the market began a downturn in
1998 and the capacity utilization rate decreased 14 percent from 1997
to 1998. The industry waited until 2004 before the capacity utilization
rate rebounded.

14 1n February 2008, American Titanium Works LLC, led by a Chicago attorney and former
titanium industry executives, announced a $250 million investment to build a new produc-
tion facility for titanium ingot and mill products.
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Figure 4.6
U.S. Titanium Sponge Capacity, Consumption, and Imports, 1994-2005
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With the heightened demand for titanium in recent years, ingot
production is operating at nearly full capacity, and many titanium pro-
ducers added new furnaces in 2007. For example, TIMET’s Morgan-
town, Pennsylvania, plant added two new EBM furnaces and one VAR
furnace to its existing three EBM furnaces and one VAR furnace.

Berry Amendment

Titanium is one of the specialty metals defined by the Specialty Metals
Clause in the Defense Federal Acquisition Regulation Supplement.’s
Specialty metals include titanium and titanium alloys, zirconium and
zirconium base alloys, certain steel alloys, and other metal alloys. The
Specialty Metals Clause implements the requirements of the Berry
Amendment, which requires the Department of Defense (DoD) to

15 Defense Federal Acquisition Regulation Supplement (DFARS) 22.225-7014, “Preference
for Domestic Specialty Metals” clause. See also the FY 2007 Defense Authorization Act, 10
U.S.C.A. Section 2533b(j).
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Figure 4.7
U.S. Titanium Ingot Capacity and Capacity Utilization Rate, 1994-2005
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procure food, clothing, fabrics, and specialty metals from domestic
sources.'¢ Its origin goes back to the Fifth Supplemental DoD Appro-
priations Act of 1941."7 The law was written to protect the domestic
industrial base in case of a national emergency. According to the Berry
Amendment, specialty metals incorporated in articles delivered under
DoD contracts must be “melted or produced” in the United States.

In 2006, Congress modified the specialty metals restrictions of the
Berry Amendment as part of the John Warner National Defense Autho-
rization Act for Fiscal Year 2007.'® To clarify the requirements, the act
separated the Berry Amendment specialty metals restrictions from the

16 public Law No. 77-29, 55 Stat. 123 (1941).
17" See Chierichella and Gallacher, 2004, for a history of the Berry Amendment.
18 Pyblic Law No. 109-364, Section 842, 120 Stat. 2083, 2335.
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provisions applicable to other commodities.”” Under the revised law,
specialty metals should be melted or produced in the United States

* when specialty metals are “purchased directly” by the government
or prime contractors

* when the procurement of end items and components of the six
major systems—aircraft, missile and space systems, ships, tank
and automotive items, weapon systems, and ammunition—con-
tains specialty metals. For the six major systems, which include
most military uses of titanium, the domestic source restrictions
also apply to subcontractors. As a result, the Berry Amendment
restrictions for titanium often apply to both prime contractors
and subcontractors.

The Berry Amendment allows several exceptions to the specialty
metals procurement restrictions, including the domestic nonavailabil-
ity exception, the urgency exception, the qualifying country exception,
and the de minimis exception, which applies to electronic components
whose metal content does not exceed 10 percent of their value.? How-
ever, industry leaders still regard Berry Amendment requirements as
quite restrictive. A coalition of industries called the Berry Amend-
ment Reform Coalition insists that for the defense industry, the cost
of compliance with the specialty metals provisions outweighs the ben-
efit provided to the comparatively few domestic companies that pro-
duce specialty metals.?! Chierichella and Gallacher (2004) even raise
the possibility of reverse discrimination against domestic titanium
producers, arguing that the qualifying-country exception of the Berry
Amendment may “allow French and German companies to deliver
Russian titanium to DoD” while domestic companies cannot. Since
late 2007, Congress and the industry coalition have worked together

19 The Berry Amendment specialty metal restrictions are in 10 U.S.C. Section 2553b.
20 Refer to Churchill and Weinberg, 2007, for details regarding exceptions.

21 The Berry Amendment Reform Coalition included many industry associations, such as
the Aerospace Industries Association and the National Defense Industrial Associations. See
Berry Amendment Reform Coalition, 2006.
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to balance defense industrial base protection concerns against the cost
of regulation.??

The effect of the Berry Amendment is still controversial. Support-
ers usually advocate a national security point of view by arguing the
Berry Amendment protects a critical industrial base, making business
viable in times of peace and war. Opponents often proffer an economic
perspective, pointing out that the law can undermine free-market
competition.

The Berry Amendment applies only to defense procurement,
which is much smaller than the commercial market. However, if the
surges in defense demand and commercial demand for titanium over-
lap, the Berry Amendment may further constrain the amount of avail-
able titanium in the United States and significantly increase production
lead times. This may constitute a potential price driver—at least in the
short run, given the limited number of domestic titanium producers,
the sluggish nature of production capacity expansion, and the unlikely
entry of new titanium producers in the near term.

China’s Impact on Titanium Prices

Even though China’s direct consumption of titanium is relatively
small, it influenced titanium prices significantly during the recent
market turmoil of 2003-2006. World steel consumption peaked in
2004, driven by world economic recovery and China’s rapid growth in
steel consumption, which caused a rapid increase in the prices of ferro-
titanium at a time when there was an extreme shortage of titanium
scrap (2003-2005). This cross-market substitution effect was also sub-
stantial because of the sheer size of the steel market—10,000 times that
of the titanium market. China had been driving world steel consump-
tion growth since the mid 1990s. Between 1999 and 2004, China’s
steel consumption doubled, accounting for about 39 percent of world
consumption in 2004, more than the combined steel consumption of
the United States and Japan. In 2007, China accounted for 31 percent

22 1n the process, DoD issued a waiver exempting all fasteners, a significant portion of the
specialty metal business. The FY 2008 defense bill focuses more on specific exemptions than
on the waiver process.
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of world steel consumption and 34 percent of world steel production
(IISI, undated).

The dramatic growth of China’s steel consumption also drove up
the price of vanadium, an alloy that is used in both steel production and
titanium ingot production.?? The vanadium PPI increased 360 percent
during 2003-2005, when other raw materials for titanium production
were also in extreme shortage. This also contributed to cost increases
in titanium ingot production, since vanadium usually accounts for 4
percent of the weight of titanium ingot for aerospace use.

China may continue to be a wild card in the future titanium
market. As we discuss in Chapter Six, China increased its titanium
sponge production capacity dramatically—more than 300 percent in
the two years between 2005 and 2007—and is expected to be the top
or near-top titanium sponge producer in the world by 2010.

Summary

On the supply side, prices of titanium sponge and scrap started increas-
ing sharply even before the commercial aircraft order surge in 2005 and
2006. Scrap was in extreme shortage in 20032005 due to the low air-
plane production rate, which resulted in less recycled scrap. The height-
ened demand for ferrotitanium, titanium scrap, and titanium sponge
from carbon and stainless steel production further drove the shortage
of titanium raw materials. The ferrotitanium PPI increased 82 percent
from 2003 to 2005. This rapid price increase significantly influenced
the prices of substitutes for ferrotitanium—titanium scrap and sponge.
This cross-market substitution effect exacerbated the shortage of tita-
nium raw materials, given the fact that the steel market is 10,000 times
as large as the titanium market.

Titanium sponge prices also spiked because production could not
keep up with demand. World titanium sponge production capacity
declined 22 percent between 1997 and 2004, and U.S. sponge produc-

23 The steel industry is one of the largest consumers of vanadium in the form of ferrovana-
dium (FeV). Vanadium increases the strength and toughness of steel.
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tion capacity dropped 70 percent between 1995 and 2004. Given the
long lead time necessary for adding production capacity and the severe
downturn of the previous decade, producers were not able to respond
quickly to the “unexpected” demand surge, driving up sponge prices.

The DLA titanium sponge stockpile depletion in 2005 coincided
with the shortage in sponge and scrap. The depletion significantly influ-
enced the titanium market because it had been an important buffer to
mitigate titanium raw material supply fluctuations. Until 2005, tita-
nium producers had been aggressively using the sponge stockpile as a
substitute for scrap and ferrotitanium.

Since the titanium raw material supply was already tight in 2004,
the additional demand shock from the record-high level of commercial
aircraft orders in 2005 and 2006 further amplified the raw material
shortage.



CHAPTER FIVE

Demand-Side Drivers of Titanium
Price Fluctuations

Demand for titanium is determined by market conditions in the indus-
tries that buy titanium—so-called downstream industries. The aircraft
manufacturing industry is the dominant buyer of titanium, and air-
craft demand is highly cyclical. Other buyers are diversified among dif-
ferent industrial sectors and their demand for titanium moves with the
economic growth rate, which is much less volatile than aircraft orders
and deliveries.! Therefore, industry experts believe that fluctuations in
the titanium prices are mainly driven by aircraft manufacturing, espe-
cially commercial aircraft demand cycles.?

Does this common belief explain the unprecedented price surge
in the titanium market in recent years? What are the demand-side driv-
ers of titanium price fluctuations? How did they contribute to the price
surge? In this chapter, we explore demand-side price determinants,
their changes in recent years, and how they are related to the dramatic
price increase.

1 Although the non-aerospace industrial sector as a whole accounts for more than half of

the world’s titanium consumption, the sector is highly segmented. A single part of the indus-
trial equipment sector does not influence titanium prices anywhere near the extent to which
aircraft manufacturing industry does.

2 See Gambogi, 1998, and TIMET, 2005, 2006, among others.
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Three Primary Demand Drivers of the Commercial
Aircraft Manufacturing Industry

There have been three main demand drivers in the aircraft manu-
facturing industry in recent years. First, commercial aircraft orders
skyrocketed as both Boeing and Airbus received a record number of
orders during 2005 and 2006, as shown in Figure 5.1. Second, the tita-
nium content per aircraft rose significantly, so that increases in aircraft
orders in turn amplified the demand for titanium. Coinciding with
the record-breaking increase in titanium demand from the commercial
aircraft industry, the demand for titanium for military aircraft also
increased significantly as full-time production of the F-22A Raptor
began in 2003.

Commercial Aircraft Orders Skyrocketed
Boeing and Airbus collectively received orders for 2,139 aircraft in
2005 and 1,882 in 2006. These levels were almost twice that of previ-

Figure 5.1
Commercial Aircraft Orders and Deliveries, 1974-2006
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ous peaks. Industry experts attributed this unexpected surge to grow-
ing air-trafic demands driven by an increase in passenger miles and
the growing middle class in developing areas such as China and the
Middle East (Rupert, 20006).

'This historically high level of commercial aircraft orders coincided
with the titanium price surge in 2005-2006. The sudden increase in
commercial aircraft orders appears to be an obvious driver of the recent
price surge. However, it is not clear whether the unusually large price
rise in the titanium market in recent years can be fully explained by
this demand-side surge. Deliveries of ordered aircraft are distributed
over several years, so the delivery of titanium also is spread out. In
other words, actual consumption of titanium has increased more slowly
than the dramatic increase in aircraft orders may indicate, as depicted
in Figure 5.1.

Titanium Content per Aircraft Increased

Average titanium material buy weight per commercial aircraft has
increased substantially over the last 20 years, as shown in Figure 5.2.3
Titanium MBW per aircraft increased from 10 tons for the Boeing
717, to 41 tons for the Boeing 747, to 91 tons for the Boeing 787. Given
the demand for fuel-efficient commercial aircraft, new aircraft designs
tend to have wider bodies and use more titanium and composites to
produce lighter, cost-efhicient aircraft. The compatibility between com-
posites and titanium also has increased the use of titanium. The rising
titanium content per aircraft amplified the impact of the increase in
commercial aircraft orders in 2005 and 2006.

Increased Demand from Military Aircraft Manufacturers
Demand from military aircraft manufacturers has also increased sig-
nificantly in recent years. Titanium MBW for military aircraft deliver-

3 The average titanium MBW per aircraft is calculated as the ratio of total titanium MBW
over all types of commercial aircrafts ordered each year to the number of plane orders in
that year. The same calculation was done on delivery base. Data for the number of planes
ordered and delivered were downloaded from the Boeing and Airbus Web sites. Titanium
buy weights were obtained from Holz, 2006; TIMET; and RMI, 1994. Commercial aircraft
included in the calculation are listed in Appendix A.
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Figure 5.2
Average Titanium Buy Weight per Commercial Aircraft, 1984-2006
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ies increased 86 percent from 2000 to 2006, from about 1,380 tons to
2,560 tons (Figure 5.3). The U.S. military acrospace demand for tita-
nium relative to the commercial demand from Boeing and Airbus—
calculated from total titanium MBW for aircraft deliveries—increased
from 9 percent in 2000 to 20 percent in 2003 and remained at that
level until commercial aircraft orders surged in 2005.

F-22A deliveries accounted for about half of all U.S. military air-
craft demand between 2003 and 2006. Titanium MBW per F-22A is
about 50 tons, and 21 to 25 planes were delivered each year between
2003 and 2006.

The shortage of titanium since 2004 may have been exacerbated
by this overlap of surges in military and commercial demand. As shown
in Figure 5.4, military aircraft demand has generally moved together
with commercial aircraft demand over the past decade, except between
2001 and 2003.

In addition, the F-35 program, one of the largest U.S. defense
acquisition programs ever, is completing its development stage and is
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Figure 5.3
Military Aircraft Titanium Buy Weight Based on
Delivery Year, 2000-2006
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expected to increase the future titanium demand significantly when
it goes into high-rate production. This may have influenced expected
demand in the near future, which, in turn, may have influenced the
current purchasing decisions of titanium buyers and thus the prices of
titanium.

Increased Demand from the Industrial Sector

Before the surge in aircraft demand, the global titanium market was
already tight because of high demand from industrial equipment man-
ufacturers, the steel industry, and other titanium users.
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Figure 5.4
Titanium Demand from Military and Commercial Aircraft
Deliveries, 1991-2006
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At the macro level, the strong economic growth of developing
economies—for example, those of China and the Middle East—par-
ticularly since 2003, has created demand in industries such as chemical
processing, power plants, and infrastructure construction, which need
titanium-intensive equipment and materials. World steel production
reached an historic high in 2004, driving up the price of alloys used in
steel production—vanadium, ferrotitanium, and their substitutes.

The oil industry was among the emerging or growing sectors that
require titanium and contributed to the growing titanium demand.
The rising oil and gas prices in recent years induced growing demand
for oil and gas production from deep-water sources, which requires
extraction using titanium-intensive equipment.

In sum, the global industrial demand for titanium increased from
30,000 metric tons in 2003 to almost 42,000 metric tons in 2006—
about a 40 percent growth over the three-year period, as shown in
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Figure 5.5.4 During the five years between 2001 and 2006, global tita-
nium shipments to the industrial sector grew faster than those to the
aerospace industry—>53 percent and 21 percent, respectively. In addi-
tion, the industrial sector demand for titanium began an upswing in
2001, before the increased demand from the aerospace sector.

Increased Spot Market Transactions

In recent years, titanium price volatility also has been driven by the
increase in spot market transactions. The reasons for the increase are
rooted in the unexpected nature of the recent demand surge.

First, buyers with long-term contracts still depended on the spot
market, because the quantity they secured with long-term contracts

Figure 5.5
Global Titanium Demand by Sector, 1997-2006
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4 The industrial sector includes all industries except the aerospace industry. The aerospace
industry includes both the commercial and military sectors.



58 Titanium: Industrial Base, Price Trends, and Technology Initiatives

was less than they wanted to buy during 2005 and 2006. In addition,
the supply shortage created longer lead times for titanium deliveries,
forcing buyers to use the spot market despite its much higher prices.’
Second, during the previous downturn of the titanium industry, many
buyers—including aircraft manufacturing subcontractors—preferred
spot market transactions over long-term contracts because spot prices
were cheaper and availability was not a problem. Third, as the supply
shortage became serious, speculative buying and hoarding naturally
occurred, which in turn increased spot transactions.

Historically, the titanium spot market has accounted for a rela-
tively small proportion of the titanium purchased by the aircraft man-
ufacturing industry. Aircraft manufacturers usually procure titanium
through five- to ten-year long-term contracts based on projected air-
craft build rates. However, in 2005 and 2006, supply shortages forced
even aircraft manufacturers to procure some portion of their titanium
metal on the spot market.

As happened during the previous titanium metal shortage in the
early 1990s, there was also some panic and speculative demand for
titanium sponge, ingot, and mill products to secure future supplies,
although the extent of hoarding is unknown.

In this strong seller’s market, titanium prices were subject to the
bargaining power of the supplier, who had significant leverage in rela-
tion to the buyer. Titanium producers had a golden opportunity to

> The titanium delivery lead time has increased by up to three times. According to a major
titanium buyer, there were cases in which titanium producers quoted neither price nor deliv-
ery time.

¢ The long-term contracts by aircraft manufacturers such as Boeing and Airbus with tita-
nium producers were also handled loosely. The long-term contracts were made on behalf of
parts subcontractors to Boeing and Airbus, but the subcontractors, knowing that they could
pay lower prices on the spot market, did not want to participate in those contracts during the
1998-2003 downturn in the market. This led to the use of the spot market by the subcontrac-
tors, and in some cases to legal disputes between the titanium producers and aircraft manu-
facturers for breach of long-term contracts. When the market took an unexpected upturn in
2005, this practice backfired on many subcontractors who then were exposed to short-term
price volatility. Some military aircraft subcontractors had an even greater exposure to the spot
market because they had to purchase titanium for one lot production at a time.
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recover their losses from the severe downturn between 1998 and 2003,
right before the demand surge in 2004.

Interaction of Demand- and Supply-Side Drivers to Bring
Out the Recent Turmoil in the Titanium Market

How the price drivers from both sides unfolded over time to trigger the
recent titanium market turmoil is detailed in Appendix C.

In sum, increased demand for titanium beginning in 2004
exceeded the available supply of scrap and sponge and also exceeded
the production capacity for new titanium metal. Given the high capital
investment and long lead times required for the expansion of titanium
sponge production capacity, sponge supply expansion was not respon-
sive enough to meet the unexpected surge in demand during the short
run. Moreover, given the long record of excess capacity in the indus-
try, titanium producers were reluctant to invest in capacity expansion
until they were assured the strong demand would persist for at least
several years. With increased spot market transactions and speculative
demand, titanium prices skyrocketed and titanium spot market prices
became extremely volatile.

Relationship Between Titanium Price Trends and Demand
Shocks from the Aircraft Manufacturing Industry

According to industry experts, cyclical fluctuations of titanium prices
are mainly driven by demand-side events, especially aircraft demand
cycles (Gambogi, 1998; TIMET, 20006).

Table 5.1 lists significant events in the titanium market between
1971 and 2005 compiled from the literature. The list is dominated by
demand-side events, especially commercial aircraft industry business

7" Even in the summer of 2004, major U.S. titanium producers were laying off workers to
cut losses.
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cycles. Of the 16 events listed, 13 are from the demand side and nine of
those are from the commercial aircraft manufacturing industry.

Commercial aircraft orders and deliveries are highly cyclical, as
depicted previously in Figure 5.1. Commercial aircraft orders sky-
rocketed in 2005 and 2006, corresponding with the price surge after
2004. The sudden increase in commercial aircraft orders seems to be
an obvious driver of the recent price surge. However, it is not clear
whether the unusual rate of titanium price inflation in recent years can
be fully explained by this demand-side event in the commercial aircraft
industry.

We matched the PPI trend with the major events of the industry
listed in Table 5.1, as shown in Figure 5.6. Interestingly, demand shocks
from the commercial aircraft manufacturing industry appear to cor-
relate with price movements until 1997 and after 2004. However, the
price trend during the titanium market downturn from 1998 to 2003
does not seem to match the cyclical fluctuations of commercial aircraft
industry demand.

Titanium Demand from the Commercial Aircraft Industry
and Titanium Price Trends

To examine the sensitivity of titanium mill product prices in relation to
the titanium demand growth that was driven by shocks in the aircraft
manufacturing industry, we matched the quantity of the commercial
airline industry’s demand for titanium with the mill product PPI trend.
We calculated titanium demand by using the number of commercial
aircraft deliveries per year since the mid 1980s.> We assumed titanium

8 Our study identifies the significant events of the industry in a more balanced manner
than existing studies, which assume that aerospace demand drives titanium market fluc-
tuations. Appendix C summarizes how significant events on the supply and demand sides
unfolded over time to trigger the recent titanium market turmoil.

9 We used aircraft delivery data in the demand calculation because we could not obtain
titanium purchase data. From the plots of titanium demand based on deliveries and PPI price
trends, we observe the responsiveness of the titanium price to aircraft deliveries.



Table 5.1
Significant Events Affecting the Titanium Market, 1971-2005

Civilian Military
Aircraft Aircraft Event Identity
Year(s) Event Supply Demand Demand Demand Code?
1971 Research for supersonic transport X X
terminated
1975-1976 Military aircraft production peak X X A
(F-14 and F-15)
1977-1981 Rapid increase in orders for X X B
commercial aircraft
1982-1984 Collapse of the commercial aircraft X X C
market
1984-1986 Production of B1-B bombers X X D
1985-1989 Renewed strength in the X X E
commercial aircraft market
1988-1989 Increases in U.S. sponge production X F
capacity
1990-1994 Reductions in military and X X X G
commercial aerospace demand
1992 Sodium-reduction sponge plant X H

closed at Ashtabula, Ohio
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Table 5.1—Continued

Civilian Military
Aircraft Aircraft Event Identity
Year(s) Event Supply Demand Demand Demand Code?
1993 Magnesium-reduction sponge X |
plant commissioned at Henderson,
Nev.
1994-1997 Surge in consumer goods and X X J
commercial aerospace orders
1997-1998 Cancellation of some commercial X X K
aircraft orders
1999 Initial production of the F-22 starts X X L
2001 Decline in the commercial airline X X M
industry
2003 Full-time production of the F-22A X X N
2005 Commercial aircraft orders X X 0]

skyrocket

SOURCES: Gambogi, 1998; ODUSD-IP, 2005; TIMET, 2006.
2The event identity code relates to the timeline in Figure 5.6.
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Figure 5.6
PPI Fluctuations for Titanium Mill Shapes and Supply and Demand
Shocks in the Industry
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is delivered approximately one year before the aircraft.’® For a given
year (), titanium demand from each type of aircraft was calculated as
the titanium MBW for the aircraft multiplied by the number of planes
delivered in year (# + 1)."" The names of the aircraft included in the
demand calculation and the sources of data are listed in Appendix A.
A few interesting characteristics can be observed by comparing
the demand from commercial aircraft delivery demand and the PPI
trend of titanium mill shapes in Figure 5.7. First, the aircraft indus-

10 Our assumption of a one-year lead time is based on the TIMET 2006 annual report. The
actual time lag between titanium delivery and delivery of aircraft would vary for different
titanium products. According to experts from the aircraft manufacturing industry, the lead
time varies from 30 days to 18 months.

11 MBW is a measure of how much titanium should be purchased to manufacture each air-
craft. MBW is usually much larger than MFW, which is a measure of how much titanium is
actually included in the finished aircraft. The difference between the MBW and MFW is due
to the scrap generated from the manufacturing process. MBW includes titanium required to
be purchased for both airframes and engines.
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Figure 5.7
Titanium Demand from Commercial Aircraft Deliveries and Titanium
Mill Shapes PPI Trend, 1985-2005
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try titanjium demand and titanjum PPI are correlated in most years,
except between 1998 and 2003."2 This corresponds with the observa-
tion above in Figure 5.6. Second, the titanium PPI is less volatile than
the quantity of titanium needed to meet aircraft deliveries, except in
2004 and 2005. Unlike in other periods, titanium prices increased
faster than titanium demand in 2004 and 2005. While the aircraft
industry’s demand grew 9 percent and 31 percent in 2004 and 2005,
respectively, titanium PPI price growth rates were 15 percent and 39
percent, respectively, in those years.

Titanium Mill Product Price Elasticity Before 2004

The PPI for titanium peaked in 1997 as mill product shipments peaked,
as shown in Figure 5.8. After that, even as the demand for titanium
by the commercial aircraft industry declined from 1998 to 2003, the

12 The Pearson correlation coefficient is 0.77.
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PPI index for titanium mill shapes remained quite stable.’’ In other
words, contrary to the common belief that the titanium PPI is driven
largely by demand from the commercial aircraft industry, the titanium
mill product price trend from 1997 to 2003 seemed less sensitive to the
declining demand from the commercial aircraft industry than during
other periods.

Why was the titanium mill product PPI relatively insensitive to
the decline in titanium demand from the commercial aircraft industry
during 1998-2003? Figure 5.8 shows how the mill product shipments
of U.S. producers moved with the aerospace demand for titanium, as
both declined significantly during that period. This linkage reflects the

dominance of aerospace buyers in the U.S. titanium market.

Figure 5.8
Trends of U.S. Titanium Shipments, Demand from Commercial Aircraft
Deliveries, and PPI, 1996-2005
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13 Drices of titanium raw materials such as tiranium sponge, scrap, and ingot are more vola-
tile than the mill product PPI. (Titanium raw material price trends were discussed in the
previous chapter.)
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However, during the same period, world titanium shipments did
not decrease as sharply as shipments by U.S. producers. As shown in
Figure 5.9, U.S. shipments of titanium mill products in 2003 consti-
tuted only 56 percent of the previous peak in 1997, whereas world ship-
ments were about 83 percent of their 1997 peak in 2003 and had fully
recovered by 2004.

Similar to other raw material markets, the titanium market is glo-
balized and domestic prices of titanium move together with those in
the rest of the world. The relative insensitivity of the titanium PPI to
commercial aerospace’s demand for titanium between 1998 and 2003
may reflect the fairly stable global demand for titanium, in contrast
with the volatile acrospace demand. In the global titanium market,
industrial demand, historically more stable than aerospace demand,
has dominated aerospace demand since the mid 1990s, as observed in

Figure 5.9
Titanium Mill Product Shipment Trend in the United States
Compared with That in the Rest of the World
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Figure 5.5. In addition, the industrial titanium market bottomed out
in 2001, two years earlier than the acrospace market.

Long-term contract practices may also have contributed to tita-
nium price stability between 1997 and 2003. Even though year-to-
year titanium demand from commercial aircraft deliveries fluctuated
from 1998 to 2003, the annual average demand for that period was
approximately 12 percent lower than the rate in 1997. The decline in
commercial aircraft demand for titanium may have been evenly dis-
tributed over the six-year period through long-term contracts, instead
of being reflected in year-to-year price changes.

While the titanium PPI reflects market price trends for all seg-
ments of the titanium market, prices of titanium mill shapes for the
aircraft manufacturing market segment may have been more respon-
sive to the decreased demand between 1998 and 2003. In fact, aircraft
industry experts mentioned that short-term prices of titanium mill
products in this period were significantly lower than the 1997 peak
and that the PPI for 1998 to 2003 did not seem to represent the actual
prices paid by aircraft manufacturers.’

Isolated titanium price data for the acrospace segment are not
available. Aerospace is TIMET’s dominant customer, so TIMET’s
average mill product prices are a close substitute. As Figure 5.10 shows,
while TIMET’s average mill product prices moved around the PPI
trends, its prices fluctuated more than the PPI from 1998 to 2003.
TIMET’s lowest average price during the period was 18 percent lower
than the peak price, while the PPI fluctuation was less than 8 percent
lower than its peak.

However, this comparison does not change the conclusion that
between 1998 and 2003, overall titanium mill product prices were less
sensitive to the declining demand from commercial aircraft manufac-
turing than they were in other periods.

14 The PPI of titanium mill shapes is based on both spot market prices and long-term con-
tract prices, similar to the universe of transactions in the titanium producer marketplace.

15 Authors’ discussion with Boeing representatives in July 2007.
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Figure 5.10
Comparison Between the PPI for Titanium Mill Shapes and TIMET's
Average Mill Product Price, 1996-2004
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Price Elasticity of Titanium Demand Since 2004

Why did titanium prices increase faster than demand growth in 2004
and 2005, unlike in previous periods? There are several possible expla-
nations for the greater price volatility in recent years.

First, titanium orders increased much more sharply than the
actual consumption of titanium in 2005 and 2006. This unexpected
demand surge in aircraft orders is well illustrated by the Aéirline Moni-
tor forecast of commercial aircraft deliveries issued in January 2004,
which forecasted that commercial aircraft deliveries would not start
increasing again until after 2007.1 It was not until July 2004 that 7he
Airline Monitor forecasted a sharp upturn in the aircraft manufacturing
industry. According to industry experts, U.S. titanium producers were

16 7he Airline Monitor is a leading publication that publishes forecasts for commercial air-
craft deliveries for the next 20 years or so. The forecasts come out in January and July each
year.
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laying off their employees in some of their factories as late as summer
2004, unaware of the impending surge in aircraft demand."”

To the extent that the dramatic increase in titanium demand was
unexpected, the supply of titanium was not responsive enough.' As
a result, there were large order backlogs and longer lead times in the
delivery of titanium products. Speculative buying and possible hoard-
ing clouded the demand picture, adding spot market transactions
that further increased price volatility. Therefore, the market price in
2004-2005 may have reflected not only the actual demand but also
the amplified expected demand for the future.

On the other hand, the dramatic movement in titanium prices in
recent years was also triggered by factors other than the demand surge
in the commercial aircraft industry. Titanium prices were influenced
by supply-side drivers, such as raw material availability and price move-
ment of substitute metals. In fact, price movements of both ferrous and
nonferrous metals became generally more volatile after 2003, as shown
in Figure 5.11. In particular, the nonferrous sector has continued on a
volatile price trend even as ferrous metal prices have settled.

Summary

Industry experts believe that cyclical fluctuations of titanium prices
are driven mainly by demand-side events, especially aircraft demand
cycles. However, during the previous titanium market downturn
(1998-2003), the PPI for titanium mill shapes in the United States was
relatively insensitive to the declining demand from the commercial air-
craft industry, contrary to expectations.

Titanium price insensitivity to commercial aircraft demand in
1998-2003 was partly due to the dominance of non-aerospace indus-
trial demand and the strong growth of that sector. In the global titanium
market, industrial demand, historically more stable than aerospace
demand, had dominated aerospace demand since the mid 1990s.

17 Authors’ discussion with TIMET in August 2007.

18 We discussed supply responsiveness in Chapter Four.
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Figure 5.11
PPI Trends for Various Metals, 1986-2006
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The industrial titanium market bottomed out in 2001, two years
carlier than the aerospace market. By 2004, however, world titanium
demand was already at its previous peak level, driven by strong growth
in the non-aerospace industrial sector. This amplified the impact of the
commercial aircraft order surge on titanium prices in 2005 and 2006.

Recent skyrocketing prices and extreme supply shortages in the
market were triggered by the coincidence of a series of events generated
from both the supply and demand sides.

On the demand side, the sudden increase in commercial aircraft
orders in 2005-2006 was one of the obvious price drivers. The trend
toward greater titanium content per aircraft amplified the effect of the
increased aircraft manufacturing demand on titanium prices. In addi-
tion, increases in military and industrial demand for titanium coin-
cided with the demand surge from the commercial aircraft industry.

Titanium price volatility was further exacerbated by the increase in
spot transactions on the titanium market during 2005-2006. During
that period, even aircraft manufacturers had to procure titanium on
the spot market due to the supply shortage and long lead times. During
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the strong seller’s market, titanium prices were subject to the titanium
producer’s bargaining power. Titanium producers had a golden oppor-
tunity to recover from the severe five-year downturn that immediately
preceded the demand surge since 2004.

On the supply side, increased demand for titanium beginning
in 2004 exceeded the available supply of scrap and sponge and also
exceeded the production capacity for new titanium metal. Given the
high capital investment and long lead times required for the expansion
of titanium sponge production capacity, sponge supply expansion was
not responsive enough to meet the unexpected surge in demand during
the short run. Moreover, given the long record of excess capacity in
the industry, titanium producers were reluctant to invest in capacity
expansion until they were assured the strong demand would persist
for at least several years. With increased spot market transactions and
speculative demand, titanium prices skyrocketed and titanium spot
market prices were extremely volatile.






CHAPTER SIX
Market Prospects and Emerging Technologies

In previous chapters, we examined what triggered the recent titanium
price surge by analyzing historical data and events in the industry. In
this chapter, we review future market prospects and emerging technol-
ogies and their cost-saving potential. However, a rigorous forecasting of
the future titanium market and technological improvements is beyond
the scope of this study. Rather, the purpose of this chapter is to develop
a better sense of possible titanium market conditions and technological
developments in the near future.!

Market Prospects

Prospects of the World Titanium Sponge Supply

In response to the recent demand surge, many titanium metal produc-
ers announced or took steps to increase sponge capacity in the near
future.? China has been the most aggressive in expanding titanium

1" Our inferences are based mainly on our interviews with industry experts, our under-

standing of the industry, and related literature.

2 Future sponge capacity expansion statistics for United States, Japan, and Russia are com-
piled from annual reports and press releases of major sponge producers in those countries,
including TIMET, ATI, RTI, VSMPO, Toho Titanium (Mitsui & Co., Ltd.), and Sumitomo
Titanium Corporation, as of February 2008. Data for China, Kazakhstan, and Ukraine are
cited from the USGS Mineral Commodities Summary: Titanium and Titanium Dioxide,
2008. The USGS statistics reflect capacity expansion plans announced by 2007. The 2007
production capacity statistics are estimated levels, not actual.
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sponge production capacity. Chinese sponge producers expanded their
sponge capacity dramatically from 9,500 tons per year in 2005 to
45,000 tons per year by 2007, an increase of approximately 373 percent
in two years (Figure 6.1). They plan to achieve a capacity of 50,000 tons
per year by the end of 2008. Japanese sponge producers have a capacity
expansion plan of 52,000 tons per year by 2009, a 40 percent increase
from its 2005 capacity level of 37,000 tons per year. Russian sponge
capacity is expected to increase to 44,000 tons per year by 2011.

In the United States, titanium producers increased their sponge
production capacity dramatically from 8,940 tons per year in 2005 to
20,200 tons per year in 2007 and plan to achieve a historical high level
of 41,970 tons per year by 2010. Thanks to the recent sharp increase
in titanium prices, many titanium producers hold a strong cash posi-
tion and now are able to afford large-scale capital investment plans.
As a result, some of the U.S. sponge capacity expansion plans will be
funded primarily by cash on hand as well as operating cash flow (RTI
International Metals, Inc., 2007a).

TIMET, the largest sponge producer in the United States, is
expected to increase the capacity of its sponge plant in Henderson,
Nevada, to 12,600 tons per year by 2008. In early 2007, TIMET
planned to select a site where it would have built a new sponge plant
with an initial capacity of 10,000 to 20,000 metric tons so that it
could achieve a sponge capacity of at least 22,600 tons per year (and as
much as 32,600) by 2010. However, this plan was canceled in Novem-
ber 2007. Instead, TIMET entered into a long-term sponge purchase
agreement with Toho Titanium.

Allvac (ATI) restarted its idle sponge plant in Albany, Oregon, in
2006, and it is expected to reach its capacity of 7,260 tons per year by
the end of 2007. By the end of 2008, ATT plans to expand the capacity
of its Oregon plant by 1,800 tons and to open a new sponge plant in
Rowley, Utah, with a capacity of 10,900 tons per year. In total, ATT is
expected to expand its capacity to 19,960 tons per year by 2009.

In September 2007, RTT announced plans to build a new sponge
factory with a capacity of 9,070 tons per year by 2010. RTT also plans
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Figure 6.1
Planned Expansion of World Titanium Sponge Capacity Through 2010

60
1 2005

01— [ 2006

3 2007

S 40— B 2010

g _—

[]

s

g 30| |

=

8

=2

) 20—

(]

s
10}
0 H_Z_

Japan China  United States  Russia Kazakhstan  Ukraine

SOURCES: Capacity for the major titanium sponge companies from the United States,
Japan, and Russia was compiled from news releases and annual reports of the
companies. Data for other countries were obtained from USGS, Mineral Commodities
Summary, 2008.

NOTES: We assumed that sponge capacity of Kazakhstan and Ukraine in 2010 is

the same as that in 2007, because information on their future capacity plans is not
available. Capacity data for the United States, Japan, and Russia have been updated
as of February 2008. Other country data reflect plans announced by 2007. Russian
capacity in 2010 is assumed to reach the midpoint between its 2007 and 2011
capacities. Chinese capacity in 2010 is assumed to be the same as its 2008 capacity.
We included four years (2005, 2006, 2007, and 2010) because we do not have data
for each year after 2007.

RAND MG789-6.1

to double its mill product production capacity from 7,500 tons in 2007
to 15,000 tons in 2010.

Given the expansion plans detailed above, the world titanium
sponge capacity is estimated to almost double from 113,540 tons
per year in 2005 to 217,970 tons per year in 2010. If the new plants
are in full operation as pictured in Figure 6.1, China is expected to
be the second-largest titanium sponge producer in the world by
2010. Because the projected difference in sponge capacity between
Japan and China are based on a conservative assumption about
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Chinese expansion, we cannot exclude the possibility that China may
take over the first place in sponge production by 2010. In terms of
expansion rate between 2005 and 2010, China is the most aggressive
player, followed by the United States. According to the current capacity
expansion plans of U.S. producers, the U.S. sponge capacity in 2010
will be 4.7 times that of 2005. Once this expansion has been completed,
this increase in titanium sponge capacity will make the United States
the world’s third- or fourth-largest (depending on the speed of Russia’s
capacity expansion) sponge producer, led by Japan and China.

The successful completion of the American and Chinese expan-
sion plans is one of the key concerns of the titanium industry. These
aggressive expansion plans may help the titanium market reach equi-
librium if an optimistic demand forecast comes true in the future.
However, they could contribute to a significant market imbalance if
future demand does not meet expectations.

The Impact of China on the Titanium Supply

Chinese demand and the expansion of its production capacity of vari-
ous metals has been a wild card in the titanium supply.? This situa-
tion may continue in the near future because of the sheer size of Chi-
na’s economy and its remarkably fast, seemingly ceaseless, growth.
In 2003-2005, the Chinese steel industry consumed considerable
amounts of titanium scrap and sponge, which drove up market prices
for both commodities and provided an incentive for the construction
of a multitude of sponge plants in China. However, the combination
of slightly reduced growth in China’s steel demand and the significant
increase in sponge production capacity had the reverse effect on the
market—spot market prices of sponge dropped nearly 50 percent in
2007. Responding to the market situation, China’s capacity expansion
efforts are expected to slow down considerably after 2007. However,
no one can exclude the possibility that China will restart its aggressive
capacity expansion effort at any time in the near future.

3 China’s rapid economic growth has also contributed to growth in the industrial demand
for titanium, which is the largest consumption sector in the world titanium market. How-
ever, China’s direct consumption of titanium is still relatively small.
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Future Demand for Titanium

Industrial Demand. From 2007 to 2010, the industrial demand
for titanium is expected to increase faster than the world GDP growth
rate. This increased demand will be driven largely by the growth in
additional titanium applications throughout the industrial sector. For
example, demand growth among emerging titanium buyers, such as oil
and gas installations and the automobile, heavy vehicle, and medical
device industries, has been particularly dramatic in recent years—some
50 percent between 2004 and 2006. Thanks to this dramatic growth,
titanium demand from the industrial sector as a whole increased
19 percent during 2004-2006.

Looking ahead, even as the growth rate in industrial applications
for titanium is forecasted to slow down, many experts expect the indus-
trial sector demand for titanium to grow 14-15 percent from 2007
to 2010, with a compounded annual average growth rate (CAGR) of
about 4 percent for those years.

Commercial Aerospace Demand. Based on the record-breaking
commercial aircraft orders for Boeing and Airbus in 2005 and 2006,
titanium demand from the commercial aerospace sector is expected to
grow rapidly in next several years, at least until 2010. According to 7he
Airline Monitor, the number of commercial aircraft deliveries is fore-
casted to increase rapidly—at a CAGR of 9 percent between 2005 and
2010—and then slow until 2014 when aircraft deliveries are forecasted
to increase sharply again.

Even if the growing aircraft delivery forecast is realized, the
titanium demand trend is expected to grow much faster (22 percent
CAGR) than the number of planes to be delivered because of the sig-
nificant growth in titanium buy-weight per plane (Figure 6.2). This
rapid growth in titanium demand is driven primarily by orders for
large, titanium-intensive aircraft such as Boeing’s 777 and 787, and the
Airbus 380.

According to our calculation for Figure 6.2, these three titanium-
intensive aircraft will account for more than half of the commercial air-
craft titanium demand from Boeing and Airbus in 2010. The Boeing
787, in particular, requires about 91 metric tons of titanium per plane,
and is expected to account for almost 30 percent of the Boeing and
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Figure 6.2
Forecasted Commercial Aircraft Deliveries and Future Titanium Demand
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Airbus titanium demand in 2010, assuming the Aérline Monitor deliv-
ery forecast is correct.

Military Demand. As worldwide defense spending continues to
grow, military weapon development and acquisition continue to evolve
in favor of lighter armaments with greater mobility. As a result, the mil-
itary consumption of titanium will continue to increase in the future.
TIMET’s 2005 forecast expects that defense spending for all systems
will remain strong until 2010. Current U.S. military aircraft programs

4 To calculate future titanium demand, we used the Airline Monitor's January 2007 fore-
cast of aircraft deliveries.
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such as the C-17 and F-15 are expected to continue production until
2010.5 Production of the F/A-18 E/F and F-16 are expected to continue
until 2015. Full-rate production for the F-22 Raptor began in 2003
and is expected to continue through 2009. The F-35 is expected to
enter low-rate initial production in 2008, and the delivery of the first
production aircraft is scheduled for 2010.¢ F-35 production levels could
be as many as 3,500 planes over the next two decades, including sales
to foreign countries.” However, U.S. military aircraft demand for tita-
nium in 2010 is expected to be significantly lower than that in 2005
because the F-22 production will be completed and F-35 production
will only be ramping up by 2010.

Assuming that commercial aircraft demand in 2005-2010 will be
at 22 percent CAGR, as discussed above, the total acrospace demand
for titanium—both commercial and military—is estimated to be 16
percent CAGR for 2005-2010.8

Future Scenarios of World Titanium Demand. What will world
titanium demand look like in the near future, say 2010? To better evalu-
ate future titanium demand, we developed three scenarios—Dbase, opti-
mistic, and pessimistic—based on various assumptions about growth
rates in each market segment for the period 2005-2010, as detailed in
Table 6.1. The assumptions we made are ad hoc; they reflect a diver-
sity of opinions from industry experts who regularly assess demand
prospects.’

> F-15 production is for exporting to foreign buyers.

6 The Air Force funded production of the first two aircraft in fiscal year 2007. Refer to
Defense Acquisition Management Information Retrieval Web site, Selected Acquisition
Report (SAR) for F-35 Joint Strike Fighter, December 31, 2006.

7 According to the SAR, DoD plans to procure about 2,000 F-35 planes until 2028.

8 It is assumed that military aircraft demand for titanium will decrease by 20 percent
CAGR in 2005-2010, while commercial aircraft demand will grow 22 percent CAGR in
the same period, as discussed above. Some optimistic forecasters believe that total acrospace
demand will be higher than 16 percent CAGR; some experts disagree and believe it will be
much lower.

9 The assumptions on growth rates of different market segments are calibrated from what
industry experts envision as the level of total titanium demand in 2010. To obtain a reason-
able set of assumptions, we repeated the calibration until we confirmed that the calibrated
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The CAGR for each market segment assumed in Table 6.1 are
higher than the currently forecasted growth rates for the period of
2007 and after, reflecting the growth spurt in industrial demand and
the dramatic increase in aircraft orders in 2005 and 2006. In all three
scenarios, we used 2005 as the base year in order to compare future
demand situations with future production capacity.

Table 6.1 summarizes the future demand scenarios and estimated
titanium demand in 2010 for each scenario. In the base scenario, we
assume a CAGR for aerospace and industrial demand at 15 percent
and 5 percent, respectively, during 2005-2010."° Under this scenario,
acrospace demand doubles and industrial demand increases 28 per-
cent during the five-year period, so that world titanium demand in
2010 becomes 59 percent higher than that in 2005. Aerospace’s share
in world titanium consumption reaches 54 percent in 2010 under the
base scenario.

In the optimistic scenario, we assume 20 percent and 7 percent
CAGR for aerospace and industrial demand, respectively, for 2005—

Table 6.1
Future Scenarios of World Titanium Demand in 2010

Scenario

Demand Sector Base Optimistic Pessimistic

Compounded annual average Aerospace 15 20 10
growth rate of each market
segment (%) Industrial 5 7 3
Titanium demand in 2010 (base Aerospace 201 249 161
year 2005 demand = 100)
Industrial 128 140 116
Total demand 159 187 135

NOTE: The CAGR of each market segment in the table is calculated for 2005-2010,
with 2005 as the base year.

results were fairly consistent with historical data for the level and composition of titanium
demand, existing forecast of commercial aircraft demand, and industry experts’ vision of
2010 titanium demand.

10 e use CAGRs as qualifiers to distinguish different scenarios because they intuitively
illustrate the speed of growth in each segment for the given period.
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2010. Under this scenario, aerospace demand increases 149 percent and
industrial demand increases 40 percent, causing total world titanium
demand in 2010 to be 87 percent greater than that in 2005. In this
scenario, aerospace’s share of world titanium consumption will be 57
percent in 2010.

The pessimistic scenario assumes 10 percent and 3 percent CAGR,
respectively, for aerospace and industrial demand in 2005-2010.
Under this scenario, acrospace demand increases 61 percent and indus-
trial demand increases 16 percent, resulting in a total world titanium
demand that is 35 percent higher in 2010 than it was in 2005.

Which scenario is the most likely? It is not possible to determine
the likelihood of each demand scenario. However, we can infer the
strength of future demand from a few core indicators, such as fore-
casted commercial aircraft deliveries and titanium requirements for
each aircraft, because commercial aerospace currently accounts for
about half of the titanium demand and it is a main source of market
fluctuations.

The optimistic scenario is more likely if the build rates for tita-
nium-intensive aircraft, particularly the Boeing 787 Dreamliner and
the Airbus 380, continue to increase. The pessimistic scenario is more
likely if production of the Boeing 787 lags behind the planned sched-
ule and Airbus continues to delay production of its titanium-intensive

A350 and A380."

Summary: Future Titanium Market Balance

Although we are not equipped to decisively predict the most likely out-
come for the titanium market in the future, we have identified the fac-
tors that likely will influence the future titanium market balance.

11 1n September 2007, Airbus and RTT International Metals announced a contractual
arrangement of $1.1 billion for 20102020 that includes A380 and A350 programs. How-
ever, it is not unusual for aircraft manufacturers to cancel their orders, especially if the orders
are for delivery a long time in the future.
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Important factors that could influence the outlook for the market
include

1. the realization of capacity expansion plans by titanium suppli-
ers, particularly American and Chinese producers

2. the Boeing 787 build rate and demand from other titanium-
intensive emerging aircraft

3. continued Chinese economic growth and consumption of steel,
titanium, and other metals that are related to world titanium
demand and supply conditions.

Comparing the titanium demand scenarios in Table 6.1 and the
supply estimates in Figure 6.1, we observe that the planned expan-
sion of titanium production capacity is largely based on expectations
of future titanium demand that most closely resembles the optimistic
demand scenario detailed in Table 6.1.

Various combinations of the demand projections and supply sce-
narios will result in a variety of market situations that are likely to be
unbalanced. If producers significantly scale back their capacity expan-
sion plans as strong market demand (similar to the optimistic scenario
in Table 6.1) continues, then another supply shortage will result. How-
ever, if world titanium sponge capacity is expanded as planned in the
coming years, and ingot and mill product capacities match sponge
capacity,'? while demand grows as in the base demand scenario, the
result could be a titanium surplus by 2010.

Developments in Titanium Production Technology

In addition to considerations of macro-level supply and demand trends
in the titanium market, the future of the titanium industry also could
be influenced by technological innovations that help drive down tita-

12 According to industry experts, capital investment for titanium production capacity
expansion by titanium sponge producers, ingot melters, and mill product forgers is estimated

to be $1.5 billion.
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nium production costs. This section will attempt to address the follow-
ing questions:

* Are there any emerging technologies that may reduce titanium
production costs significantly?

* How soon could those technologies be applied to the relevant
industry?

* How likely are they to be adopted and commercialized?

* To what extent could they reduce titanium production costs?

To evaluate the potential of various emerging technologies, we
met with experts on each phase of titanium production that is illus-
trated in Figure 6.3. Based on these expert interviews, as well as our
own literature review, we developed a list of technologies that had the
most potential for titanium production cost savings.'®> Below is a sum-
mary of our findings based on our interactions with the experts and
our understanding of the industry and existing literature.

Emerging Production Techniques

As discussed in Chapter Two, titanium production involves several
phases. Ore is refined into sponge, sponge is melted into ingot, ingot is
processed into mill product, and mill product is fabricated into parts.
Emerging technologies in each production stage are listed in Figure
6.3. Technologies in roman type already exist; those in boldface italics
are emerging technologies. A solid line represents an established pro-
duction process, while a dashed line is a potential production process.
We discuss each of these emerging technologies and their cost-saving
potentials below.

13 Typical questions posed to the industrial technology experts are summarized in Appendix
B, Section I1. Given our limited time and resources, we could not interview a large number of
individuals. Out of 17 individuals we contacted, nine responded to our interviews. Respon-
dents include four experts from the titanium user industry, three from the titanium manu-
facturing industry, and two from a research laboratory and consulting company.
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Figure 6.3
Emerging Technologies of Titanium Production
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Improved Titanium Extraction and Refinement

Technical Background. Many researchers are secking options
to replace the Kroll process with a faster alternative that requires
less labor and energy. The Cambridge process, under development
by FFC Metalysis, uses electrolysis to continually produce titanium
sponge. The Armstrong process, developed by International Titanium
Powder, produces titanium powder by continuous, low-temperature
reduction of titanium tetrachloride. The MER process, under develop-
ment by DuPont and MER Corporation, produces titanium powder
using direct electrolytic reduction. Finally, the hydride-dehydride pro-
cess, under development by ADMA Group, uses a modified Kroll pro-
cess to directly produce titanium powder from scrap, turnings, and
other titanium waste products.
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Notably, three of these four emerging extraction and refinement
processes produce titanium powder.’ Titanium powder currently
accounts for an extremely small proportion of annual titanium produc-
tion. It is produced by atomizing a mill product feedstock using either
the plasma rotating electrode process or the gas atomization process
(Titanium Information Group, 2006)."> Because it can only be pro-
duced from refined titanium, titanium powder is extremely expensive
and is used only for highly specialized applications, such as medical
implants. A method for processing titanium powder directly from ore,
as the emerging processes do, would make powder much cheaper and,
potentially, a much more important part of the market.

Advantages and Challenges. These emerging processes all would
reduce costs by increasing production, cutting energy use, requiring
less capital, and in most cases using continuous production to reduce
the amount of labor needed. The powder production processes do
not require VAR, EBM, or PAM to produce a final part, thus remov-
ing many steps from the current process and eliminating substantial
infrastructure. If successful, their increased speed would expand the
amount of titanium on the market and considerably shorten lead
times. Savings in energy and labor could also drive down the price of
titanium metal, although this depends on the willingness of producers
to pass along their savings to users. The primary challenge of these pro-
cesses is simply getting them to work. The development of each process
is discussed below.

Incorporation into the Supply Chain. The Cambridge process pro-
duces sponge directly and would be relatively simple to incorporate into
current production processes, unlike the other three processes, which
produce titanium powder. Powder could be incorporated directly into
the existing supply chain as a sponge substitute, but this would negate
much of the savings and be commercially impractical due to the high
production cost of the titanium powder. However, if the Cambridge

14 The Armstrong, hydride-dehydride, and MER processes produce titanium powder.

15 The feedstock is a fully processed mill product, such as acrospace grade titanium (Ti-6Al-
4V); its composition may vary depending on the final application of the powder.
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process were used for powder metallurgy, the savings would be sub-
stantially larger. Powder metallurgy is discussed further below.

The success of one of these processes would radically alter a market
that has been based on the same technology for decades and dominated
by a few companies. Of the four processes identified above, only one,
the Cambridge process, was funded by a major sponge producer. ¢

Although new extraction technology could offer a substantial
advantage to an existing company or provide the basis for the emer-
gence of a new force in the industry, exploiting this advantage would
require a substantial investment in production capacity. Current facili-
ties are optimized for the Kroll process and would need an overhaul
to utilize new technology. As such, a new extraction process would be
important but would take time to penetrate the market.

Prospects. Although improved refining could yield significant
cost savings, most of the technologies mentioned are unlikely to suc-
ceed in the near term, if ever. According to industry experts, the Cam-
bridge process has been near commercialization for years, but experts
believe it is stymied by still unresolved technical barriers. The Arm-
strong process has been used to produce small amounts of powder for
years, but it has not been scaled up and is not close to large-scale com-
mercial production of powder yet. Some believe the MER process has
potential, but it is still early in development and its prospects may not
be clear for years.

Hydride-dehydride production is the most promising, and ADMA
is reportedly searching for capital to expand its production. Experts
believe the process could produce titanium plate for the U.S. Army
within several years. However, it could not completely replace the Kroll
process, as its low cost comes from higher utilization of titanium scrap.
In summary, technical changes in the titanium extraction and refining
process are likely to occur over the long-term and remain technically
uncertain at present.

16 TIMET was involved in the development of the Cambridge process until it was sold to
FFC Metalysis.
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Titanium Powder Metallurgy

Technical Background. Titanium powder metallurgy (P/M) is not
a new technology; rather it is an entirely different approach to pro-
ducing titanium parts. A well-developed technology, it has seen wide
use with other metals, such as aluminum, but only limited application
with titanium. P/M relies on powdered metal rather than sponge to
produce parts.

The powder is processed into parts in several ways. Metal injec-
tion molding uses a binder to hold the powder together; the binder
is burned off during heating. In direct powder rolling, the powder
is rolled into sheets, followed by heating and sintering for consolida-
tion. In the hot isostatic pressing (HIP) casting process, the powder is
pressed and heated to produce a near-net-shape casting.'” All of these
processes are well developed and currently used to produce a small
numbers of parts.

Advantages and Challenges. P/M limits the waste associated
with traditional titanium production. It does not require VAR, EBM,
or PAM. The powder can be formed directly into any shape or mill
product, giving a much higher yield. The process can also produce
near-net-shape parts, cutting the waste traditionally associated with
part fabrication. By improving the yield at several steps, P/M reduces
the amount of raw metal required to make a final part.

However, P/M does introduce several new problems. The first is
contamination control, which has posed a problem in the past and
would pose a particular challenge for acrospace metals. Any contami-
nation could make the metal unsuitable for acrospace parts, so process-
ing must take place in a clean-room environment. Additionally, it is
difficult to use powder to build the large parts that account for a signif-
icant portion of the titanium in an aircraft. Finally, titanium powder is
explosive, which could create difficulties when handling large quanti-
ties of powder.

Incorporation into the Supply Chain. While P/M is currently a
niche market, the emergence of an economical source of powder would
make these processes very attractive. The high structural standards of

17 Titanium for higher-stress applications usually undergoes an additional VAR melt.
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aerospace design make the appearance of P/M in the acrospace market
unlikely for some time. It likely would appear first in armor for military
ground vehicles, for which the structural requirements are much less
rigorous. Although this would not directly affect the aerospace market,
it could reduce prices by lessening demand for sponge.

P/M will most likely enter the acrospace market as a new way to
produce mill product, which could be used with existing fabrication
techniques. Ultimately, it may be applied to near-net-shape castings
and other forms of production, which currently have limited use in air-
frames. The speed of the introduction of P/M will be most affected by
materials certification. The expense and difficulty of the certification
process will lead companies to avoid P/M products on an aircraft until
they have a significant history in other applications.

Prospects. Currently, the main aerospace applications of P/M are
in engine production. It is used to produce superalloys that can toler-
ate extreme conditions in the hot sections of the engine (Eisen, 1996).
Because of the contamination control issues, P/M is typically used
when there is no other way to produce the desired alloy. In addition,
P/M is used to produce several small parts used in military aircraft.

More widespread use of P/M in aerospace would require a large
investment near the beginning of the supply chain by the manufactur-
ers of raw titanium and titanium mill products. Titanium powder is
easily contaminated and highly volatile, and developing the knowledge
and facilities to handle it safely could take years. Depending on how
inexpensively powder can be produced, there could also be significant
changes to the industry, as discussed above. If P/M does alter the busi-
ness of titanium production, it will happen incrementally over many
years.

Single-Melt Processing

Technical Background. Titanium processing that requires two or
three VAR melts has been standard for more than 50 years. Recent
developments have attempted to eliminate multiple meltings, allow-
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ing titanium processed with a single EBM or PAM to be used for most
aerospace applications.'®

Advantages. Single-melt processing eliminates one melting stage,
improving yields and saving time and energy. It also produces titanium
at a higher rate than traditional VAR melting. While double VAR takes
more than 20-25 days to produce a 3—7-ton batch of titanium, a single
EBM can produce more than 15 tons in less than 14 days.” EBM and
PAM can also utilize smaller and less-pure pieces of scrap, spurring
greater demand for recycled titanium.

These strengths make single-melt very useful for mass production,
although it is poorly suited for producing small quantities of special-
ized alloys. It is also harder to control the chemical composition in
EBM and PAM, but this appears to be a minor problem.

Incorporation into the Supply Chain. Single-melt is already used
commercially and is unlikely to produce any major changes in the
market. Because it would require significant capital investment by the
major titanium producers, it has been slow to penetrate the market.
However, producers are currently expanding production capacity
because of high titanium prices, and single-melt should become much
more common for new facilities in the near future.

The major obstacle to wider use is the certification of single-melt
materials. Boeing and TIMET have been negotiating a standard for
single-melt materials for several years, but an agreement has not yet
been reached. Nevertheless, both companies believe they are close to
an agreement, indicating that adoption of single-melt is less a question
of if than of when. Even when single-melt becomes more widespread,
buyers may not see an immediate cost reduction. The tight market
allows producers to keep the savings as additional profit, and a market
downturn may be necessary before savings are passed along to end-
users, including aircraft manufacturers.

Prospects. Over the long term, single-melt should become stan-
dard. While it is not yet used by commercial producers, it has been

18 Recall that titanium for higher-stress applications usually undergoes an additional VAR
melt.

19 Authors” discussion with TIMET, July 2007.
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used in a number of military programs. Structural parts in the tail of
the F-15 have been produced with single-melt material, as have static
engine components and engine compressor blades. With a strong and
growing history, certification for military programs should be less of an
issue. The primary limits will be the rate at which single-melt capacity
expands and the degree to which price competition forces the major
producers to replace their VAR capacity.

Solid Freeform Fabrication

Technical Background. Solid freeform fabrication uses a point
heat source to melt titanium wire in successive layers, building up a
complex, three-dimensional part. Alternatively, titanium powder may
be melted to form the part. A variety of companies, such as Arcam
and AeroMet, have developed this technology, typically using either an
electron beam or a laser as the heat source.

Advantages and Challenges. These processes are significantly
faster than existing techniques of part fabrication, requiring less energy
and producing less waste. Despite these strengths, parts produced by
solid freeform fabrication can still be more expensive than traditionally
produced parts because of the labor and technology required (MTS,
2005). It is suited mainly to small parts, which constitute a small por-
tion of the material used on an aircraft. Its restricted application limits
its cost-saving potential and its impact on the cost of military aircraft.

Prospects. This technique was demonstrated by AeroMet Corpo-
ration, which developed the technology in conjunction with Boeing
and the Defense Advanced Research Projects Agency. As part of the
Boeing contract, AeroMet conducted full-scale ground tests with sev-
eral F/A-18 wing parts and was able to certify them for production use.
Ultimately, AeroMet went out of business in 2005, but expert inter-
views indicate that parts produced using similar techniques have since
flown on military aircraft.2

20 Authors’ discussion with Boeing, January 2007.
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Improvements in Machining

Technical Background and Advantages. Titanium is extremely
difficult to machine. Its reactivity limits temperatures at the tool face
and, by extension, machining speeds. In addition, the low thermal
conductivity compounds this problem. Its hardness also tends to wear
down tools quickly. Historically, these factors drove the cost of machin-
ing to nearly twice that of the raw materials.

However, in recent years a variety of improvements have signifi-
cantly reduced machining costs. For example, in the past, due to uncer-
tainty in structural loads, parts were designed with some margin to
account for that uncertainty. Today, improvements in computer design
allow for better analysis and reduced margins. Similarly, the machin-
ing of a part can be analyzed in advance and the design optimized to
reduce labor and to increase throughput. Such improvements are likely
to continue, and the cost of machining should continue to fall in the
near future.

Incorporation into the Market and Prospects. These changes seem
to be the result of incremental, evolutionary improvements in machin-
ing, not a single technological innovation. These improvements result
from changes near the end of the supply chain at companies that fab-
ricate parts. They include both major users of titanium, such as Boeing
and Lockheed Martin, and small, subcontracted machine shops. The
diversity of this market and incremental nature of the changes should
force the rapid adoption of innovations. These innovations should pro-
duce a downward trend in the price of fabricating a final part, rather
than sudden savings.

During part fabrication, a high BTF ratio is often the source of
significant costs. Improving this ratio, like improving the yield rates
during extraction, melting, and mill product fabrication, could reduce
the amount of material needed to make a part. Open sources contain
few details about work on this area, but it appears to be a major con-
cern for aerospace companies. It is unclear what changes may be on the
horizon, but ways of improving BTF should be monitored.
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Cost-Saving Potential of Emerging Technologies

To gain a better sense of timing, feasibility, and the extent of poten-
tial cost savings from the potential production innovations discussed
above, we asked industry experts to answer questions below as precisely
as they could.

* How soon would emerging technologies be ready to be applied to
the relevant industry?

* How likely are those technologies to be adopted and com-
mercialized?

* To what extent will those technologies reduce titanium produc-
tion costs?

The potential time frame for the employment of each emerging
technology was assessed as near term (one to three years), medium term
(four to seven years), or long term (eight to ten years). The feasibility
of employment and cost-saving potential was assessed as low, medium,
or high.

Note that these assessments are for technological application to
the general titanium market, not just the aerospace market. Stringent
certification requirements and conservative engineering may prevent
a technology from being applied to the aerospace market until many
years after it is proven in the general market. Also, cost savings are rela-
tive to the overall process currently in use. For example, a fabrication
process may save money on a type of part, but that part may account
for a small fraction of the overall titanium used in an aircraft. The find-
ings from the discussions with the industrial technology experts are
summarized in Table 6.2

While the savings from improved extraction alone are limited,
improved extraction would make powder metallurgy, which would
produce much greater savings, an economically viable method of
production. At present, titanium powder is extremely expensive, but
emerging production processes have the potential to make it cheaper
than sponge. The combination of the two developments—refinement
alternatives to the Kroll process and the developments of affordable
P/M—has a great cost-saving potential. Other technologies could yield



Table 6.2

Market Prospects and Emerging Technologies

Potential of Emerging Cost-Saving Technologies

Category Technology Time Frame Feasibility Cost Savings
Improved Armstrong process Mid Low Low
extraction and
refinement Cambridge process Mid Low Low
MER process Mid Mid Low
Hydride-dehydride Near Mid Low
Powder metallurgy HIP casting Long High High
Mill product P/M Long High Mid
Near-net-shape P/M Long Mid High
Single-melt Cold hearth melting Near High Low
processing
Solid freeform Solid freeform Mid Mid Mid
fabrication fabrication
Improved Various Near High High
machining

NOTES: This table does not include results of a systematic survey. Findings are based
on insights of industry technology experts and our understanding of the literature
and the industry.

cost reductions by replacing more expensive processes currently in use.
These changes would produce more gradual, incremental savings but
are also more likely. Improved machining technology has especially
high near-term cost-saving potential.

Summary: Developments in Titanium Production Technology

The greatest potential cost savings lie in the combination of improved
extraction processes and P/M. However, this is likely to occur only
over the long term and is still technically uncertain. Independent
of one another, the potential savings from these technologies is lim-
ited. Successful development of both technologies would open an
entirely different production sequence for titanium parts, with sub-
stantial reductions in lead time and material required per pound of
part. The success of this change is contingent on finding a replace-
ment for the Kroll process that produces powder rather than sponge.
This may be possible, but efforts to do so have repeatedly snagged and
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failed over the past 50 years. Should current efforts succeed, the tita-
nium industry could change steadily, but dramatically, over the next
decade. This could lead to significant reductions in the cost of titanium
over the long term, although the speed of any change will be limited by
the willingness of producers to invest in new infrastructure.

Single-melt refining and improved machining should produce
smaller and more gradual reductions in the cost of titanium products.
The degree to which these savings are passed on to titanium consumers
will likely depend on the growth of new industrial users of single-melt
products. Some savings will be passed on immediately, but consumers
may need to wait until supply expands to fully realize the cost sav-
ings. These improvements will be much steadier and more certain than
the savings offered by improved extraction and powder metallurgy, but
they will also be smaller.

Across these new technologies, most savings will be realized by
improving yields as the result of reduced waste during processing and
part fabrication. Improved labor efficiency will yield some savings,
especially during the fabrication process. Energy savings should be an
important, but much smaller, proportion of the savings, primarily con-
centrated in improvements during initial extraction and melting.

Emerging technologies have the potential to reduce costs enough
to open new markets, such as military ground vehicles, but they are
unlikely to challenge the dominance of the commercial aerospace
market in the near future. It will be a number of years before these
technologies influence the cost of aerospace-grade titanium. However,
in the long run, costsaving technological progress may truly bring
down titanium prices, making titanium an economically viable substi-
tute for other materials. The ability to use titanium as an input material
may induce new product innovations, which may again cause a large
growth in titanium demand.



CHAPTER SEVEN
Conclusions and Policy Implications

In the previous chapters, we analyzed the underlying factors that
triggered the unprecedented surge in titanium price since 2004 and
reviewed future market prospects and emerging technologies. In this
chapter, we summarize the findings of our research and draw policy
implications. We suggest how DoD might mitigate the economic risks
involved in the titanium market and reduce the cost of raw materials
used in military airframes.

What Triggered the Recent Titanium Price Surge?

The recent extreme price volatility of titanium resulted from the coin-
cidence of various price drivers on both the supply and demand sides,
as summarized in Table C.1 in Appendix C.

On the supply side, prices of titanium sponge and scrap began
increasing sharply even before the commercial aircraft order surge in
2005 and 2006. Scrap was in extremely short supply in 2003-2005
due to the low airplane production rate and heightened demand from
carbon and stainless steel production. During 2003-2005, prices
of ferrotitanium almost doubled and influenced the prices of its
substitutes—specifically, titanium scrap and sponge.

The DLA titanium sponge stockpile depletion in 2005 also coin-
cided with the sponge and scrap market shortage. Since the supply
of titanium raw materials was already tight in 2004, the additional
demand from the record high level of commercial aircraft orders in
2005 and 2006 intensified the raw material shortage.

95
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On the whole, increased demand for titanium exceeded the avail-
able supply of scrap and sponge as well as the production capacity
for new titanium metal. World titanium sponge production capacity
declined 22 percent between 1997 and 2004. In the United States,
sponge production capacity dropped 70 percent between 1995 and
2004. Given the fact that expanding production capacity requires a
large capital investment and a long lead time, expansion could not
be responsive enough to meet the unexpected surge in demand over
the short run. Moreover, given the long record of excess capacity in
the industry, titanium producers were reluctant to invest in capacity
expansion until they were assured that strong demand would be persis-
tent for at least several years.

On the demand side, the sudden increase in commercial aircraft
orders in 2005-2006 was an obvious price driver. This increase in air-
craft orders coincided with the simultaneous trend toward increasing
the amount of titanium required to produce each aircraft. This combi-
nation of factors amplified the effect of increased aircraft manufactur-
ing on titanium prices.

In addition, increases in the military and industrial demand for
titanium coincided with the surge in demand from the commercial air-
craft industry. Titanium price volatility was further exacerbated by the
increase in spot transactions in the titanium market during the 2005—
2006 period. During this surge, even aircraft manufacturers, which
normally rely on long-term contracts for their titanium, had to procure
titanium on the spot market because of the supply shortage and long
lead time. The strong seller’s market meant that titanium prices were
subject to the producer’s bargaining power. Titanium producers thus
had a golden opportunity to recover from the severe downturn (1998—
2003) that preceded the demand surge in 2004.

Because the market imbalance was generated by a series of unan-
ticipated events and factors, it induced a spurt of speculative purchas-
ing that amplified price volatility, particularly in the spot market. With
increased spot market transactions and speculative demand, prices sky-
rocketed and spot market prices became extremely volatile.
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China’s Impact on Titanium Prices

Chinese demand and the expansion of its production capacity of vari-
ous metals has been a wild card in the titanium industry.! Combined
with the world economic recovery, China’s dramatic growth in steel
consumption caused a rapid increase in the price of ferrotitanium,
an alloy used in steel production, especially during the extreme
titanium scrap shortage of 2003-2005. The ferrotitanium price surge
led to increased demand for titanium scrap and sponge because they
are close substitutes for ferrotitanium in steel production. This cross-
market substitution effect caused a substantial surge in titanium raw
material prices, given the sheer size of the steel market compared with
the titanium market.

Responding to this shortage and skyrocketing prices, China
increased its titanium sponge production capacity dramatically, over
300 percent in the two years between 2005 and 2007. This contributed
to the stabilization of sponge spot market prices since 2007. Due to the
large size of China’s economy and its remarkably fast and sustained
growth, China may continue to be a wild card in the future titanium
market.

Market Prospects and Emerging Technologies

The Titanium Market in the Near Future

In response to the recent demand surge, many titanium metal producers
announced or took steps to increase sponge capacity in the near future.
The world’s sponge production capacity is expected to be approximately
217,970 tons per year by 2010, almost doubling the capacity of 2005.
If the new sponge plants are in full operation as planned, Japan and
China will be the top titanium sponge producers in the world, followed
by Russia and the United States.

1 China influenced other metals markets, too. As discussed in Chapter Five, prices of both

ferrous and nonferrous metals have been volatile since 2003, partly due to China’s dramatic
increase in consumption.
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To depict future market conditions, we examined three different
future scenarios of world titanium demand— base, optimistic, and pes-
simistic. In each scenario, we assumed a given combination of annual
average growth rate in titanium demand from the aerospace and indus-
trial market segments and then calculated the projected demand in
2010 compared with the actual 2005 demand. We based our assump-
tions about the growth rate of each market segment on our under-
standing of the market and discussions with industry experts.

By comparing the demand scenarios and production capacity
expansion plans, we determined that the titanium industry’s current
capacity expansion plans appear to be based on the future demand
expectations inherent in the optimistic scenario. If the base demand
scenario is realized and the world titanium production capacity expands
as planned, we expect that there will be excess capacity in the titanium
market by 2010.

We did not attach probabilities to each of the different future
scenarios; rather, we used them to bound predictions for the future.
Assumptions regarding three market factors heavily influence the
future titanium market outlook:

1. the realization of the capacity expansion plans by titanium sup-
pliers including American and Chinese producers

2. the Boeing 787 build rate and demand from other titanium-
intensive emerging aircraft

3. continued Chinese economic growth, consumption of steel,
titanium, and other metals that are related to world titanium
demand and supply conditions.

As a result of these variables, different combinations of demand
and supply scenarios will result in a variety of potential market imbal-
ances or market equilibria.

Titanium Production Cost Drivers

Titanium is expensive to refine, process, and fabricate. In terms of pro-
cessing cost of materials per cubic inch, titanium is five times more
expensive than aluminum to refine and more than ten times as expen-
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sive as aluminum to form ingots and fabricate finished products. Of all
the titanium processing stages, fabrication costs the most, followed by
sponge production.

Refining Cost. Refining the raw ore into titanium metal is a costly,
multistep, high-temperature batch process that is energy- and capital-
intensive. Due to the high reactivity of titanium, an extraction pro-
cess similar to that for aluminum has not yet been developed.? Refin-
ing titanium metal into ingot is a slow, energy-intensive process that
requires significant capital.

Fabrication Cost. The two main factors in the cost of titanium
fabrication are slow machining processes and the high BTF ratio in
titanium part production.

The hardness that makes titanium so desirable also makes it more
difficult to machine than traditional aluminum. This presents a chal-
lenge akin to machining high-strength steel. However, this challenge
is complicated by the high reactivity and low thermal conductivity of
titanium. Because titanium is highly reactive, it tends to wear away
tools very quickly, especially at higher temperatures. Its low thermal
conductivity means that high temperatures can be generated easily in
the course of machining. Consequently, titanium must be machined at
lower tool speeds, slowing production.

Buy-to-Fly Ratio. Titanium parts have very high BTF ratios, with
most parts machined from large, solid pieces of metal. Because the
raw material is so expensive, the excessive scrap represents a significant
portion of the product’s cost. Not all scrap can be reverted or recycled.
For instance, machine turnings that are not carefully segregated from
other metals are too difficult to clean and reuse. In the fabrication pro-
cess, a significant portion of a part’s cost is often left on the machining
room floor.

Emerging Technologies

Breakthroughs. Most experts do not expect that any break-
throughs in titanium metal extraction and processing technologies will
be realized within the next ten years to drive titanium prices as low as

2 We discussed trends in titanium processing technologies in Chapter Six.
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those for aluminum. In addition, the titanium industry has not identi-
fied any particular technology that is worthy of an aggressive invest-
ment for a medium-term (three to five years) return. Titanium com-
panies are taking a “wait and see” position on potentially significant
technological breakthroughs. Only a few experts were optimistic about
dramatic changes in titanium production technology within the next
ten years.

Technologies with Cost-Saving Potential. We developed a list of
emerging technologies that had at least marginal cost-saving poten-
tials, based on a review of the literature and discussions with industry
experts (see Figure 6.3 and Table 6.2). These technologies were classi-
fied into five categories:

* improved extraction and refinement
* powder metallurgy

* single-melt processing

¢ solid freeform fabrication

* improved machining,.

We then assessed the emerging technologies based on the poten-
tial time frame for each, the feasibility of application to the market,
and the cost-saving potential of each.

Prospects for Cost Savings. The greatest potential cost savings lie
in the combination of improved extraction processes and P/M. How-
ever, this combination of developments is unlikely to occur in the near
or mid term and is still technically uncertain.

Single-melt refining and improved machining should produce
smaller and more gradual reductions in the cost of titanium products.
The degree to which these savings are passed on to titanium consumers
will likely depend on the amount of slack in the market. Some savings
will be passed on immediately, but consumers may not realize signifi-
cant savings until demand slows and the supply expands, forcing pro-
ducers to reduce prices. Although these improvements will be steadier
and more certain than the savings offered by improved extraction and
P/M, they will also be smaller.
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Across these new technologies in the near term, most savings will
be realized by improved yields resulting from reduced waste during
processing and part fabrication. Improved labor efliciency will yield
some savings, especially during the fabrication process. Energy savings
should be an important, but much smaller, proportion of the savings,
primarily concentrated in improvements during initial extraction and
melting.

Emerging technologies have the potential to reduce costs sufhi-
ciently to open new markets, such as military ground vehicles. How-
ever, it will take a long time for these technologies to substantially
influence the cost of aerospace-grade titanium.

Barriers to Adopting New Technologies. A major barrier to the
adoption of new technologies in aerospace applications is the required
certification of new materials. Aerospace manufacturing standards are
typically based either on judgments by a government body, such as the
Federal Aviation Administration or the U.S. Air Force, or on standards
set by the primary aircraft manufacturer. Within the Air Force, mate-
rials and processes must be certified separately for each program. The
certification process typically lasts 18 to 24 months and requires an
extensive qualification process. In the course of this process, a company
must manufacture test articles and validate their properties at its own
expense. The cost of this process prevents companies from attempting
to certify materials until they are quite certain of their performance and
properties. Consequently, a material must be used for several years in
other applications before designers will consider it for aerospace uses.

Policy Implications

Given the findings of this study, what policy measures could mitigate
the economic risks of titanium price volatility and supply availability
and reduce the cost of raw materials needed for military airframe pro-
duction? In this section, we suggest policy measures in five areas:

* improving contract practices
* monitoring market trends
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* reducing BTF ratios
* optimizing scrap recycling
* exploring new technological opportunities.

Long-Term Contracts Are Needed to Mitigate Market Volatility
Long-term agreements constitute one of the best ways to mitigate the
effect of unexpected price increases and other market volatility. LTA
prices are usually much more stable than spot market prices. A built-in
price stabilizer can be incorporated in the LTAs. Supply availability can
be better secured through LTAs than through short-term contracts.

DoD could explore taking advantage of its significant bargaining
power by consolidating titanium contracts to achieve a lower, DoD-
wide price and leveraging the stability of military demand relative to
commercial aircraft industry demand.? Even though alloys vary across
different programs and platforms, military demand for titanium raw
materials is sizable and relatively stable.

LTA prices are usually higher than spot market prices in a down
cycle, but LTAs will be lower than spot prices in a booming market.
Therefore, during a downturn, titanium buyers tend to prefer spot
market transactions. In particular, lower-tier titanium purchasers in the
DoD contractor chain tend to rely on annual contracting with some
spot buying each year. DoD would benefit if it monitored the pro-
curement contract practices of its prime contractors and subcontractors
and their supply-chain relationships. A balanced purchasing agreement
portfolio would include a combination of LTAs with fixed prices, LTAs

with built-in price stabilizers, annual contracts, and spot transactions.*

3 Military buyers are often at a disadvantage in individual contract negotiations, mainly
due to their relatively small and irregular orders compared with those from the private sector.
DoD-wide consolidation of contracts could partially overcome this disadvantage. DoD has
been trying to apply contract consolidation when possible through its Strategic Sourcing
Initiative. This is also a policy of the Office of the Secretary of Defense. Services such as the
Army and Air Force have commodity councils to implement the policy. So far, we have not
found contract consolidation for raw materials. However, raw materials, especially specialty
metals including titanium, get more attention from defense buyers and commodity councils
because of their great price volatility.

4 A balanced portfolio of purchase agreements of varying maturities and conditions needs
to be enforced in collaboration with private counterparts. Past experience in the titanium
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To the extent that DoD values supply availability and price stability,
LTAs should still continue to satisfy most of the raw material require-
ments—even given this diversified approach to purchasing.

To enable LTAs and contract consolidation, the DoD should seek
to increase the predictability and consistency of its military aircraft
procurement plans and purchases. Aircraft procurement lots often vary
greatly during the course of the acquisition process. Not every mili-
tary aircraft procurement is based on multiyear contracts. During the
recent turmoil in the titanium market, some of the military aircraft
contractors were exposed to spot market volatility and supply shortages
to a greater extent than were their commercial counterparts because
they had to purchase titanium for one lot production at a time.’

Monitoring Market Trends to Improve Forecasting Power

To better predict market volatility and enable more favorable contract-
ing arrangements, it would be worthwhile for DoD organizations that
procure titanium-intensive weapon systems to monitor the major deter-
minants of world market trends.

The size of the titanium market is very small—only one ten-
thousandth the size of the steel market and one two-hundredth the size
of the aluminum market in terms of annual shipment tonnage. There-
fore, relatively small shocks in the supply and demand of titanium or
external shocks in other metals markets cause sizable turbulence in
the titanium market. A supply-demand imbalance could be worsened
significantly by the cyclical nature of the commercial aircraft manu-
facturing industry, which accounts for about one-half of the global
titanium demand.

Like other raw material markets, the titanium market is global-
ized, and domestic titanium prices fluctuate with those in the rest of
the world. Therefore, titanium price and availability forecasts should be

market has shown that leaving the suppliers alone to figure out their contract formulations
has not always been in the best interest of DoD, because suppliers sometimes cannot see
beyond their own interests.

> Multiyear contracts would promote LTAs for raw material procurement. Younossi et al.,
2007, illustrates merits of multiyear contracts for F-22 procurement.
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inferred from global consumption and shipment patterns rather than
U.S. demand alone, which is dominated by the aerospace sector.

Due to the difference in market focus, U.S. titanium mill produc-
tion trends can be quite different from those in the rest of the world.
As we observed from Figure 5.9, world titanium shipments had fully
recovered to their previous peak level by 2004 due to the fast growth
in the industrial segment of the global market. However, shipments
by U.S. producers in 2004 were still only two-thirds of their previous
peak level, and U.S. titanium producers were laying off some employ-
ees in some of their factories even during the summer of 2004. This
may be one of the reasons that U.S. producers were not ready for the
market upturn until 2006, a few years after the market’s dramatic
turnaround.

Demand-side factors DoD should monitor include the following:

* downstream industry conditions for aircraft manufacturers
that may trigger cyclical fluctuations in the titanium industry,
including
— forecasts of aircraft orders and deliveries
— utilization of titanium in new aircraft designs
— air traffic and passenger-mile growth

* military programs for jet fighters and other titanium-intensive
weapon systems around the world

* global economic conditions that could influence the industrial
sector’s demand for titanium
— infrastructure growth in developing areas

* new markets for titanium that may provide opportunities for the
industry to grow
— growing demand for oil and gas production from deep-water

sources
— other fast-growing markets for titanium, such as automotive,
heavy vehicles, geothermal facilities, and medical devices

6 Refer to Table 3.1, Figure 3.3, and Figure 3.4 for a comparison of titanium shipments by
sector in the United States and in the world.
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market environments and technology trends that may dramati-

cally change prices and shape the supply availability of materials

that can substitute for or complement titanium:

— ferrotitanium

— vanadium

— steel

— other materials that have corrosion resistance, high strength-
to-weight ratios, low modulus of elasticity, and shock resistance
properties

other potential external shocks on the demand side, such as tita-

nium supply and demand trends in rapidly growing large coun-

tries, particularly China.

Supply-side factors to monitor include the following:

global production capacity of titanium sponge, ingot, and mill
products

— capital investment plans and executions

— new entries and exits in the titanium industry

changes in the pricing system that may influence titanium price
volatility, such as the significance of spot market transactions and
contractual practices between major buyers and suppliers
technical changes in titanium metal production that may reduce
not only production costs but also the cost of investing in produc-
tion facilities

changes in manufacturing techniques and processes for titanium
aircraft parts that may significantly reduce the cost of parts
trends in the inventory of titanium scrap.

Reducing BTF Ratio and Optimizing Scrap Recycling

High BTF ratios for titanium parts are one of the most significant
production cost drivers. It would be helpful for each military aircraft
program to exploit the possibility of reducing BTF in every manufac-
turing stage. With the advent of three-dimensional solid design tech-
niques, parts can be designed such that material can be used more
efficiently and minimize waste. Ultrasonic modeling and inspection
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enable near-net-shaped forgings, reducing machining processes and
material usage.

Given current aircraft parts manufacturing technologies, it is
inevitable that some scrap will be generated. Efforts should be made to
improve the scrap management and recycling rates for machine turn-
ings and bulk solids so that less material is wasted. The private sector
uses various strategies to maximize the benefit of scrap recycling, espe-
cially since the recent titanium price surge.

Scrap recycling is often embedded in contractual agreements for
titanium transactions as a discount factor. This type of scrap recycling
is called a “closed-loop arrangement” and is preferred by both tita-
nium producers and consumers. The military sector should leverage
these market best practices from the private sector to optimize material
usage. In addition, DoD may benefit by using titanium from retired
aircraft such as the F-15 and F-14 fighters. There is a significant amount
of structural titanium in these aircraft that could be used as scrap and
reprocessed into ingot for future aircraft production.

Searching for New Technological Opportunities
Developing or finding new alloys and substitutes is another policy alter-
native to reduce the economic risks of the titanium market. DoD may
benefit from its continued efforts to find alternative materials, such as
bismaleimide, ceramic, carbon, and metal-matrix composites. In some
cases, these composites can serve as a close substitute for titanium
because of their light weight and endurance under high temperatures.
As we discussed above, emerging technologies for titanium pro-
duction and processing are expected to generate significant cost sav-
ings only over the long term. Given that the private sector is not always
aggressive in pursuing long-term research and development projects,
DoD may want to allocate some of its research capabilities or resources
to developing cost-effective methods of extracting, producing, and fab-
ricating titanium. DoD could also be a catalyst to encourage industry
collaboration and provide incentives for the private sector to pursue
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joint ventures in these areas. These efforts could generate long-term
benefits not only for DoD but also for the global titanium market and
the economy in general.






APPENDIX A

Aircraft Included in the Titanium Demand
Calculation and Data Sources

Table A.1
Aircraft Included in the Titanium Demand Calculation and Data Sources

Aircraft Included in
Titanium Demand Calculation Data Sources

Number of Planes
Delivered Each
Aircraft Year (Historical Titanium Buy Weight

Type Manufacturer  Name Data) per Each Aircraft
Commercial Boeing 717 Boeing Web site  Holz, 2006
737 TIMET, 2005
747 TIMET, 2005
757 RMI Titanium
Company, 1994
767 Holz, 2006
777 TIMET, 2005
787 TIMET, 2005
Airbus A300 Airbus Web site  Holz, 2006
A310 ASM International,
2000
A318 Holz, 2006
A319 Holz, 2006
A320 TIMET, 2005
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Table A.1—Continued

Aircraft Included in
Titanium Demand Calculation

Data Sources

Number of Planes
Delivered Each

Aircraft Year (Historical Titanium Buy Weight
Type Manufacturer  Name Data) per Each Aircraft
A321 Holz, 2006
A330 TIMET, 2005
A340 TIMET, 2005
A350 TIMET, 2005
A380 TIMET, 2005
Military Boeing c-17 World military ODUSD-IP, 2005
and civil aircraft
briefing
F-18 C/D RMI Titanium
Company, 1994
F-18 E/F ODUSD-IP, 2005
F-15 Schmitt, 1993
Lockheed F-16 RMI Titanium
Martin Company, 1994
F-22 F-22 Program
Executive Office
F-35 F-35 Joint Program

Office, Lockheed
Martin Aeronautics
Company, ODUSD-IP,
2005

NOTES: The data sources of the aircraft deliveries in the fourth column are for
historical data. Forecasted commercial aircraft delivery data are from The Airline
Monitor. Titanium buy weight per aircraft includes both the airframes and engines.



APPENDIX B
Questionnaire to Industry Experts

l. Titanium Raw Materials Market

1.1 Contract Practices and Titanium Pricing

* Do aircraft manufacturers secure their titanium supply at the
time of aircraft orders?

e What is the average length of contracts with aircraft manufac-
turers?

* What are the main determinants of the price? Is the price contin-
gent on time of delivery?

e Ifitis, what is the time lag between the delivery of titanium mate-
rials and delivery of the aircraft?

* Is the shipment schedule to the aircraft manufacturers usually
coordinated with their production schedule?

* Are the sales statistics of titanium producers based on shipment
each year or the contract amount (including the long-term con-
tracts) for the year?

1.2 Recent Titanium Price Surge

* Industry experts seem to agree that the recent titanium price surge
was mainly driven by demand-side factors such as aircraft orders

m
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and strong demand from industrial sector and emerging markets.
Do you agree with this view?

* How was the market condition before 20042

* It seems that titanium mill product PPI did not decrease during
the period of low aircraft orders (1991-1994, 2001-2003). Why
was the PPI not responsive to decreased aircraft orders?

* s this related to long-term contract practices and the pricing rules
in the contracts? Or is this related to increasing demand from the
industrial sector?

* Some industry experts emphasize the shortage of sponge and
scrap triggered the recent titanium mill product shortage and
price surge. Do you agree with this view?

* How serious was the shortage of titanium sponge and scrap?

* Did the specialty metals clause (Berry Amendment) influence
in any way the domestic titanium metal shortage and surge in
prices?

* How did the depletion of the national stockpile of titanium sponge
influence the titanium metal prices in recent years?

* Was there any hoarding (hedge buying) of titanium sponge, ingot,
and mill products for the purpose of securing future supplies?

1.3 Impact of Titanium Price Surge

* Was the impact of the sponge and scrap shortage distributed
evenly to all end users? Were industrial users influenced by the
shortage and price surge more than aerospace users? If so, why?

* Do the long-term contract practices of the acrospace industry
help the aerospace sector stay less vulnerable to the shortage of
titanium and price surge?

* Do industrial users of titanium depend on spot markets more
than long-term contracts?
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1.4 Titanium Supply Elasticity

* How responsive is the supply of titanium metal to price
fluctuations?

e What makes titanium producers expand production capaci-
ties? Would persistent increase in price be a trigger for capacity
expansion?

* Please share with us the past history and future prospects of tita-
nium production capacity (sponge, ingot, and mill products) and
its responsiveness to price.

* It seems that the nominal unit price of sponge had been quite
stable (price of sponge in real terms had been decreasing) before
2004. Was there worldwide sponge overcapacity since the end of
the cold war?

* Data show that U.S. producers had been decreasing sponge capac-
ity, while increasing ingot capacity, for a decade before the recent
demand surge (1995-2004). Why? It seems that the ingot capac-
ity utilization rate has been pretty low until recently. Is some of
the ingot capacity outdated but still there for statistics?

* Titanium producers started taking steps to expand sponge capac-
ity. Would this expansion be enough to meet the increasing
demand for the next several years?

¢ Should ingot and mill products production capacity be expanded
to meet the increasing titanium demand for the next several
years?

1.5 Titanium Yield Rate

* Are there any data on how much sponge is needed to produce one
metric ton of ingot and how much ingot is needed to produce one
ton of mill product?

* For example, we gather that one pound of ingot uses 0.54 pounds
of sponge and 0.46 pounds of scrap. One pound of ingot will
yield 0.62 pounds of mill product and 0.16 pounds of final parts
on average. Does this sound right to you?
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* Does ingot for industrial use use relatively more scrap than

average?

* Does ingot for aerospace use use relatively more sponge than
scrap?

* What, then, are the different yield rates for different end
markets?

1.6 Prospect of Cost-Savings in Titanium Metal Production and
Fabrication

* Do you envision a significant cost reduction in titanium produc-
tion and fabrication in the near future?

* To what extent will this cost saving influence the titanium price?

* How soon would this happen?

1.7 Role of the Spot Market

e Is the recent shortage of titanium supply and the price surge
mainly a spot market story?

* In the titanium market (sponge, ingot, and mill products) in gen-
eral, how significant are spot market transactions relative to long-
term contract transactions?

* Do aircraft manufacturers depend not only on long-term contracts
but also on the spot market to procure titanium raw materials?

e For aerospace buyers, how significant are spot market transactions
relative to long-term contract transactions?

* How do you envision the future of the titanium spot market? Will
spot market transactions be the dominant form of transactions in
the titanium market in the future? How soon will this happen?

1.8 Supply Chain

* In the acrospace sector, are titanium raw materials purchased
directly by aircraft manufacturers (Boeing, Airbus, etc.)?
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* Would you please describe the structure of your titanium parts
supply chain by aircraft name, supplier name, supplier status
(prime, second-tier, and third-tier subcontractors, etc.), and their
role in the production process?

* Are titanium raw materials mainly procured by tier-1 prime con-
tractors for parts manufacturing? If this is the case, do the part
suppliers depend on both the spot market and long-term con-
tracts for securing titanium supply? What would be the relative
importance of spot market transactions compared with long-term
contract transactions for the prime contractors?

* [s titanium procurement often done by tier-2 and tier-3 parts sup-
pliers (subcontractors of the prime contractors)? Do these lower-
tier suppliers tend to depend more on the spot market?

1.9 Other

* What could the government (or DoD) do to reduce the price vola-
tility in the titanium market?

e What were the direct and indirect impacts of Chinese consump-
tion of raw materials on the titanium market in recent years?

Il. Titanium Parts Manufacturing Technologies and
Cost Drivers

1.1 What are the different steps (machining, welding/joining, etc.) to
produce aircraft parts from titanium mill products? Which of these
steps are the main cost drivers?

1.2 What are the buy-to-fly ratios for different manufacturing processes
(machined, HIP, CIP, forged, extruded, etc.)? Which of these processes
are considered “near-net-shape” What proportion of parts is produced
using each of those processes (in terms of number of parts, input tita-
nium weight, or final titanium part weight)? How do you expect these
proportions to change in the future?



116 Titanium: Industrial Base, Price Trends, and Technology Initiatives

1.3 What types of parts are currently produced using HIP/CIP? How
do these processes yield cost savings (reduced raw material, reduced
labor, etc.) and how significant are these savings? What are the draw-
backs of this technology that could limit its future applications?

1.4 Do you anticipate making use of powder metallurgy to produce
aerospace parts? If so, what types of parts would be produced and when
would it be possible to produce them? Would powder metallurgy yield
significant cost savings? Would the application of powder metallurgy to
non-aerospace uses impact production costs for aerospace parts made
from regular titanium?

1.5 Is high-speed machining (HSM) currently applied to the produc-
tion of aerospace parts? If so, what types of parts employ this technol-
ogy and what proportion of parts (by number of parts, input titanium
weight, or final titanium weight) is produced by HSM? How much
does HSM save and by what mechanisms (reduced labor, faster pro-
duction rates, etc.)? Does HSM have the potential to produce increased
savings in the future? If so, how significant will these savings be?

1.6 What parts can currently be made from single-melt titanium? What
is the difference in cost between single-melt and double-melt titanium
parts? What proportion of the total titanium usage by weight is single-
melt? Do you expect the proportion of single-melt use to increase over
the next ten years?

1.7 Do you expect solid freeform fabrication (e.g., laser forming) to
be used to produce parts within the next ten years? If so, what types
of parts? How will this technology produce savings (reduced labor,
reduced waste, etc.) and how significant will these savings be? How
extensive will use of this technology be in ten years (i.e., how many
pounds of titanium parts could it produce per year)? Will production
capacity be enough to significantly reduce the costs of using titanium
in an aircraft? Will this technology be used in the production of mili-
tary and commercial aircraft, and, if so, will its use differ in these two
areas? Does this technology have significant disadvantages?
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1.8 Are there any other technologies not discussed above (i.e., not HIP/
near-net-shape, HSM, powder metallurgy, single-melt, solid freeform
fabrication) under development that are likely to yield significant cost
savings in the production of titanium parts in the next ten years?

1.9 Will the 787 affect titanium material supply for military aircraft,
and if so, how? Are the titanium parts manufacturing technologies
used in 787 production likely to find their way into production of mili-
tary aircraft? How long will this take?

1110 Below is a summary table of titanium production technologies.

* If we missed or misunderstood anything, please revise the first
four columns (technology, purpose, remaining challenges, and
technologies) as you like,

* Please populate the last three columns.

In the “cost-saving potential” column, you may put down low,
medium, or high according to the extent of cost-saving potentials of
each technology.

In the “feasibility” column, you may put down the likelihood that
each technology will deliver enough cost savings to justify its use and
be at a level of development where it can be applied to a production-
model military aircraft—low, medium, or high.

In the “time frame” column, you may estimate when the tech-
nology will be developed and ready for use in a program—near (1-3
years), medium (4—7 years), far (8—10 years).



Table B.1

Emerging Technologies and Their Cost-Saving Potentials

Category

Purpose

Technology

Time
Frame

Feasibility

Cost
Savings

Improved
extraction and
refinement

Powder
metallurgy

Single-melt
processing

Solid free-form
fabrication

Improved
machining

Reduce materials No history. Most
processes still in
development

cost

Easier alloying
eliminates many
processing steps.
Near-net-shape
production

Simplifies refining May produce
lower quality

Near-net-shape
production

May not scale

Minimal history

demonstration

Armstrong process
Cambridge process
MER process

Hydride-dehydride

HIP casting

Mill product P/M
Near-net-shape
P/M

Cold hearth
melting

Solid free-form
fabrication

Various
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APPENDIX C

Supply- and Demand-Side Conditions Resulting
in the Recent Titanium Market Turmoil

Table C.1

Titanium Supply- and Demand-Side Events, Early 1990s-2006

Time Line Demand-Side Events Supply-Side Events

Early 1990s Titanium demand decreased Excess capacity since the end of the
since the cold war cold war

Mid 1990s Industrial demand for Number of U.S. titanium sponge and
titanium surpasses aerospace ingot producers starts to decrease
demand for titanium in the  (from 11 in 1995 to 5 in 2005)
world market No new entrant in titanium sponge

and ingot manufacturing industry
from mid 1990 until 2007

1997 Titanium demand from Congress authorizes disposal of the
commercial aircraft DLA titanium sponge stockpile
manufacturing peaks in 1997 yntil 1997, titanium sponge
Titanium mill product stockpile was maintained at about
shipments peaked in 1997 33,000 tons to cover total domestic
Titanium demand from consumption for at least one year,
commercial aircraft industry  even during peak consumption
starts declining after 1997,
downswing continues to
2003
World titanium shipments
show downward trend
between 1997 and 2002

1999 Initial production of the F-22
starts

2001 Industrial demand for

titanium starts to swing
upward
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Table C.1—Continued

Time Line

Demand-Side Events

Supply-Side Events

2002

2003

2004

Industrial demand for
titanium starts to grow

Aircraft manufacturing
bottoms out

World titanium mill product
shipments are about 83% of
the 1997 peak

U.S. titanium mill product
shipments are only 56% of
the 1997 peak

Full-time production of the
F-22 begins and military
aircraft demand for titanium
increases significantly

World economic growth
peaks, driven by growth in
China, the Middle East, and
other developing areas
World steel production
peaks

World titanium mill product
shipments reach their
previous peak level of 1997
U.S. titanium mill product
shipment are still only 68%
of their previous peak level,
as aircraft manufacturing
industry recovery has not yet
started

Scrap supply is extremely low as
aircraft manufacturing reaches
bottom

Scrap demand peaks as growing
carbon steel and stainless
production caused ferrotitanium
demand to surge

Ferrotitanium price almost doubles
in 2003-2005

Titanium raw materials (scrap and
sponge) prices increase sharply in
2003-2005 due to the cross-market
substitution effect from steel
industry

DLA titanium sponge stockpile is
about 1/5 that of 1997, and titanium
producers continuously use the
sponge stockpile as a substitute for
titanium scrap and ferrotitanium

Titanium scrap and sponge prices
increase 71% and 49%, respectively
World titanium sponge capacity in
is 22% lower than the peak capacity
in 1997

U.S. titanium sponge capacity in is
70% lower than the 1997 capacity
U.S. titanium producers hesitate

to invest in capacity expansion,
having suffered several years of bad
business
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Table C.1—Continued

Time Line Demand-Side Events Supply-Side Events

2005 Historic level of commercial  Prices of steel products stabilize as
aircraft orders in 2005 China turns into a net exporter of
and 2006, which were not steel
expected ahead of time Titanium sponge stockpile of DLA
Commercial aircraft orders  finally depleted in 2005
for Boeing and Airbus are | the strong seller’s market,
2,139 aircraft in 2005 and titanium prices subject to the
1,882 aircraft in 2006, twice  pargaining power of suppliers
as n:(any as in the previous World titanium sponge capacity
peak years grows 10%; U.S. capacity does not
Due to the unexpected increase
nature of the demand surge,
spot market transactions
increase
Speculative buying and
hoarding occur as supply
shortage becomes serious

2006 U.S. titanium mill product Scrap shortage situation improves

shipments recover fully to
their previous peak level of
1997

Titanium spot market prices
especially volatile: Titanium
ingot used in aerospace
manufacturing quadrupled
in the three years from 2003
to 2006

Titanium delivery lead time
increases by up to three times

as aircraft production increases
significantly and generates scrap
World titanium sponge capacity
grows 15%

US.. sponge production capacity
increases 38%
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