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Top Q&A on Titanium-Zirconium-Molybdenum Alloy (TZM)

Preface

With the rapid development of the semiconductor, new energy, aerospace, nuclear fusion,
vacuum heat treatment, and high-end equipment manufacturing industries,
Titanium-Zirconium-Molybdenum  Alloy (TZM)—as one of the most mature
molybdenum-based high-temperature alloys globally—has attracted increasing attention
from engineers, researchers, procurement specialists, and equipment manufacturers.

As a professional enterprise long dedicated to the R&D and production of
high-performance refractory metal materials, CTIA GROUP LTD. leverages its years of
engineering practice and industry experience to compile this series of popular Q&A on
Titanium-Zirconium-Molybdenum Alloy (TZM). Our goal is to provide readers with a more
professional, systematic, and practical technical reference in an easy-to-understand
question-and-answer format. The questions in this series are sourced from global search
engines, industry forums, customer inquiries, technical exchanges, as well as years of data
accumulation and market research by CTIA. The content covers a wide range of topics,
including TZM fundamentals, performance characteristics, manufacturing processes,
product specifications, quality inspection, machining, welding technology, typical
applications, industry developments, and future trends, striving to comprehensively
address the most frequently asked questions from users.

This Q&A series not only presents material parameters but also integrates engineering
applications to analyze material selection, manufacturing challenges, quality evaluation,
and industrial development, helping readers gain a deeper understanding of TZM's
technical features and application value. By incorporating global industry trends and the
latest technological advancements, CTIA endeavors to build a systematic, professional, and
practically valuable knowledge base on Titanium-Zirconium-Molybdenum Alloy (TZM),
contributing to the development and application of high-performance molybdenum-based
materials.

CTIA GROUP LTD.
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Q1: What's Titanium-Zirconium-Molybdenum Alloy (TZM)?

Titanium-Zirconium-Molybdenum Alloy (TZM) is a high-performance molybdenum-based
alloy that uses molybdenum (Mo) as the matrix and incorporates small amounts of titanium
(i), zirconium (Zr), and carbon (C) to form dispersion-strengthening phases. It is currently
one of the most widely used and industrially most mature high-temperature molybdenum
alloys globally, with extensive applications in semiconductors, vacuum heat treatment,
aerospace, nuclear industry, medical equipment, and advanced scientific research
instruments. TZM was first developed by the United States in the 1960s, with the design
goal of further enhancing the alloy's high-temperature strength, creep resistance, and
long-term microstructural stability, while preserving molybdenum's excellent inherent
properties, such as its high melting point, high thermal conductivity, and low coefficient of
thermal expansion. Over decades of development, TZM has become an internationally
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recognized industrial standard high-temperature molybdenum alloy.

The typical chemical composition of TZM is predominantly molybdenum, generally
containing approximately 0.4%-0.55% titanium, 0.06%-0.12% zirconium, and 0.01%-0.04%
carbon, with the balance being molybdenum and trace amounts of unavoidable impurity
elements. During sintering and thermomechanical processing, titanium and zirconium react
with carbon to form fine, uniformly distributed TiC and ZrC carbide particles. These
dispersion-strengthening phases effectively impede dislocation motion and grain boundary
migration, thereby significantly improving the material's recrystallization temperature,
high-temperature strength, and creep resistance. Compared with pure molybdenum, the
most notable feature of TZM is its more balanced overall performance. It not only retains
molybdenum's high melting point of approximately 2623 °C, excellent thermal conductivity,
low thermal expansion coefficient, and low vapor pressure, but also offers higher
high-temperature strength, better dimensional stability, and a longer high-temperature
service life. Consequently, in environments involving prolonged operation at 1000-1400 °C,
TZM typically demonstrates significantly superior performance compared to pure
molybdenum.

At present, TZM is primarily manufactured via powder metallurgy, including processes such
as high-purity molybdenum powder blending, compaction forming, vacuum sintering,
thermomechanical working, heat treatment, and precision machining. The mature
manufacturing technology enables TZM to be processed into rods, plates, sheets, tubes,
crucibles, sputtering targets, hot-zone components, and various complex shaped parts,
meeting the demands of diverse industrial sectors. Owing to its combination of excellent
high-temperature properties, well-established manufacturing processes, and high
cost-effectiveness, TZM has become an essential material for single-crystal silicon growth
furnaces, silicon carbide (SiC) crystal growth equipment, gallium nitride (GaN) epitaxial
equipment, vacuum sintering furnaces, X-ray CT rotating anodes, high-temperature molds,
and aerospace hot-section components.

CTIA believes that TZM is a high-temperature molybdenum-based alloy whose performance
is enhanced through dispersion strengthening by TiC and ZrC. While retaining
molybdenum's outstanding physical properties, it substantially improves high-temperature
mechanical performance and long-term service stability. To date, TZM remains the most
widely applied, most engineering-proven, and most comprehensively balanced industrial
standard material among high-temperature molybdenum alloys worldwide.
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Q2: What's the Difference Between Titanium-Zirconium-Molybdenum Alloy (TZM) and
Pure Molybdenum?

Both TZM and pure molybdenum belong to molybdenum-based materials, but they are not
the same material. Pure molybdenum is a high-purity metal, whereas TZM is a
high-performance molybdenum alloy developed by adding small amounts of titanium,
zirconium, and carbon to pure molybdenum, creating a dispersion-strengthened phase.
Although both materials share high melting points, excellent thermal conductivity, and
good vacuum compatibility, they differ significantly in microstructure, mechanical
properties, high-temperature performance, and application areas.

The most fundamental difference lies in material composition. Pure molybdenum consists
almost entirely of molybdenum, typically with a molybdenum content exceeding 99.95%.
TZM, on the other hand, incorporates about 0.5% titanium, about 0.08% zirconium, and a
small amount of carbon into the molybdenum matrix. During sintering and
thermomechanical processing, these elements form fine, uniformly distributed TiC and ZrC
particles, which provide dispersion strengthening to the matrix. Due to these different
strengthening mechanisms, the high-temperature performance of the two materials differs
markedly. Although pure molybdenum has a high melting point, its strength declines
rapidly as temperature increases, and its recrystallization temperature is relatively low,
making it prone to grain growth and creep deformation during prolonged
high-temperature service. In contrast, TZM effectively suppresses grain boundary migration
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through TiC and ZrC particles, raising the recrystallization temperature and enabling the
material to maintain relatively high strength and good dimensional stability in the range of
1000-1400 °C. In terms of creep resistance, TZM also significantly outperforms pure
molybdenum. While pure molybdenum tends to undergo slow plastic deformation under
sustained high-temperature loads, TZM—thanks to its strengthening phases that impede
dislocation motion—exhibits a markedly lower creep rate, making it more suitable for
high-temperature equipment requiring long-term continuous operation.

Both materials maintain high levels of thermal conductivity. Although the addition of small
amounts of alloying elements gives TZM a slightly lower thermal conductivity than pure
molybdenum, it remains far superior to most heat-resistant alloys and fully meets the
requirements for rapid heat dissipation in applications such as semiconductor thermal fields
and high-temperature vacuum equipment. In terms of machinability, both materials can be
processed by turning, milling, grinding, and electrical discharge machining (EDM). However,
due to its higher strength and greater hardness, TZM is slightly more difficult to cut than
pure molybdenum. Nevertheless, after years of industrial application, mature processing
techniques for TZM have been well established, enabling the stable manufacture of various
high-precision components.

From an application perspective, pure molybdenum is primarily used for general
high-temperature structural parts, electrodes, heating elements, sputtering targets, and
certain chemical equipment. TZM, in contrast, is more often employed in more demanding
high-temperature applications, such as hot-zone components in single-crystal silicon
growth furnaces, crystal growth equipment for SiC and GaN, vacuum sintering furnaces,
high-temperature molds, hot-section structural parts in aerospace, and medical CT rotating
anodes.

Differences between titanium-zirconium-molybdenum alloy (TZM) & pure molybdenum

Comparison Item TZM Pure Molybdenum
Material Type Molybdenum-based alloy High-purity metallic molybdenum
Main Composition Mo, Ti, Zr, C Mo

Strengthening Mechanism TiC and ZrC dispersion strengthening  No strengthening phase

High-Temperature Strength  Significantly higher Lower
Recrystallization
Higher Lower
Temperature
Creep Resistance Excellent Moderate
Thermal Conductivity Very high Slightly higher than TZM
Machining Difficulty Slightly higher Relatively easier
Typical Applications Semiconductors, aerospace, vacuum Electrodes, heating elements, general high-temperature
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Comparison Item TZM Pure Molybdenum
furnaces structural parts

CTIA believes that pure molybdenum and TZM do not have a simple superior-inferior
relationship, but rather are suitable for different application scenarios. If operating
temperatures are relatively low, mechanical loads are small, and cost-effectiveness is a
priority, pure molybdenum can generally meet the requirements. If equipment needs to
operate stably over extended periods under high temperatures, high loads, or high-vacuum
conditions, TZM—uwith its superior high-temperature strength, better creep resistance, and
improved dimensional stability—is typically the more reliable choice.

R
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Q3: Why Is Titanium-Zirconium-Molybdenum Alloy (TZM) Stronger Than Molybdenum
Metal?

Titanium-Zirconium-Molybdenum Alloy (TZM) is a high-performance molybdenum-based
alloy developed on the basis of pure molybdenum. Although the addition of alloying
elements such as titanium and zirconium in TZM is less than 1%, the material's
high-temperature strength, creep resistance, and structural stability are significantly
improved compared to pure molybdenum. This performance enhancement does not arise
because the alloying elements themselves possess higher strength, but rather because
they form stable and efficient strengthening microstructures within the material.
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The fundamental reason why TZM is stronger than pure molybdenum lies in the dispersion
strengthening mechanism. During powder metallurgy sintering and subsequent
thermomechanical processing, the added titanium, zirconium, and carbon react to
generate a large number of fine and uniformly distributed TiC and ZrC carbide particles.
These carbides are firmly dispersed in the molybdenum matrix and effectively impede
dislocation motion. When the material is subjected to external forces, dislocations are the
primary means by which metals undergo plastic deformation. The TiC and ZrC particles act
as numerous obstacles, making it difficult for dislocations to move; therefore, the material
requires higher stress to deform, and its high-temperature strength is consequently
improved. In addition to increasing strength, TiC and ZrC particles also significantly inhibit
grain boundary migration. Pure molybdenum is prone to recrystallization at high
temperatures, where the original fine grain structure gradually coarsens, leading to a rapid
decline in strength. In TZM, the strengthening particles effectively pin grain boundaries,
delaying or even preventing grain growth, thereby significantly raising the recrystallization
temperature and enabling the material to maintain relatively high strength and a stable
structural organization under prolonged high-temperature service conditions.

The improvement in creep resistance is another important reason why TZM outperforms
pure molybdenum. Creep is the phenomenon of slow plastic deformation of a material
under high temperature and long-term loading. Because TiC and ZrC particles impede
dislocation climb and grain boundary sliding, the creep rate of TZM in the temperature
range of 1000-1400 °C is significantly lower than that of pure molybdenum, making it more
suitable for high-temperature equipment that operates continuously over extended
periods.

In addition, thermomechanical processing has a significant impact on the properties of TZM.
Processes such as forging and rolling further refine the grains and promote a more uniform
distribution of strengthening particles within the matrix. This combined effect of grain
refinement strengthening and dispersion strengthening endows TZM with excellent overall
mechanical properties. Although TZM incorporates small amounts of alloying elements, it
does not substantially sacrifice the original outstanding physical properties of molybdenum.
It still retains a high melting point, relatively high thermal conductivity, low coefficient of
thermal expansion, and low vapor pressure, thus meeting the thermal performance
requirements of the semiconductor, aerospace, and vacuum equipment industries while
simultaneously enhancing high-temperature mechanical properties.

From an application perspective, it is precisely due to the combined action of these
strengthening mechanisms that TZM can be used long-term in high-temperature
equipment such as single-crystal silicon growth furnaces, SiC crystal growth equipment,
high-temperature vacuum furnaces, aerospace hot-section components, and X-ray CT
rotating anodes, whereas pure molybdenum often struggles to meet the requirements for
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long-term stable operation under such working conditions.

CTIA Group believes that TZM is stronger than pure molybdenum not because more
alloying elements are added, but because the small amounts of Ti, Zr, and C form fine,
stable, and uniformly distributed TiC and ZrC dispersion-strengthening phases. These
strengthening particles effectively hinder dislocation motion, suppress grain growth, and
reduce the high-temperature creep rate, thereby enabling TZM to achieve substantially
improved high-temperature mechanical properties and long-term service reliability while
preserving the excellent physical properties of molybdenum.

=

Q4: What Are Main Performance Advantages of Titanium-Zirconium-Molybdenum Alloy
(TZM)?

Titanium-zirconium-molybdenum alloy (TZM) is one of the most mature high-temperature
molybdenum-based alloys widely used globally. Its most notable feature is that it
significantly improves high-temperature mechanical properties and long-term
microstructural stability while retaining the excellent physical properties of pure
molybdenum. As a result, TZM is extensively applied in semiconductors, aerospace, vacuum
heat treatment, medical devices, nuclear industry, and advanced scientific research
equipment.

The most prominent advantage of TZM is its outstanding high-temperature strength. In the
range of 1000 °C to 1400 °C, TZM maintains a relatively high load-bearing capacity, whereas
pure molybdenum shows a more pronounced decline in strength at the same temperatures.
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Therefore, for equipment subjected to prolonged high-temperature loads, TZM offers a
greater safety margin and a longer service life.

Excellent creep resistance is another important characteristic of TZM. During long-term
high-temperature operation, materials inevitably undergo slow plastic deformation.
However, thanks to the presence of TiC and ZrC dispersion-strengthening phases, TZM can
effectively reduce the creep rate and maintain dimensional stability, making it highly
suitable for continuously operating high-temperature equipment.

TZM also has a relatively high recrystallization temperature. Because the strengthening
particles inhibit grain-boundary migration, the material is less prone to grain coarsening in
prolonged high-temperature environments, thus retaining a fine-grained structure and
higher strength over extended periods. This is also a key reason why TZM can be used for a
long time in semiconductor hot zones and vacuum furnaces.

Excellent thermal conductivity is yet another important advantage of TZM. Although its
thermal conductivity is slightly lower than that of pure molybdenum, it is still considerably
higher than that of most heat-resistant alloys. This enables rapid heat transfer, reduces
localized overheating, and improves temperature uniformity in equipment. This feature is
particularly critical for crystal growth equipment for monocrystalline silicon, SiC, and GaN.
Because molybdenum itself has a low coefficient of thermal expansion, TZM likewise
maintains excellent dimensional stability. During frequent heating and cooling cycles,
thermal deformation is small, which helps ensure the long-term stable operation of
high-precision equipment.

TZM also exhibits a very low vapor pressure. Even under high-temperature vacuum
conditions, it is not prone to volatilization that would contaminate the working
environment. Hence, it is widely used in fields with extremely high cleanliness requirements,
such as semiconductor manufacturing, vacuum heat treatment, and high-vacuum research
equipment.

In terms of workability, TZM outperforms many other high-temperature refractory
materials. Although its hardness is higher than that of pure molybdenum, it can still be
processed through well-established techniques such as forging, rolling, turning, milling,
grinding, electrical discharge machining, and electron-beam welding, making it convenient
for manufacturing various complex structural components.

In addition, TZM possesses good thermal-shock resistance. Owing to its high thermal
conductivity and low thermal expansion coefficient, it can effectively reduce thermal stress
during rapid heating-cooling cycles, thus providing better thermal-shock resistance than
many ceramic materials.

REGISTRATION NO.: 91350200MA32G5TU5G PAGE 9 OF 65 EMERGENCY CALL: +0086 592 512 9595
MORE INFORMATION:WWW.CTIA.COM.CN DOC.NO. CTIA-MBD-A-05 2016-2025VER.


http://www.chinatungsten.com/
mailto:sales@chinatungsten.com
http://www.ctia.com.cn/

\‘ CTIA GROUP LTD
S SRS (1) RHEA IR A

ADD.: 3F, NO.25-1 WH RD, XTAMEN SOFTWARE PARK II, FUJIAN 361008, CHINA
TEL.: +86 592 5129696; +86 592 5129595
WEB: www.chinatungsten.com EMAIL:sales@chinatungsten.com

Main performance advantages of titanium-zirconium-molybdenum alloy (TZM)

Performance characteristic Advantageous performance
High-temperature strength Maintains high load-bearing capacity under long-term high-temperature conditions
Creep resistance Small deformation during prolonged high-temperature service

High recrystallization temperature  Stable grain structure, not prone to coarsening
High thermal conductivity Facilitates rapid heat dissipation and temperature uniformity

Low  coefficient of thermal
Excellent dimensional stability

expansion

Low vapor pressure Clean, non-volatile under vacuum environments

Good thermal-shock resistance Strong resistance to thermal cycling

Mature workability Enables fabrication of various complex, high-precision parts

CTIA GROUP believes that it is precisely these performance advantages that have made
TZM the most widely used industrial-standard material in the field of high-temperature
molybdenum alloys, with the richest engineering experience. The greatest strength of TZM
is not that any single property is exceptionally outstanding, but that it achieves an excellent
overall balance among high-temperature strength, creep resistance, thermal conductivity,
dimensional stability, vacuum adaptability, and workability. This comprehensive advantage
enables TZM to consistently meet the stringent demands for high-temperature materials in
industries such as semiconductors, aerospace, vacuum heat treatment, and advanced
scientific research equipment, and to maintain its leading position in the field of
high-temperature molybdenum alloys.

Qs: What's the Maximum Service Temperature of Titanium-Zirconium-Molybdenum Alloy
(TZm)?

Titanium-Zirconium-Molybdenum Alloy (TZM) is a molybdenum-based alloy specifically
developed for high-temperature applications. Its maximum service temperature is not a
fixed value, but rather depends on the working atmosphere, stress state, duration of
continuous operation, and service life requirements.

Generally speaking, under vacuum or inert atmosphere conditions, the recommended
long-term service temperature for TZM is 1200-1400 °C, with short-term operation possible
up to approximately 1600 °C. Under certain special working conditions, instantaneous
exposure temperatures can even approach 1800 °C, though this is typically limited to brief
exposure and is not suitable for long-term continuous operation.

The reason TZM can operate reliably at such high temperatures for extended periods is
primarily attributed to its excellent high-temperature microstructural stability. The TiC and
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ZrC dispersion-strengthening particles within the material effectively inhibit grain growth,
raise the recrystallization temperature, and reduce the high-temperature creep rate. As a
result, even during prolonged service above 1000 °C, TZM maintains relatively high strength
and dimensional stability. The maximum service temperature of TZM must be evaluated in
conjunction with the working environment. TZM performs best in high-vacuum
environments. Owing to molybdenum's extremely low vapor pressure, even above 1400 °C,
there is no significant volatilization, making it widely used in semiconductor crystal growth
equipment, vacuum heat-treatment furnaces, and high-vacuum research apparatus. Under
inert protective atmospheres such as argon or helium, TZM likewise exhibits excellent
performance and can be used long-term in high-temperature sintering, powder metallurgy,
and high-temperature experimental equipment. However, the situation is entirely different
in air. Molybdenum and TZM begin to oxidize at approximately 400-500 °C; as the
temperature rises, the oxidation rate increases rapidly, and above 600 °C, volatile
molybdenum trioxide (MoOj;) forms, leading to rapid material loss. Therefore, TZM is not
suitable for prolonged high-temperature use in air unless effective protective coatings or a
protective atmosphere are employed.

In addition to the working atmosphere, mechanical loading is also a critical factor in
determining the maximum service temperature. If the material is subjected to significant
loads for extended periods, the operating temperature should be reduced accordingly to
minimize creep deformation. Conversely, if used solely as a thermal insulator, support, or
non-load-bearing structure, the temperature may be increased appropriately. Different
application fields also impose varying temperature requirements. For instance,
semiconductor hot-zone components typically operate long-term at 1200-1450 °C; certain
hot-zone regions in SiC crystal growth equipment can reach around 1600 °C; vacuum
sintering furnace supports generally operate long-term at 1100-1400 °C; and aerospace
hot-section components adopt short-term high-temperature operating modes depending
on specific conditions.

Typical Service Temperature Reference Table for TZM

Working Environment Recommended Service Temperature

Air atmosphere Not recommended for long-term use above 500 °C
Inert atmosphere Long-term service at 1200-1400 °C

High vacuum Long-term service at 1200-1400 °C

Short-term high temperature Up to approximately 1600 °C

Instantaneous extreme . .
o Can approach 1800 °C (short duration)
conditions

Although TZM has a melting point of approximately 2623 °C, the melting point is not
equivalent to the long-term service temperature. Engineering design typically defines the

REGISTRATION NO.: 91350200MA32G5TU5G PAGE 11 OF 65 EMERGENCY CALL: +0086 592 512 9595
MORE INFORMATION:WWW.CTIA.COM.CN DOC.NO. CTIA-MBD-A-05 2016-2025VER.


http://www.chinatungsten.com/
mailto:sales@chinatungsten.com
http://www.ctia.com.cn/

1‘5 CTIA GROUP LTD
bore PRGNS (R BT PR A

ADD.: 3F, NO.25-1 WH RD, XIAMEN SOFTWARE PARK II, FUJIAN 361008, CHINA
TEL.: +86 592 5129696; +86 592 5129595
WEB: www.chinatungsten.com EMAIL:sales@chinatungsten.com

maximum service temperature as the temperature at which the material can maintain
long-term strength, creep resistance, and microstructural stability, rather than using the
melting temperature as the basis for application. CTIA GROUP believes that TZM is most
suitable for long-term service in vacuum or inert atmospheres at 1200-1400 °C. Within this
temperature range, the material fully leverages its advantages in high-temperature
strength, creep resistance, and dimensional stability, making it one of the most mature and
widely applied high-temperature molybdenum alloys in semiconductor hot zones, vacuum
heat-treatment equipment, and advanced research apparatus.

co®

[

Q6: Which Industries Are Titanium-Zirconium-Molybdenum Alloy (TZM) Suitable For?

Titanium-Zirconium-Molybdenum Alloy (TZM) combines high-temperature strength, high
thermal conductivity, low coefficient of thermal expansion, low vapor pressure, and
excellent vacuum compatibility, making it an important engineering material in the global
high-temperature equipment manufacturing sector. After decades of industrial application,
TZM has been widely used in numerous industries, including semiconductors, vacuum heat
treatment, aerospace, nuclear industry, glass manufacturing, medical equipment, and
scientific research apparatus.

At present, the semiconductor industry is the largest application field for TZM. In crystal
growth equipment for monocrystalline silicon, silicon carbide (SiC), and gallium nitride
(GaN), TZM is extensively used for hot-zone support components, heating system
connectors, flow-guiding parts, and various high-temperature structural parts. Owing to its
ability to maintain dimensional stability over long periods and its excellent thermal
conductivity, TZM plays a significant role in improving crystal growth quality and extending
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equipment service life.

The vacuum heat treatment industry also represents a major market for TZM. Inside various
vacuum sintering furnaces, vacuum annealing furnaces, brazing furnaces, and powder
metallurgy sintering equipment, TZM is widely adopted for manufacturing heating element
supports, load-bearing platforms, connectors, and thermal insulation structural
components to meet the requirements of long-term high-temperature vacuum operation.

In the aerospace field, TZM is primarily used for rocket engine hot-section components,
high-temperature nozzles, combustion chamber structures, thermal protection systems for
hypersonic vehicles, and various high-temperature experimental devices. Its outstanding
high-temperature mechanical properties and low thermal expansion characteristics enable
it to withstand severe thermal environments.

The nuclear industry and fusion research also rely on TZM. In fusion experimental devices,
high-heat-flux test platforms, vacuum systems, plasma equipment, and neutron irradiation
experiments, TZM is often employed as high-temperature supports, vacuum structural
components, and thermal management parts, providing stable and reliable material
assurance for high-temperature research equipment.

In the glass industry, TZM is mainly applied in high-temperature glass melting furnaces,
glass forming equipment, and glass fiber production facilities. Due to its high-temperature
strength and strong resistance to thermal deformation, it effectively improves equipment
service life and production stability.

The metal processing industry also makes extensive use of TZM. For example, die-casting
cores, hot stamping dies, isothermal forging dies, and various high-temperature tooling all
benefit from TZM's excellent high-temperature resistance, enhancing die life and improving
processing quality.

In the medical equipment sector, TZM is primarily used for X-ray CT rotating anodes,
high-energy electron beam devices, and certain radiotherapy diagnostic equipment. Its high
thermal conductivity and good high-temperature stability facilitate rapid heat dissipation,
improving operational reliability.

Furthermore, in the field of scientific research apparatus, TZM is widely applied in electron
beam equipment, ion implantation systems, high-temperature experimental furnaces,
high-vacuum experimental devices, synchrotron radiation facilities, and various materials
science research platforms, serving as an essential base material for numerous advanced
experimental setups.
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With the development of artificial intelligence, high-performance computing, new energy
vehicles, and the third-generation semiconductor industry, the application scope of TZM
continues to expand. Especially in advanced semiconductor manufacturing, high-end
vacuum equipment, and future fusion energy, market demand is expected to grow steadily.

Main Application Industries for TZM

Industry Typical Applications

Semiconductors Hot-zone components for monocrystalline silicon, SiC, GaN; crystal growth equipment
Vacuum Heat Treatment Vacuum furnaces, sintering furnaces, annealing furnaces, brazing furnaces

Aerospace Rocket engines, nozzles, hypersonic vehicles

Nuclear Industry & Fusion Fusion experimental devices, plasma equipment, high-heat-flux components

Glass Industry Glass melting furnaces, high-temperature forming equipment

Metal Processing Die-casting cores, hot stamping dies, isothermal forging dies

Medical Equipment CT rotating anodes, electron beam devices

Scientific Research Apparatus High-temperature experimental furnaces, electron beam systems, ion implantation equipment

CTIA believes that TZM is a quintessential high-end equipment base material, with its
applications covering nearly all industrial sectors that require long-term high-temperature,
vacuum, or high-heat-flux-density environments. Among these, the semiconductor industry
has already become the largest market for TZM. Looking ahead, with the advancement of
third-generation semiconductors, Al chips, fusion energy, and aerospace technologies, TZM
will play an even more critical role in a broader range of high-end equipment.
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Q7: Why Are Titanium-Zirconium-Molybdenum Alloys (TZM) Widely Used in
Semiconductor Equipment?

Semiconductor manufacturing is one of the most demanding industrial sectors in terms of
material performance. From single-crystal silicon growth to the preparation of silicon
carbide (SiC) and gallium nitride (GaN) crystals, as well as epitaxy, annealing after growth,
ion implantation, and high-temperature vacuum heat treatment, the entire manufacturing
process requires equipment to operate for extended periods in high-temperature,
high-vacuum, and high-cleanliness environments. Titanium-Zirconium-Molybdenum Alloy
(TZM), by virtue of its excellent comprehensive properties, has become one of the most
widely used high-temperature structural materials in semiconductor equipment.

First, TZM exhibits exceptional high-temperature strength. Semiconductor hot-zone
equipment typically needs to operate long-term in the range of 12001600 °C or even higher.
Ordinary metallic materials are prone to softening and deformation, whereas TZM, owing
to the dispersion-strengthening effects of TiC and ZrC particles, maintains relatively high
mechanical strength at elevated temperatures, ensuring the long-term stable operation of
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the hot-zone structure.

Second, TZM offers outstanding dimensional stability. During crystal growth, the uniformity
of the temperature field is critically important. If hot-zone components deform, it directly
affects crystal quality, dislocation density, and yield. TZM has a low coefficient of thermal
expansion and a low high-temperature creep rate, enabling it to maintain dimensional
precision over long periods, which helps stabilize the crystal growth environment.

Excellent thermal conductivity is another key advantage of TZM. Compared with most
heat-resistant alloys, TZM has higher thermal conductivity, which allows rapid heat transfer,
reduces localized overheating, and makes the temperature distribution within the hot zone
more uniform. This is particularly important for the growth of single-crystal silicon, SiC, and
GaN crystals, because a uniform and stable temperature profile directly determines crystal
quality.

Semiconductor equipment typically operates in high-vacuum environments, so materials
must have extremely low vapor pressure and good vacuum compatibility. TZM exhibits
minimal evaporation at high temperatures, does not readily release volatile substances, and
does not contaminate the crystals or the vacuum system, thus meeting the stringent
cleanliness requirements of semiconductor manufacturing.

In addition, TZM possesses good thermal fatigue resistance. Semiconductor equipment
frequently undergoes heating, soaking, and cooling cycles, and the material must
withstand repeated thermal cycling without cracking or permanent deformation. TZM's
relatively high thermal conductivity and low coefficient of thermal expansion effectively
reduce thermal stress and extend equipment service life.

From a manufacturing perspective, TZM has already established a mature industrial supply
chain. Whether in the form of rods, plates, tubes, or various complex shaped components,
it can be stably produced through well-established powder metallurgy and precision
machining processes, ensuring that equipment manufacturers receive dimensionally
accurate and consistently performing products.

With the rapid development of artificial intelligence chips, high-performance computing,
new energy vehicles, and third-generation semiconductors, global wafer fabs are
continuously expanding, and the demand for advanced crystal growth equipment and
heat-treatment equipment is steadily increasing, further driving the widespread application
of TZM in the semiconductor industry.

CTIA believes that the extensive adoption of TZM in semiconductor equipment is not
because it excels in any single property, but because it achieves an optimal balance among
high-temperature strength, thermal conductivity, dimensional stability, vacuum cleanliness,
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thermal fatigue resistance, and manufacturing maturity. This combination of
comprehensive advantages makes TZM the most mature and reliable high-temperature
engineering material for current semiconductor hot-zone systems.

Q8: What Are Applications of Titanium-Zirconium-Molybdenum Alloy (TZM) in
Single-Crystal Silicon Growth Furnaces?

Single-crystal silicon is an essential foundational material for integrated circuits, power
devices, sensors, and the photovoltaic industry, and the single-crystal silicon growth
furnace is the core equipment in the entire wafer manufacturing supply chain. During the
growth of single-crystal silicon by the Czochralski (CZ) and float-zone (FZ) methods, the
hot-zone system must operate for extended periods in high-temperature vacuum
environments while maintaining extremely high temperature stability and structural
precision. Owing to its excellent high-temperature properties,
titanium-zirconium-molybdenum alloy (TZM) has become one of the most important
high-temperature structural materials used in single-crystal silicon growth furnaces.

The most primary application of TZM is in the fabrication of hot-zone support structures.
The hot-zone system consists of heaters, thermal shields, flow-guiding components,
support frames, and connecting structures. These components are subjected to
temperatures of 1200-1500 °C over long periods and must maintain stable geometric
dimensions. TZM effectively resists high-temperature creep and thermal deformation,
ensuring that the hot-zone structure maintains its design precision over extended service.

In heater support systems, TZM is widely used for support rods, connectors, mounting
brackets, and fastening components. These parts must not only withstand high
temperatures but also bear the weight of the hot zone and thermal stresses. Due to TZM's
high-temperature strength and excellent dimensional stability, it significantly enhances the
overall reliability of the entire hot-zone system.

TZM is also employed in various flow-guiding components and hot-zone adjustment
structures. Through rational design of deflectors and support components, the heat flow
distribution within the furnace can be optimized, improving temperature uniformity,
thereby enhancing crystal growth conditions, reducing dislocations and defects, and
improving wafer quality.

For large-diameter wafer production, the importance of TZM becomes even more
pronounced. As 300 mm wafers become mainstream and the trend toward even larger
crystal sizes continues, hot-zone systems are growing in scale, imposing higher demands on
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material resistance to deformation. TZM's excellent creep resistance and low coefficient of
thermal expansion enable it to meet the requirements for long-term stable operation of
large-scale hot zones.

Material cleanliness is also critically important during single-crystal silicon growth. TZM has
an extremely low vapor pressure, does not volatilize significantly under high-temperature
vacuum conditions, and does not release substantial impurities, effectively preventing
crystal contamination and ensuring the purity of the silicon single crystal.

Furthermore, TZM's excellent thermal conductivity facilitates rapid heat transfer, making
the temperature distribution in the hot zone more uniform. This is of great significance for
controlling crystal growth rate, stabilizing the solid-liquid interface, and improving crystal
integrity.

Currently, typical applications of TZM in single-crystal silicon growth furnaces include
hot-zone support frames, heater support components, deflectors and heat-flow
adjustment parts, fixing clamps and connectors, high-temperature bolts and fastening
structures, thermal insulation system supports, hot-zone mounting bases, and other
long-term high-temperature structural components. Although these parts do not come into
direct contact with molten silicon, they determine the stability of the entire hot-zone
system and therefore impose extremely high requirements on material properties. With the
continued growth in wafer demand driven by Al chips, high-performance computing, and
advanced manufacturing, global single-crystal silicon equipment capacity is continuously
expanding, and the demand for high-quality TZM hot-zone components is steadily
increasing. In the future, larger-diameter wafers, more efficient hot-zone designs, and
longer equipment service lives will continue to drive the upgrading of TZM applications in
single-crystal silicon growth furnaces.

CTIA believes that TZM has become an indispensable key material in modern single-crystal
silicon growth furnace hot-zone systems. By virtue of its excellent high-temperature
strength, dimensional stability, thermal conductivity, and vacuum cleanliness, TZM
effectively improves hot-zone stability, enhances the crystal growth environment, and
extends equipment service life, making it an important material foundation for high-quality
single-crystal silicon manufacturing.
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Q9: Why Is Titanium-Zirconium-Molybdenum Alloy (TZM) Suitable for SiC and GaN Crystal
Growth?

Silicon carbide (SiC) and gallium nitride (GaN) are third-generation semiconductor materials
and serve as critical foundational materials for new energy vehicles, photovoltaic inverters,
rail transit, 5G communications, Al servers, and high-power electronic devices. Compared
with traditional silicon crystals, SiC and GaN crystals require higher growth temperatures,
more complex processes, and impose stricter requirements on equipment materials.
Titanium-Zirconium-Molybdenum Alloy (TZM) is currently one of the most widely used
high-temperature structural materials in third-generation semiconductor crystal growth
equipment.

First, SiC crystal growth is an ultra-high-temperature process. In the physical vapor
transport (PVT) method for growing SiC, furnace temperatures typically reach
2000-2400 °C, while peripheral hot-zone structural components are exposed to
environments of 12001700 °C or even higher over extended periods. Although TZM does
not come into direct contact with the SiC sublimation source, it serves as hot-zone supports,
connectors, and high-temperature structural parts that must maintain sufficient mechanical
strength and dimensional stability under prolonged high-temperature conditions.
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One of TZM's greatest advantages is its excellent high-temperature strength and creep
resistance. The TiC and ZrC dispersion-strengthening phases within the material effectively
inhibit grain growth and high-temperature deformation, allowing the hot-zone system to
maintain stable geometric dimensions over long periods, thereby preserving the stability of
the temperature field within the furnace. For SiC crystals, even minor fluctuations in the
temperature field can affect crystal growth rates, defect densities, and ultimate yield rates.

Second, TZM exhibits relatively high thermal conductivity. SiC and GaN crystal growth
require precise control of heat flux distribution. Materials with high thermal conductivity
transfer heat more uniformly, reducing localized hot spots, improving internal temperature
gradients within the crystal, and enhancing crystal quality.

A low coefficient of thermal expansion is another important advantage of TZM. During
crystal growth, equipment undergoes multiple heating and cooling cycles. If hot-zone
components undergo significant deformation due to thermal expansion, this can lead to
temperature-field variations or even reduced assembly precision. TZM's low thermal
expansion helps maintain the long-term stability of the entire hot-zone system.

Furthermore, TZM has an extremely low vapor pressure and excellent vacuum cleanliness.
SiC and GaN crystal growth are typically conducted under high vacuum or inert
atmospheres, and materials must not release volatile impurities that could contaminate the
crystals. TZM exhibits minimal evaporation in high-temperature vacuum environments and
is unlikely to contaminate crystals, making it highly suitable as a high-purity hot-zone
material.

In the GaN industry, although epitaxial growth temperatures are lower than those for Sic,
the preparation of GaN substrates, high-temperature annealing, and some crystal growth
equipment similarly require long-term stable high-temperature structural materials. TZM,
with its mature manufacturing processes and reliable high-temperature performance, is
also widely applied in related equipment.

Currently, typical applications of TZM in SiC and GaN equipment include hot-zone supports,
flow guides, connectors, fixing fixtures, high-temperature frames, heating system support
structures, and various shaped high-temperature components. Although these parts are
not directly involved in crystal formation, they play a decisive role in maintaining a stable
temperature field and extending equipment service life.

With the rapid development of new energy vehicles, power electronics, Al data centers,
and high-speed communications, the third-generation semiconductor industry continues to
experience high-speed growth. The ongoing expansion of SiC and GaN crystal growth
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equipment will further drive increasing demand for high-quality TZM materials.

CTIA GROUP believes that TZM is suitable for SiC and GaN crystal growth not merely
because of its high-temperature resistance, but because it simultaneously offers excellent
high-temperature strength, dimensional stability, high thermal conductivity, low vapor
pressure, and vacuum cleanliness. This combination of properties ensures long-term stable
operation of the hot-zone system, improves crystal quality, and enhances equipment
reliability, making TZM an essential foundational material for third-generation
semiconductor hot-zone systems.

P4
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Qio: What's the High-Temperature Strength of Titanium-Zirconium-Molybdenum Alloy
(TZM)?

High-temperature strength is one of the most critical performance indicators for
Titanium-Zirconium-Molybdenum Alloy (TZM) and is a key reason for its widespread
application in semiconductors, aerospace, vacuum heat treatment, and advanced research
equipment.

The high-temperature strength of TZM is not a fixed value but varies with temperature,
material condition, processing technique, specimen dimensions, and testing standards.
Therefore, engineering applications typically refer to representative ranges rather than a
single value. At room temperature, the tensile strength of TZM generally reaches 700-900
MPa. After optimized hot working and heat treatment, some products can even exceed
900 MPa, significantly higher than that of pure molybdenum. As temperature increases, the
strength of all metallic materials gradually decreases; however, owing to the strengthening
effects of TiC and ZrC dispersion phases, TZM's strength declines at a much slower rate
than that of pure molybdenum.

Typical tensile strength of TZM at elevated temperatures
Temperature Typical Tensile Strength
Room temperature 700-900 MPa

800 °C 550-700 MPa
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Temperature Typical Tensile Strength
1000 °C 450-600 MPa
1200 °C 300-450 MPa
1400 °C 180-300 MPa

The above data are typical engineering reference values; variations may exist depending on
manufacturing processes, material purity, and product specifications. In comparison, pure
molybdenum exhibits a more pronounced decline in strength above 1000 °C, whereas TZM
maintains relatively high load-bearing capacity, making it more suitable for prolonged
high-temperature service.

TZM's excellent high-temperature strength primarily derives from the TiC and ZrC
dispersion-strengthening phases. These fine carbides effectively impede dislocation motion,
inhibit grain-boundary migration, and raise the recrystallization temperature, enabling the
material to maintain a stable microstructure and relatively high strength even during
long-term operation above 1200 °C. In addition to tensile strength, high-temperature yield
strength and creep resistance are equally important. During prolonged high-temperature
service, materials often do not fracture immediately but undergo slow plastic deformation.
TZM's low creep rate allows it to maintain structural stability under high-temperature loads
over extended periods, making it widely used for hot-zone supports, molds, and aerospace
hot-section structures.

High-temperature strength is also influenced by the processing state. After sufficient
forging, rolling, and appropriate heat treatment, TZM exhibits finer grains and more
uniform distribution of strengthening particles, resulting in higher high-temperature
strength than that of conventional sintered materials. In engineering design, allowable
working stresses are typically determined not solely based on ultimate material strength
but by considering long-term creep performance, safety factors, and service life. Therefore,
high-temperature strength not only reflects material performance but also determines the
long-term reliability of equipment.

CTIA GROUP believes that TZM's greatest advantage is not its exceptionally high
room-temperature strength, but its ability to maintain relatively high load-bearing capacity
and excellent creep resistance during long-term operation at 1000-1400 °C. It is precisely
this long-term stable high-temperature mechanical performance that makes TZM one of
the most mature and reliable molybdenum-based high-temperature alloys used in
semiconductor hot zones, high-temperature vacuum equipment, aerospace hot-section
components, and other high-temperature installations.

Qi1: What's the Thermal Conductivity of Titanium-Zirconium-Molybdenum Alloy (TZM)?

REGISTRATION NO.: 91350200MA32G5TU5G PAGE 23 OF EMERGENCY CALL: +0086 592 512 9595
MORE INFORMATION:WWW.CTIA.COM.CN 65 DOC.NO. CTTA-MBD-A-05 2016-2025VER.


http://www.chinatungsten.com/
mailto:sales@chinatungsten.com
http://www.ctia.com.cn/

\‘ CTIA GROUP LTD
S SRS (1) RHEA IR A

ADD.: 3F, NO.25-1 WH RD, XTAMEN SOFTWARE PARK II, FUJIAN 361008, CHINA
TEL.: +86 592 5129696; +86 592 5129595
WEB: www.chinatungsten.com EMAIL:sales@chinatungsten.com

Thermal conductivity is an important indicator of a material's ability to transfer heat and is
also a key parameter for evaluating high-temperature structural materials. For applications
such as semiconductor crystal growth equipment, vacuum heat-treatment furnaces,
aerospace hot-section components, and X-ray rotating anodes, excellent thermal
conductivity not only improves thermal efficiency but also enhances temperature
uniformity and reduces thermal stress. Therefore, thermal conductivity is a critical basis for
material selection.

Titanium-Zirconium-Molybdenum Alloy (TZM) inherits the excellent thermal conductivity of
molybdenum. Although the addition of small amounts of titanium, zirconium, and carbon
forms strengthening phases, resulting in slightly lower thermal conductivity than pure
molybdenum, it remains far superior to most heat-resistant alloys and high-temperature
structural materials. At room temperature, the thermal conductivity of TZM is typically
115-140 W/(m-K), with most industrial products falling within the range of 120-135 W/(m-K).
The exact value is influenced by material purity, manufacturing process, grain size, and
testing method. As temperature increases, the thermal conductivity of TZM gradually
decreases, but the overall change is relatively moderate. At approximately 1000 °C, the
thermal conductivity generally remains within the range of 9o-110 W/(m-K), which meets
the rapid heat-transfer requirements of high-temperature thermal field equipment.

Typical Thermal Conductivity Reference Table for TZM

Temperature Typical Thermal Conductivity
Seonigerature 15-140 Wi(m K)

400 °C 110-130 W/(m-K)

800°C 100-120 W/(m-K)

1000 °C 90-110 W/(m-K)

1200 °C 80-100 W/(m-K)

Compared with other common high-temperature materials, TZM exhibits significant
advantages in thermal conductivity. For example, nickel-based superalloys typically have
thermal conductivities of only 10-25 W/(m-K), stainless steel approximately 15-25 W/(m-K),
and titanium alloys approximately 7-20 W/(m-K). TZM achieves values several times higher
than these materials. Therefore, TZM holds an irreplaceable advantage in equipment
requiring rapid heat transfer and precise temperature control.

The direct benefits of high thermal conductivity are mainly reflected in several aspects. First,
it enables rapid heat conduction, resulting in more uniform temperature distribution across
the equipment and reducing localized hot spots. Second, it helps lower thermal stress,
enhances the stability of the thermal field system, and reduces thermal fatigue damage.
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Third, it facilitates shorter heating and cooling cycles, improving equipment operational
efficiency. For single-crystal silicon, silicon carbide (SiC), and gallium nitride (GaN) crystal
growth equipment, a uniform and stable thermal field is critically important for crystal
quality, making TZM an essential material for thermal field systems. Although the addition
of Ti, Zr, and C slightly reduces thermal conductivity, this minor trade-off yields significant
improvements in high-temperature strength, creep resistance, and dimensional stability,
resulting in overall performance far superior to that of pure molybdenum.

CTIA believes that TZM, combining high thermal conductivity with excellent
high-temperature mechanical properties, is one of the few engineering materials that
simultaneously satisfy both rapid heat transfer and long-term high-temperature stable
operation. It is precisely this balanced performance that makes TZM an important
foundational material for semiconductor thermal fields, vacuum furnaces,
high-temperature molds, and aerospace hot-section components.

'-
RaRL i)

Q12: Is Titanium-Zirconium-Molybdenum Alloy (TZM) Easy to Machine? How Is It
Machined?
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Titanium-Zirconium-Molybdenum Alloy (TZM) is a high-strength refractory metal material.
Its machinability is more difficult than that of ordinary steel, aluminum alloys, and pure
molybdenum, but far less difficult than many might imagine for such materials. With
appropriate tool selection, cutting parameters, and cooling methods, TZM can be machined
to high precision, and mature industrial processing techniques are well established. TZM is
a material that can be machined, but requires specialized processes.

The machining difficulty of TZM arises mainly from three aspects. First, its hardness and
high-temperature strength are significantly higher than those of pure molybdenum,
resulting in greater cutting resistance and faster tool wear. Second, TZM has high thermal
conductivity, which, while beneficial for workpiece heat dissipation, tends to transfer heat
to the cutting tool during machining, increasing thermal loading on the tool. Third, TZM has
lower room-temperature ductility than common metals, so excessive mechanical impact
must be avoided during processing to prevent localized edge chipping or cracking. In
production practice, TZM is typically machined using conventional methods, including
turning, milling, drilling, boring, grinding, tapping, and CNC machining. For complex
geometries, specialized processes such as electrical discharge machining (EDM), laser
machining, and electron-beam machining may also be employed. During machining, rigid
CNC equipment should be prioritized to maintain stable cutting and minimize vibration.
Cutting tools are generally selected from fine-grained cemented carbide, coated carbide, or
polycrystalline diamond (PCD) tools to enhance wear resistance and tool life.

Cutting speeds should generally not be too high; medium-to-low speeds with stable feed
rates are recommended to reduce tool wear and workpiece surface damage. Interrupted
cutting and severe impact should be avoided during processing, as continuous, stable
cutting is more conducive to achieving better surface quality. Cooling methods are equally
important. For most roughing operations, ample emulsion or specialized cutting fluids can
be used for cooling and lubrication to reduce cutting temperatures. For certain high-purity
TZM components or specialized vacuum parts, dry machining or minimum quantity
lubrication (MQL) may be employed to avoid contamination, followed by subsequent
cleaning processes.

For high-precision components, a process route combining roughing, semi-finishing, and
finishing is typically adopted. Roughing rapidly removes bulk material, semi-finishing
relieves internal stresses, and finishing achieves final dimensional and surface quality
requirements. For large components or those with substantial stock removal, intermediate
stress-relief heat treatment may be arranged to minimize distortion. After machining, TZM
parts commonly undergo deburring, ultrasonic cleaning, vacuum degreasing, and surface
inspection to ensure they meet the cleanliness and dimensional accuracy requirements of
high-end applications such as semiconductor manufacturing, vacuum equipment, and
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aerospace.
Machining Characteristics of TZM
Machining Characteristic Description
Turnable Yes, rigid equipment yields best results
Millable Yes, cemented carbide tools recommended
Drillable Yes, cutting heat must be controlled
Grindable Yes, suitable for high-precision machining
Tappable Yes, torque control required for small sizes
EDM-machinable Yes, suitable for complex geometries
Laser-machinable Yes, suitable for precision contours

It should be emphasized that machining experience with TZM is already highly mature. A
large number of semiconductor thermal-field components, aerospace parts, and
vacuum-furnace structural parts worldwide are processed using conventional CNC
equipment, albeit with more stringent requirements for tooling, parameters, and process
control. CTIA GROUP LTD. believes that TZM is not unmachinable, but rather a
high-performance material that requires specialized process support. By selecting
appropriate tool materials, optimizing cutting parameters, controlling machining stresses,
and applying suitable cooling methods, high-precision, high-quality TZM components can
be reliably produced. Currently, TZM machining technology is already highly mature and
fully capable of meeting the manufacturing requirements for complex precision
components in the semiconductor, aerospace, and high-end vacuum equipment industries.

Q13: Can Titanium-Zirconium-Molybdenum Alloy (TZM) Be Welded? What Welding
Methods Are Available?

Titanium-Zirconium-Molybdenum Alloy (TZM) can be welded, but it is considerably more
difficult to weld than ordinary steel, stainless steel, or titanium alloys, and requires stricter
process control. As a refractory metal material, TZM has a relatively high recrystallization
temperature and low room-temperature ductility. Improper welding process control can
easily lead to hot cracking, welding stress concentration, and grain coarsening. Therefore,
TZM welding is typically used in high-end equipment manufacturing, with preference given
to welding processes that feature low heat input, excellent protection, and high weld
quality.

The most distinctive requirement for TZM welding is that contamination by impurities such
as oxygen, nitrogen, and hydrogen must be avoided as much as possible. Molybdenum is
extremely sensitive to oxygen at high temperatures; oxidation during welding not only
reduces weld ductility but may also cause weld embrittlement. Consequently, regardless of
the welding method employed, the process should be carried out under high vacuum or a
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high-purity inert atmosphere. Currently, TZM is primarily welded using the following
processes.

Electron Beam Welding (EBW) is the most widely used method and offers the highest weld
quality. EBW is typically performed in a high-vacuum environment, providing deep
penetration and a minimal heat-affected zone, with pure welds and low distortion. It is
highly suitable for semiconductor hot-zone components, aerospace parts, and
high-precision vacuum equipment. Laser Beam Welding (LBW) is also applicable to TZM.
LBW features low heat input, high welding speed, and relatively low distortion, making it
suitable for thin-walled parts and precision structural components. However, due to TZM's
high thermal conductivity, laser power and welding speed must be carefully controlled
during the process to ensure a stable melt pool.

Gas Tungsten Arc Welding (GTAW/TIG) can theoretically be used for TZM but is less
commonly applied. This is because arc welding has higher heat input, which can easily cause
grain coarsening and weld cracking. It is generally only used for less demanding
applications or larger structural components, and requires high-purity argon shielding as
well as strict preheating and slow-cooling measures. Plasma welding and micro-plasma
welding are also applied to certain special components, with characteristics that fall
between TIG welding and laser welding, offering good weld bead formation quality. For
some large structural parts or complex assemblies, solid-state joining techniques such as
diffusion bonding and vacuum brazing may also be employed. Although these processes
are not fusion welding, they avoid melt-pool formation and significantly reduce residual
welding stresses, and are therefore increasingly used in high-end semiconductor
equipment and vacuum apparatus.

Characteristics of Different TZM Welding Processes
Welding Method Suitability Features

Electron Beam  Welding Vacuum welding, highest weld quality, smallest heat-affected
kA ok kok

(EBW) zone

Laser Beam Welding (LBW) s % %% Precision welding, low distortion, high efficiency

TIG Welding * %3 Yo% Weldable, but with relatively high heat input
Plasma Welding * k% Suitable for some medium-to-thick plate structures
Diffusion Bonding * %k %% Solid-state joining, excellent joint performance
Vacuum Brazing * k% kY Suitable for complex assembly integration
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To ensure weld quality, TZM components typically require fine machining and thorough
cleaning prior to welding to remove oil, oxide films, and other contaminants. Post-weld
vacuum annealing may also be performed as needed to relieve residual stresses and
improve weld stability. Currently, in semiconductor crystal growth equipment, aerospace
high-temperature components, vacuum furnace structures, and medical devices, electron
beam welding and diffusion bonding have become the mainstream joining processes for
TZM.

CTIA GROUP believes that TZM is not unweldable, but rather requires high-quality welding
processes suited to the characteristics of refractory metals. Among them, electron beam
welding, laser welding, diffusion bonding, and vacuum brazing are currently the most
mature and widely adopted methods. For high-end semiconductor and aerospace products,
prioritizing vacuum-based welding or solid-state joining processes yields the best joint
quality and long-term service reliability.

Q14: Can Titanium-Zirconium-Molybdenum Alloy (TZM) Be Used for 3D Printing (Additive
Manufacturing)?

Titanium-Zirconium-Molybdenum Alloy (TZM) can be used for 3D printing, but it remains
primarily at the stage of research and development and small-batch trial production, and
has not yet achieved the widespread industrial application seen with titanium alloys,
stainless steel, or nickel-based superalloys. With the continuous advancement of additive
manufacturing technologies, TZM, as a high-performance molybdenum-based alloy, has
become an important research subject in the fields of aerospace, fusion energy,
semiconductors, and high-end scientific research equipment. Its main advantage lies in its
ability to fabricate complex internal flow channels, lightweight structures, and integrated
components that are difficult to produce using traditional processing methods. Currently,
TZM is primarily processed using the following additive manufacturing techniques.

Laser Powder Bed Fusion (LPBF) is the most extensively researched method. By using a
high-energy laser to melt TZM powder layer by layer, complex three-dimensional structural
parts can be produced. However, due to TZM's high melting point, high thermal
conductivity, and high thermal stresses, cracking is prone to occur during printing.
Therefore, precise control of laser power, scanning strategy, and substrate preheating
temperature is essential. Electron Beam Powder Bed Fusion (EB-PBF) is also applicable to
TZM. Since electron beam processing is typically conducted in a vacuum environment and
offers higher preheating capability, it is more favorable than laser-based printing for
reducing thermal stresses and crack risk, making it an important future direction for TZM
additive manufacturing. In addition, processes such as Directed Energy Deposition (DED)
are also used for manufacturing and repairing large TZM structural parts, though current
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applications remain limited.

Although TZM can be additively manufactured, several key technical challenges remain. The
first is hot cracking. TZM has high thermal conductivity, a high melting point, and rapid
solidification, which can easily generate large temperature gradients during printing,
leading to hot cracking—this is currently one of the primary obstacles limiting large-scale
printed TZM applications. Second, powder quality requirements are extremely stringent.
TZM printing powders typically require high sphericity, narrow particle size distribution,
high purity, and low oxygen content; otherwise, forming quality and final properties can be
adversely affected. Third is post-printing heat treatment. To eliminate residual stresses,
improve microstructure, and restore material properties, TZM printed parts generally
require vacuum heat treatment or hot isostatic pressing (HIP). Furthermore, the process
window for TZM additive manufacturing is relatively narrow, demanding high precision in
equipment control. At present, only a limited number of research institutions and high-end
manufacturing companies worldwide can consistently produce high-quality TZM printed
parts. Nevertheless, additive manufacturing offers advantages that traditional processing
cannot replace. For example, for complex thermal-field structures, internal cooling
channels, highly integrated parts, and small-batch customized products, 3D printing can
significantly shorten manufacturing lead times, reduce material waste, and increase design
freedom.

In the future, with the development of dedicated TZM printing powders, optimization of
printing processes, and continued maturation of post-treatment technologies, TZM
additive manufacturing is expected to gain broader applications in fusion energy,
aerospace, high-end semiconductor equipment, and scientific research apparatus.

CTIA believes that TZM already possesses additive manufacturing capability, but it remains
a high-end manufacturing technology and is still some distance from full-scale
industrialization. Future development efforts will focus on high-quality printing powder
development, crack control, microstructure optimization, and refinement of heat
treatment processes. As 3D printing technology continues to mature, TZM will
demonstrate increasing application potential in complex high-temperature structural
components, integrated thermal-field parts, and lightweight design.
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Qi15: What Are the Differences Between Titanium-Zirconium-Molybdenum Alloy (TZM) &
Molybdenum-Hafnium-Carbon Alloy (MHC)?

Both Titanium-Zirconium-Molybdenum Alloy (TZM) and Molybdenum-Hafnium-Carbon Alloy
(MHCQ) are high-performance molybdenum-based superalloys. Both are derived from pure
molybdenum and enhanced through dispersion strengthening to improve
high-temperature performance. However, they employ different strengthening systems,
resulting in notable differences in high-temperature strength, workability, cost, application

fields, and industrial maturity.

The most significant difference between the two materials lies in their strengthening
elements. TZM utilizes titanium, zirconium, and carbon to form TiC and ZrC
dispersion-strengthening phases, whereas MHC employs hafnium and carbon to form more
stable HfC strengthening particles. Since HfC has a melting point of approximately 3890 °C,
its thermal stability is significantly higher than that of TiC and ZrC, giving MHC better
microstructural stability in ultra-high-temperature environments.

In terms of high-temperature performance, MHC generally outperforms TZM. Under
long-term service conditions above 1400 °C, MHC exhibits higher creep resistance, better
grain stability, and a higher recrystallization temperature, thus maintaining a longer service
life in extreme high-temperature environments. However, within the 1200-1400 °C
range—the most commonly encountered industrial operating temperature—TZM already
meets the vast majority of application requirements with very mature comprehensive
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performance. Therefore, it will not be entirely replaced by MHC simply because the latter
offers higher performance.

In terms of workability, TZM has distinct advantages. Because the TiC and ZrC
strengthening system is more mature, TZM exhibits superior forging, rolling, and machining
characteristics compared to MHC. MHC is harder, more difficult to machine, causes more
significant tool wear, and incurs higher processing costs.

Manufacturing process maturity is another important distinction. TZM, after decades of
industrial application, has established a complete and stable production system
encompassing powder metallurgy, forging, rolling, and precision machining, enabling the
reliable production of various rods, sheets, tubes, and complex shaped components. MHC,
however, has a shorter industrial history, and the number of manufacturers worldwide
capable of stably producing high-quality MHC products in volume is relatively limited.

In terms of cost, MHC is significantly more expensive than TZM. Hafnium is a rare metal,
priced far higher than titanium and zirconium, so both raw material and manufacturing
costs for MHC are higher than for TZM. This is also one of the key reasons why TZM
continues to dominate the mainstream market.

In application fields, the two materials overlap in some areas while serving different
purposes in others. TZM is widely used in semiconductor hot zones, vacuum
heat-treatment equipment, aerospace, medical devices, and research apparatus, making it
the most mature high-temperature molybdenum alloy in current industrial applications.
MHC, on the other hand, is more commonly employed in high-end equipment requiring
even higher temperatures, longer service life, or extreme service environments, such as
ultra-high-temperature hot zones, high-heat-flux components, and certain specialized
aerospace structural parts.

Key Differences Between TZM and MHC

Comparison Item TZM MHC

Strengthening system TiC, ZrC HfC

High-temperature strength  Excellent Higher

Creep resistance Excellent Superior

Recrystallization . .

temperature High Higher

Workability Good More difficult

Manufacturing maturity Very mature Relatively mature

Cost Lower Higher
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Comparison Item TZM MHC
Application scope Broadest High-end specialized fields

Therefore, MHC is not simply an upgraded version of TZM, but rather a specialized
molybdenum-based alloy developed for even higher temperatures and more demanding
conditions.

CTIA believes that TZM and MHC are not competitive but complementary. TZM, with its
mature processing routes, good workability, and high cost-effectiveness, remains the
industrial standard for high-temperature molybdenum alloys worldwide. MHC, relying on its
more stable HfC strengthening system, offers clear advantages in extreme
high-temperature and ultra-long-life applications. In the future, both materials will continue
to coexist under different working conditions, jointly meeting the development needs of
high-end equipment manufacturing.

Q16: What Advantages Does Titanium-Zirconium-Molybdenum Alloy (TZM) Have Over
Tungsten Alloys?

Both Titanium-Zirconium-Molybdenum Alloy (TZM) and tungsten alloys belong to the
category of refractory metals, characterized by high melting points, high-temperature
stability, and excellent vacuum performance, which makes them widely used in aerospace,
semiconductor, nuclear industry, and advanced research equipment. However, the
performance characteristics of the two materials are not identical, and engineering
applications typically select between them based on specific operating conditions.
Tungsten's greatest advantage is its extremely high melting point of approximately 3420 °C,
significantly higher than that of the molybdenum-based TZM. This gives tungsten an
irreplaceable advantage in extreme conditions such as direct exposure to
ultra-high-temperature flames, high-energy particle bombardment, and plasma erosion.
TZM's greatest advantage, on the other hand, lies in its more balanced overall
performance.

First, TZM has significantly better workability than tungsten alloys. Tungsten has high
hardness and low ductility, making it prone to edge chipping and cracking during
processing, with low machining efficiency. TZM, by contrast, exhibits better plasticity and
machinability, allowing turning, milling, drilling, grinding, electrical discharge machining
(EDM), and electron-beam welding, making it easier to fabricate high-precision complex
structural components.

Second, TZM has a lower density. The density of TZM is approximately 10.1 g/cm?, while
pure tungsten is about 19.3 g/cm?, and heavy tungsten alloys typically range from 17 to 18.5
g/cm?. Therefore, for the same dimensions, a TZM component weighs only about half as
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much as a tungsten one, which is advantageous for weight reduction in aerospace and
large-scale semiconductor equipment.

TZM also offers advantages in thermal conductivity. Although tungsten also has high
thermal conductivity, TZM combines high thermal conductivity with better
high-temperature dimensional stability and manufacturability, making it easier to
implement complex structural designs in thermal-field systems.

From a thermal expansion perspective, both materials exhibit low thermal expansion, but
TZM's better high-temperature ductility enables more effective thermal stress relief,
making it easier to maintain structural integrity under frequent thermal cycling conditions.

In terms of weldability, TZM again outperforms tungsten. Tungsten is difficult to weld,
whereas TZM can be joined using mature processes such as electron-beam welding, laser
welding, diffusion bonding, and vacuum brazing to achieve high-quality connections.

In terms of cost, TZM is generally more economical than high-performance tungsten alloys.
This is particularly true for large, complex parts, where TZM's higher machining efficiency
and better material utilization provide a cost advantage in overall manufacturing.

In application fields, each material has its strengths. TZM is primarily used in semiconductor
hot zones, single-crystal silicon and SiC equipment, vacuum furnaces, high-temperature
molds, and aerospace structural components. Tungsten is more commonly used in fusion
diverters, X-ray targets, high-energy particle equipment, electrodes, and components
directly subjected to extreme heat-flux densities.

Key Differences Between TZM and Tungsten Alloys

Comparison Item TZM Tungsten Alloys
Melting point ~2623°C ~3420°C
Density ~10.1 glcm? 17-19.3 glcm?
Workability Good More difficult
Thermal conductivity Very high Very high
Weldability Relatively mature More difficult

High-temperature

Good Lower
ductility
Manufacturing cost Lower Higher
Typical applications Semiconductors, vacuum furnaces, aerospace Fusion, plasma-facing, high-heat-flux components

In many high-end equipment systems, TZM and tungsten are not substitutes for each other
but are used together. For example, in fusion devices, the plasma-facing side typically uses
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tungsten, while the supporting structure behind it may use TZM, thus balancing extreme
high-temperature tolerance with structural reliability.

CTIA believes that tungsten offers a higher melting point and superior resistance to
extreme high temperatures, whereas TZM provides distinct advantages in workability,
weight, manufacturing cost, weldability, and overall engineering applicability. For most
high-temperature equipment operating in the 1200-1600 °C range, TZM already meets the
requirements and enables complex structural fabrication at lower cost, making it the most
widely applied high-temperature molybdenum-based alloy in semiconductors, vacuum heat
treatment, and aerospace. When true direct exposure to ultra-high heat-flux densities or
plasma bombardment is required, tungsten remains the material of choice.

Q17: Why Is Titanium-Zirconium-Molybdenum Alloy (TZM) More Expensive Than
Molybdenum Metal?

The market price of Titanium-Zirconium-Molybdenum Alloy (TZM) is typically higher than
that of pure molybdenum. This is not merely due to the addition of alloying elements such
as titanium and zirconium, but more importantly, because its manufacturing process is
more complex, quality control requirements are more stringent, and processing costs are
higher—resulting in a significantly higher overall manufacturing cost compared to pure
molybdenum.
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First, the raw material cost of TZM is higher than that of pure molybdenum. Although the
added amounts of titanium and zirconium in TZM are typically less than 1%, these
high-purity alloying elements are priced significantly higher than ordinary molybdenum
powder. At the same time, to ensure high-temperature performance, TZM imposes stricter
control requirements on impurities such as carbon, oxygen, and nitrogen, which further
increases the procurement cost of high-purity raw materials.

Second, the manufacturing process for TZM is considerably more complex. Pure
molybdenum can often meet some application requirements simply through powder
metallurgy sintering, whereas TZM requires not only precise control of the Ti, Zr, and C
ratios, but also multiple critical steps including high-uniformity powder blending, vacuum
sintering, forging, rolling, and heat treatment, so that the TiC and ZrC
dispersion-strengthening phases are uniformly distributed throughout the molybdenum
matrix. Improper control at any single process step can lead to degraded performance.
Among these, the control of strengthening phases is one of the most core technologies in
TZM production. The TiC and ZrC particles must not be too coarse, too fine, or
agglomerated; otherwise, high-temperature strength and creep resistance will be adversely
affected. Therefore, TZM production not only requires advanced equipment but also relies
on extensive process experience.

Hot-working costs are another significant reason for TZM's higher price. To achieve a fine
and uniform grain structure, TZM typically requires multiple passes of forging, rolling, and
intermediate annealing. Each step demands precise control of temperature, deformation
amount, and processing speed to ensure consistency in the final microstructure and
properties.

In addition, the machining cost of TZM is significantly higher than that of pure molybdenum.
Because TZM has higher hardness and greater high-temperature strength, tool wear is
faster, machining time is longer, and the costs of machining equipment and cutting tools
increase accordingly. For complex shaped components such as semiconductor hot-zone
parts, machining costs can even account for a substantial portion of the total product cost.

Inspection costs are also not negligible. High-quality TZM typically requires multiple quality
checks, including chemical composition analysis, oxygen and nitrogen impurity detection,
density measurement, grain size analysis, microstructural observation, TiC particle
evaluation, mechanical property testing, and non-destructive testing, to ensure it meets the
requirements of high-end equipment manufacturing. Market scale is also an important
factor affecting price. Pure molybdenum is a mature bulk industrial material, whereas TZM
is mainly used in high-end fields such as semiconductors, aerospace, nuclear industry, and
research equipment, with a relatively small overall market size and limited
batch-production effects, resulting in a higher unit manufacturing cost.
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Although TZM is more expensive than pure molybdenum, from a life-cycle cost perspective,
TZM is often more economical. Because it offers longer high-temperature service life,
requires fewer equipment maintenance interventions, and has shorter downtime, the
overall cost of use over long-term operation may actually be lower than that of pure
molybdenum.

Key Factors Affecting the Price of TZM

Influencing Factor Impact on Price

High-purity raw materials Increased cost

Ti, Zr, Calloying Increased cost

Powder metallurgy process Increased manufacturing cost
Hot working and heat treatment Increased process cost
Precision machining Increased machining cost
Strict quality inspection Increased inspection cost
Smaller market scale Higher unit cost

CTIA believes that the higher price of TZM compared to pure molybdenum is not simply
because of the addition of small amounts of titanium and zirconium, but rather because it
encompasses a more complex powder metallurgy process, strengthening-phase control
technology, hot-working processes, precision machining capabilities, and a stringent quality
inspection system. For high-end equipment, the higher initial procurement cost of TZM is
typically well justified by longer service life, more stable performance, and lower
maintenance costs over time.
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Q18: How Is the Quality of Titanium-Zirconium-Molybdenum Alloy (TZM) Inspected?

Titanium-Zirconium-Molybdenum Alloy (TZM) is primarily used in high-end fields such as
semiconductors, aerospace, vacuum heat treatment, nuclear industry, and research
equipment. As a result, its quality control requirements are far more stringent than those
for ordinary engineering materials. Evaluating TZM quality cannot rely solely on chemical
composition or hardness; instead, comprehensive testing must be conducted from multiple
aspects, including chemical composition, microstructure, physical properties, mechanical
properties, and machining quality.

First, the chemical composition should be verified to ensure compliance with standards.
Analytical methods such as ICP-OES, ICP-MS, and XRF are typically used to determine the
contents of major elements like molybdenum, titanium, and zirconium, and to confirm that
the Ti, Zr, and C ratios meet product specifications. Additionally, impurity elements such as
iron, nickel, and copper must be controlled to avoid adverse effects on high-temperature
performance.

Interstitial elements such as oxygen and nitrogen are important factors affecting TZM
performance. Since molybdenum is susceptible to oxygen contamination at high
temperatures, oxygen and nitrogen contents are typically measured using inert gas fusion
analyzers. Excessively high oxygen content can reduce ductility and toughness, and also
impair weldability and long-term service life.
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Microstructural examination is a critical step in evaluating TZM quality. Metallographic
microscopy and scanning electron microscopy (SEM) are used to observe the grain
structure and confirm the absence of coarse grains, non-uniform microstructures, or
abnormal recrystallization. EDS analysis can also be combined to assess the composition
and distribution of strengthening phases.

The TiC and ZrC strengthening particles directly determine TZM's high-temperature
performance; therefore, their size, quantity, and distribution uniformity are key inspection
focuses. Particles that are too coarse, too fine, or agglomerated will negatively affect creep
resistance and high-temperature strength. Grain size measurement is also highly important.
Metallographic methods or EBSD (Electron Backscatter Diffraction) techniques are
generally employed to determine grain size. A fine and uniform grain structure typically
indicates better high-temperature mechanical properties and microstructural stability.

Density testing reflects the degree of material densification. High-quality TZM typically uses
the Archimedes immersion method to measure density. Higher densification indicates
better sintering quality and fewer internal pores. Mechanical property testing includes
room-temperature and high-temperature tensile testing, yield strength measurement,
elongation testing, and hardness testing. For high-end products, high-temperature creep
testing is also performed to evaluate long-term service capability at elevated temperatures.
For semiconductor and aerospace products, non-destructive testing is frequently
conducted, including ultrasonic testing, X-ray inspection, and industrial CT scanning, to
detect internal cracks, inclusions, porosity, and other defects.

Machining dimensions and surface quality are also part of quality evaluation. High-precision
hot-zone components typically require inspection of dimensional tolerances, geometrical
tolerances, and surface roughness to ensure assembly accuracy and long-term stable

operation.

Quality Inspection Items for TZM
Inspection Item Purpose
Chemical composition analysis Verify Ti, Zr, C, and impurity contents
Oxygen and nitrogen testing Control interstitial element levels
Density testing Assess sintering densification
Microstructural observation Check grain and structural uniformity
TiC and ZrC particle analysis Evaluate strengthening effectiveness
Grain size measurement Assess structural stability
Hardness testing Evaluate processing condition
Tensile property testing Determine strength and ductility
REGISTRATION NO.: 91350200MA32G5TU5G PAGE 39 OF EMERGENCY CALL: +0086 592 512 9595

MORE INFORMATION:WWW.CTIA.COM.CN 65 DOC.NO. CTIA-MBD-A-05 2016-2025VER.


http://www.chinatungsten.com/
mailto:sales@chinatungsten.com
http://www.ctia.com.cn/

3 CTIA GROUP LTD
s FESREE (1)) BT RRA A

ADD.: 3F, NO.25-1 WH RD, XIAMEN SOFTWARE PARK II, FUJIAN 361008, CHINA
TEL.: +86 592 5129696; +86 592 5129595
WEB: www.chinatungsten.com EMAIL:sales@chinatungsten.com

Inspection Item Purpose
High-temperature creep testing  Evaluate long-term service capability
Non-destructive testing Detect internal defects

Dimensional and surface . .
. . Ensure machining quality
inspection

For different application fields, the focus of inspection also varies. The semiconductor
industry places greater emphasis on cleanliness, microstructural uniformity, and
dimensional precision; aerospace prioritizes high-temperature strength and creep
resistance; and the vacuum heat-treatment industry focuses more on high-temperature
stability and long-term service life.

CTIA believes that TZM quality evaluation should adhere to the principle of comprehensive
testing, paying attention not only to whether chemical composition meets standards, but
also giving particular emphasis to strengthening particle distribution, grain structure,
high-temperature mechanical properties, and machining quality. Truly high-quality TZM not
only has inspection data that meet specifications, but also maintains stable performance
and reliable service life during prolonged high-temperature operation—this is also a key

reason why high-end semiconductor and aerospace equipment choose TZM.

Q19: Which Companies Worldwide Are Capable of Producing High-Quality
Titanium-Zirconium-Molybdenum Alloy (TZM)?

Titanium-Zirconium-Molybdenum Alloy (TZM) is a typical high-end molybdenum-based
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superalloy. Its manufacturing process involves multiple critical steps, including high-purity
powder preparation, powder metallurgy, vacuum sintering, thermo-mechanical processing,
microstructure control, and precision machining. As a result, the number of companies
worldwide capable of stably producing high-quality TZM in commercial volumes is relatively
limited. Currently, the industry is primarily concentrated in China, the United States,
Germany, Japan, and other countries.

European and American companies started earlier and have a longer history in TZM R&D
and industrialization, particularly accumulating extensive experience in aerospace,
semiconductor, and research equipment applications. Plansee USA, leveraging the
technology system of the Austrian Plansee Group, is highly competitive in high-end
molybdenum and tungsten materials, offering TZM rods, sheets, shaped components, and
semiconductor hot-zone parts. The Plansee Group in Austria is one of the world's leading
companies in the refractory metals industry and a major representative of the TZM sector,
with products widely used in semiconductors, aerospace, medical devices, and vacuum
industries. H.C. Starck Solutions in the United States has long been engaged in the
development of high-performance refractory metal materials, with advanced technical
capabilities in TZM, high-purity molybdenum, and molybdenum-based alloys, primarily
serving the semiconductor and high-end industrial markets. Several Japanese companies
also possess TZM production capabilities, mainly serving the country's semiconductor,
electronics, and precision manufacturing industries, with stringent requirements for
product cleanliness and machining precision.

In recent years, China has become the world's largest producer of molybdenum materials
and the fastest-growing country in the TZM industry. With the rapid development of the
semiconductor, new energy, aerospace, and vacuum equipment sectors, Chinese
companies have made significant progress in TZM powder preparation, thermo-mechanical
processing, and precision manufacturing. Some products have reached internationally
advanced levels and are gradually entering the global high-end supply chain. Several
domestic companies are now capable of producing TZM rods, sheets, tubes, crucibles,
hot-zone components, shaped parts, and semiconductor-specific components, and can
provide customized processing services based on customer requirements.

Major Global TZM Manufacturers

Country Representative Companies Key Characteristics

Austria Plansee Group Global refractory metals leader, mature high-end TZM products
USA Plansee USA Extensive semiconductor and aerospace applications

USA H.C. Starck Solutions Supplier of high-purity TZM and molybdenum-based materials

Japan  Multiple materials companies  Serving electronics and semiconductor industries

China CTIA GROUP &other Comprehensive product portfolio, rapidly improving TZM alloy manufacturing
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Country Representative Companies Key Characteristics

companies capabilities

It should be noted that high-quality TZM depends not only on the ability to produce the
material but also on the ability to stably control the following key technologies: high-purity
molybdenum powder preparation, precise control of Ti and Zr trace elements, uniform
distribution of TiC and ZrC strengthening phases, low oxygen and nitrogen control, powder
metallurgy sintering processes, high-temperature forging and rolling processes, grain size
control, precision machining capabilities, and a complete quality inspection system. The
number of companies worldwide that truly possess the full-process capabilities described
above remains limited. With the continued development of third-generation
semiconductors, Al chips, fusion energy, and the aerospace industry, the global TZM
market is gradually evolving from one traditionally dominated by European and American
companies to a more diversified competitive landscape, and the international
competitiveness of Chinese enterprises in the high-end TZM sector is steadily increasing.

CTIA believes that the number of companies truly capable of stably producing high-quality
TZM globally is still limited. Core competitiveness lies not only in the material formulation
but also in the complete industrial chain capabilities spanning powder metallurgy,
strengthening-phase control, thermo-mechanical processing, and precision manufacturing.
In the future, as China's high-end manufacturing capabilities continue to improve, Chinese
companies will occupy an increasingly important position in the global TZM industry.

Q20: What Are the Future Development Trends of Titanium-Zirconium-Molybdenum Alloy
(Tzm)?

As one of the most mature molybdenum-based superalloys in global application today,
Titanium-Zirconium-Molybdenum Alloy (TZM) is already widely used in multiple high-end
fields, including semiconductors, aerospace, vacuum heat treatment, nuclear industry,
medical devices, and research equipment. In the future, the development direction of TZM
is not simply about improving any single performance parameter, but rather about
continuous upgrades centered on high performance, high reliability, smart manufacturing,
and the evolving needs of emerging industries.

First, the semiconductor industry will continue to be the largest growth driver for TZM.
With the development of artificial intelligence, high-performance computing, new energy
vehicles, and advanced manufacturing, global wafer production capacity continues to
expand, driving increasing demand for crystal growth equipment for single-crystal silicon,
silicon carbide (SiC), and gallium nitride (GaN). As a key structural material in thermal-field
systems, TZM will continue to advance toward higher purity, longer service life, and larger
sizes to meet the requirements for higher-quality crystal production.
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Second, enhanced high-temperature service capability will become an important R&D
direction. Future TZM will further optimize the distribution of TiC and ZrC strengthening
phases, refine grain structure, and improve creep resistance and microstructural stability,
enabling the material to maintain excellent performance at even higher temperatures and
over longer service cycles.

Third, manufacturing processes will continue to be upgraded. Future powder preparation
technologies will further improve powder purity and consistency, powder metallurgy
processes will become more refined, and thermo-mechanical and heat treatment processes
will become more digitized and intelligent, thereby enhancing product stability and
batch-to-batch consistency.

Fourth, additive manufacturing (3D printing) will become an important development
direction. Although TZM additive manufacturing is still in its developmental stage, as
high-quality powders, printing processes, and post-treatment technologies continue to
mature, complex thermal-field structures, integrated components, and lightweight designs
will become new growth areas for TZM.

Fifth, high-end application fields will continue to expand. Future fusion energy, hypersonic
vehicles, advanced nuclear energy, high-energy beam equipment, and scientific research
apparatus for extreme environments all require refractory metal materials with long-term
high-temperature resistance and high reliability. TZM, with its mature industrial base, is
well-positioned to maintain its important role.

At the same time, the material itself will continue to be improved. For example,
comprehensive performance can be further enhanced by optimizing the types of
strengthening phases, adjusting trace element ratios, and controlling grain structure.
Surface modification, oxidation-resistant coatings, and other technologies can improve
high-temperature resistance in air environments. Precision machining and smart
manufacturing can increase the efficiency of complex component fabrication.

TZM will also face new competition in the future. MHC (Molybdenum-Hafnium-Carbon Alloy)
has certain advantages in ultra-high-temperature performance; high-entropy refractory

alloys are rapidly developing; and some tungsten-based composites and ceramic-matrix

composites are also achieving breakthroughs. However, these new materials generally face

issues such as high manufacturing costs, processing difficulties, or insufficient

industrialization maturity, making it difficult for them to fully replace TZM in the short term.

For a considerable period ahead, TZM will continue to maintain its dominant position in the

global high-temperature molybdenum alloy market, backed by its mature manufacturing

processes, stable performance, and complete industrial chain.
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Future Development Focus Areas for TZM
Development Direction Key Content
Semiconductor upgrades Serving 300 mm+ wafers, SiC, and GaN industries

Higher-temperature performance  Improving creep resistance and microstructural stability

High purification Meeting advanced semiconductor cleanliness requirements
Smart manufacturing Enhancing product consistency and processing efficiency
Additive manufacturing Achieving integrated fabrication of complex structures
New energy applications Fusion energy and advanced nuclear industry

Aerospace Hypersonic vehicles and next-generation engines

Long-life design Improving equipment reliability and service life

CTIA believes that the future development of TZM will not remain at the traditional
positioning of high-temperature materials, but will undergo comprehensive upgrades
toward high purification, high performance, smart manufacturing, and complex structural
fabrication. With the rapid development of strategic industries such as semiconductors,
artificial intelligence, fusion energy, and aerospace, TZM will not fade from the historical
stage but will instead play a critical role in even more high-end equipment and continue to
maintain its important position among global high-temperature molybdenum-based alloys.
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Q21: Why Does Al Chip Development Increase the Demand for
Titanium-Zirconium-Molybdenum Alloy (TZM)?

In recent years, the rapid development of artificial intelligence (Al) chips, high-performance
GPUs, Al servers, and high-performance computing (HPC) has driven continuous global
expansion of semiconductor manufacturing capacity. On the surface, Al chips have no
direct connection with Titanium-Zirconium-Molybdenum Alloy (TZM). In reality, however,
the advancement of Al chip manufacturing relies heavily on advanced semiconductor
equipment, and TZM is a critical foundational material in these high-end tools.
Consequently, the growth of the Al industry will indirectly yet steadily drive demand for
TZM.

First, Al chip manufacturing requires more high-quality silicon wafers. Currently, whether
GPUs, Al accelerators, or CPUs, most are still based on high-purity monocrystalline silicon
wafers. As global demand for Al computing power continues to rise, 300 mm
monocrystalline silicon wafer production capacity keeps expanding. The hot-zone systems
in monocrystalline silicon production equipment extensively use TZM for supports,
connectors, and high-temperature structural components. Therefore, increased wafer
production capacity directly translates to increased demand for TZM.

Second, the development of third-generation semiconductors further expands the TZM
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market. Al servers require not only advanced logic chips but also highly efficient power
management systems. Silicon carbide (SiC) and gallium nitride (GaN) power devices,
characterized by higher efficiency, lower losses, and higher switching frequencies, are
rapidly gaining adoption in Al data centers and server power supplies. The crystal growth
equipment for SiC and GaN also extensively employs TZM hot-zone components, so the
growth of the third-generation semiconductor industry further boosts TZM demand.

The continuous upgrading of Al chip manufacturing processes also drives investment in
high-end equipment. Advanced-node chips require more crystal pullers, epitaxial
equipment, vacuum heat-treatment furnaces, ion implanters, and high-temperature
annealing equipment. These tools generally operate under high-temperature, high-vacuum
conditions and demand exceptional high-temperature structural materials, of which TZM is
a key component.

The wave of wafer fab construction driven by the Al industry will also sustain TZM
consumption. In recent years, major global wafer manufacturers have been continuously
expanding advanced fabs. New fabs require substantial additional crystal growth
equipment, vacuum systems, and heat-treatment equipment, each containing various TZM
parts. Thus, the entire industrial chain generates sustained demand for TZM. Moreover, the
accelerating replacement cycle of Al chips shortens equipment upgrade intervals. As
advanced process nodes continue to evolve, equipment manufacturers impose increasingly
stringent requirements on thermal-field stability, equipment lifespan, and machining
precision, further promoting the development of high-quality TZM materials.

From an industrial-chain perspective, Al chips do not directly consume TZM but drive
demand growth through the following pathway: Increased demand for Al chips —
Increased wafer demand — Capacity expansion for monocrystalline silicon, SiC, and GaN —
Increased investment in semiconductor equipment — Increased demand for hot-zone
systems — Increased demand for TZM materials. Therefore, TZM is a typical foundational
material within the Al industrial chain.

Looking ahead, with continued advancements in artificial intelligence, large-model training,
autonomous driving, high-performance computing, and cloud computing, the global
advanced semiconductor equipment market is expected to maintain relatively rapid growth,
and TZM will benefit from this long-term industrial trend. CTIA GROUP believes that while
Al chips do not directly use TZM, the growth of the Al industry will persistently drive wafer
manufacturing and semiconductor equipment investment, thereby promoting steady
growth in TZM demand. In the future, Al computing competition, advanced-node upgrades,
and the rapid development of third-generation semiconductors will become important
drivers of TZM market growth.
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Q22: Will Fusion Energy Create New  Market Opportunities for
Titanium-Zirconium-Molybdenum Alloy (TZM)?

Fusion energy is widely regarded as one of the most promising clean energy sources for the
future. As the International Thermonuclear Experimental Reactor (ITER), the China Fusion
Engineering Test Reactor (CFETR), and numerous commercial fusion ventures in Europe
and the United States continue to advance fusion technology R&D, high-temperature
refractory metals are encountering new development opportunities. As a well-established
molybdenum-based superalloy, Titanium-Zirconium-Molybdenum Alloy (TZM) is expected
to gain new market space within the fusion industrial chain. The most distinctive feature of
fusion devices is their prolonged operation under high-temperature, high-vacuum,
high-heat-flux, and intense electromagnetic environments, with numerous internal
structural components required to withstand extreme conditions. This imposes
exceptionally stringent demands on high-temperature strength, dimensional stability,
thermal conductivity, and vacuum compatibility—precisely where TZM excels.

First, TZM is suitable for high-temperature vacuum structural components in fusion devices.
Fusion experimental equipment contains numerous vacuum chambers, support frames,
connectors, thermal shields, and experimental platforms, which typically require long-term
operation in high-temperature vacuum environments. TZM, with its low vapor pressure,
high high-temperature strength, and excellent creep resistance, is highly suitable for these
structural components.

Second, TZM is applicable to high-heat-flux experimental platforms. In fusion materials
research, thermal shock from plasma on materials must be simulated; therefore, numerous
high-heat-flux testing facilities employ TZM as support structures or thermal management
components to ensure experimental stability.

TZM can also be used in plasma diagnostic equipment. Fusion devices contain many
high-temperature detector support structures, vacuum window mounts, and
high-temperature test platforms, which generally require dimensional stability, good
thermal conductivity, and non-contamination of the vacuum environment—requirements
that TZM readily satisfies.

Fusion materials R&D itself also demands significant quantities of TZM. In the development
of novel first-wall materials, divertor materials, and radiation-resistant materials, TZM is
frequently used as a reference material, experimental substrate, or high-temperature
tooling, so research-related demand will continue to grow.

Of course, TZM's role in the fusion field should be viewed objectively. For the first wall and
divertor directly exposed to plasma bombardment, the current international mainstream
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approach still favors tungsten, due to its higher melting point and superior plasma erosion
resistance. TZM is more commonly used for rear support structures, high-temperature
connectors, vacuum components, and experimental systems, rather than as a direct
replacement for first-wall materials.

Future commercial fusion power plant construction will generate substantial demand for
high-temperature vacuum equipment. Even if TZM is not directly used for the first wall, its
application volume throughout the fusion system is still expected to increase significantly,
including high-temperature support structures, internal vacuum-chamber components,
heat-flux experimental platforms, plasma diagnostic equipment, high-temperature
connectors, materials testing apparatus, and scientific research systems. As the global
fusion industry gradually transitions from experimental to engineering phases, the TZM
market is poised to encounter new growth points. CTIA believes that fusion energy will not
completely alter TZM's application direction but will bring new high-end market
opportunities. In the future, TZM will not replace tungsten as the fusion first-wall material
but will play an increasingly important role in high-temperature vacuum structures,
high-heat-flux experimental equipment, plasma diagnostic systems, and fusion research
apparatus. As the fusion industry progressively commercializes, TZM is expected to
become one of the key high-temperature engineering materials in the fusion equipment
industrial chain.

Q23: Will Titanium-Zirconium-Molybdenum Alloy (TZM) Be Replaced by MHC in the
Future?

Both Titanium-Zirconium-Molybdenum Alloy (TZM) and Molybdenum-Hafnium-Carbon Alloy
(MHQ) are high-performance molybdenum-based superalloys. In recent years, as MHC
research has deepened, many have speculated that MHC will completely replace TZM.
However, from the current state of global industrial development, this judgment does not
align with reality. For a considerable period ahead, MHC will not fully replace TZM; rather,
the two are more likely to coexist long-term, serving different application fields.

The design objectives of the two materials are not the same. TZM emphasizes a balanced
overall performance, ensuring excellent high-temperature properties while also taking into
account workability, manufacturing cost, product consistency, and engineering reliability,
making it the most widely applied molybdenum-based superalloy worldwide. MHC, on the
other hand, focuses more on extreme high-temperature performance. Owing to its HfC
strengthening system, its high-temperature microstructural stability, creep resistance, and
recrystallization temperature are generally superior to TZM, making it more suitable for
special operating conditions above 1400 °C or even higher. Thus, they are not a simple
new-versus-old replacement relationship but rather material systems developed for
different application requirements.
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TZM possesses a very mature industrial foundation. After decades of industrial application,
TZM has established a complete quality control system covering powder metallurgy, hot
working, precision machining, and quality assurance. A vast number of semiconductor tools,
vacuum heat-treatment equipment, aerospace components, and research apparatus
worldwide use TZM, backed by extensive engineering experience and long-term reliability
data. In contrast, although MHC offers excellent performance, its industrial scale remains
relatively small. The number of manufacturers capable of stably producing high-quality
MHC in volume is limited, and MHC still lags behind TZM in manufacturing experience,
product specifications, and application cases.

Workability is an important factor affecting material substitution. TZM offers good forging,
rolling, and machining properties, enabling the fabrication of various complex hot-zone
components and high-precision parts. MHC, however, with its more stable strengthening
particles and higher hardness, is more difficult to machine and incurs significantly higher
processing costs than TZM.

Cost is also a crucial factor. Hafnium is a rare metal, priced far higher than titanium and
zirconium; therefore, both material and manufacturing costs for MHC are significantly
higher than for TZM. For most industrial equipment, if TZM already meets performance
requirements, there is generally no need to adopt the more expensive MHC.

Currently, the semiconductor industry is truly the core sector determining TZM market size.
The long-term operating temperatures of the vast majority of monocrystalline silicon, SiC,
and GaN equipment still fall within TZM's performance advantage range, so TZM fully
satisfies actual needs. Only in certain ultra-high-temperature equipment or specialized
research apparatus does MHC offer a clear advantage.

In the future, the two materials are more likely to form the following division of labor: TZM
will continue as the industrial standard material, serving mainstream markets such as
semiconductors, vacuum heat treatment, aerospace, and medical devices. MHG, in contrast,
will mainly target high-end equipment requiring extreme high temperatures, high heat-flux
densities, or ultra-long service lives. Therefore, the future trend is not the wholesale
replacement of TZM by MHC, but rather the rational selection of different materials based
on specific operating conditions. CTIA GROUP research indicates that MHC will not
completely replace TZM in the future. TZM, with its mature manufacturing processes,
stable product quality, excellent workability, and high cost-effectiveness, will maintain its
dominant position among high-temperature molybdenum-based alloys globally for a long
time. In the future, the two materials will complement each other across different
temperature ranges and application scenarios, jointly promoting the development of
high-end equipment manufacturing.
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Q24: Will Titanium-Zirconium-Molybdenum Alloy (TZM) Be Replaced by High-Entropy
Alloys in the Future?

In recent years, high-entropy alloys (HEAs) have become a hot topic in materials science
research. In particular, refractory high-entropy alloys composed of refractory elements
such as molybdenum, tungsten, tantalum, niobium, and vanadium, owing to their excellent
high-temperature strength and potential for extreme-environment resistance, are
considered an important direction for next-generation high-temperature structural
materials. Consequently, many have raised the question of whether high-entropy alloys will
replace TZM. From the current global research and industrial development perspective,
while HEAs possess tremendous potential, they are still unlikely to fully replace TZM in the
foreseeable future.

High-entropy alloys currently remain primarily in the research and experimental stage.
Although many laboratories have developed refractory HEAs with excellent
high-temperature properties, most studies are still focused on small-scale specimens and
fundamental property verification, leaving a considerable gap before large-scale industrial
application. In contrast, TZM already benefits from decades of industrial experience, with a
complete and mature technical system encompassing powder preparation,
thermomechanical processing, machining, welding, quality inspection, and engineering
applications.

The manufacturing difficulty of high-entropy alloys is significantly higher. Refractory HEAs
typically consist of five or even more high-melting-point elements, which not only makes
melting difficult but also renders them prone to elemental segregation, microstructural
heterogeneity, and compositional fluctuations. Currently, the stable production of
high-quality, large-size refractory HEAs remains a major challenge. By comparison, TZM
manufacturing processes are highly mature, enabling stable mass production of rods,
sheets, tubes, crucibles, and various complex hot-zone components.

Workability remains a significant challenge for high-entropy alloys. Many refractory HEAs
possess high hardness and low ductility, making them even more difficult to machine than
TZM. At present, technologies for turning, milling, welding, and large-part fabrication are
still insufficiently developed, whereas TZM has an established and comprehensive
processing system.

Cost is a critical factor limiting the industrialization of high-entropy alloys. Refractory HEAs
typically contain multiple expensive elements such as tungsten, tantalum, niobium, and
hafnium, with raw material costs far exceeding those of TZM. In addition, complex
manufacturing processes and relatively low yield rates make the overall production cost
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significantly higher than that of TZM.

High-entropy alloys also possess distinct advantages of their own. Some refractory HEAs
maintain excellent high-temperature strength and microstructural stability above 1600 °C,
offering substantial development potential in future fusion energy, hypersonic vehicles,
and extreme-environment equipment. Therefore, HEAs are more likely to first enter the
following fields: ultra-high-temperature aerospace structural components, core fusion
energy parts, extreme-environment research apparatus, and certain strategic equipment.
For the industries that currently constitute TZM's primary market—such as semiconductor
hot zones, vacuum furnaces, high-temperature molds, and medical devices—TZM already
meets performance requirements, coupled with a mature manufacturing system and lower
costs, and thus will not be replaced by HEAs in the short term.

In the future, a pattern of synergistic material development is more likely to emerge: TZM
will continue as the mainstream industrial high-temperature molybdenum-based alloy,
while HEAs will be primarily used in emerging fields that demand superior performance and
are less cost-sensitive. CTIA GROUP believes that while HEAs represent an important
research direction for future high-temperature materials, there remains a considerable
distance to full industrialization. Over the next two to three decades, TZM will continue to
dominate semiconductor, vacuum equipment, and high-end industrial applications, owing
to its mature industrial system, stable and reliable performance, and well-established
manufacturing processes. HEAs are more likely to serve as complementary materials to
TZM rather than as outright replacements.
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Q25: What Are the Development Directions for Next-Generation Molybdenum-Based
High-Temperature Alloys?

Molybdenum-based high-temperature alloys, owing to their high melting points, high
thermal conductivity, low coefficients of thermal expansion, and excellent
high-temperature mechanical properties, have long been essential foundational materials
in semiconductors, aerospace, nuclear industry, and high-end vacuum equipment. From
pure molybdenum to Titanium-Zirconium-Molybdenum Alloy (TZM), and then to
Molybdenum-Hafnium-Carbon  Alloy (MHC), molybdenum-based high-temperature
materials have been continuously evolving. Looking ahead, with the advancement of
semiconductors, fusion energy, hypersonic vehicles, and advanced manufacturing
technologies, next-generation molybdenum-based high-temperature alloys will continue to
evolve toward higher performance, greater reliability, and smarter manufacturing.

The first direction for future development is further enhancing high-temperature service
capability. While current TZM already meets the requirements for long-term operation at
1200-1400 °C, next-generation molybdenum-based alloys will aim to raise recrystallization
temperatures, improve creep resistance, and enhance microstructural stability, enabling
materials to maintain stable performance over extended periods at 1400-1600 °C or even
higher temperatures.

The second direction is the development of more stable strengthening systems. TZM
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currently relies primarily on TiC and ZrC strengthening, while MHC employs HfC. Future
research will further optimize dispersion-strengthening phases such as carbides, borides,
and oxides, using nanoscale particle control to improve strengthening efficiency while
enhancing microstructural uniformity and long-term stability.

The third direction is the advancement of multi-element microalloying techniques. In the
future, the scope will not be limited to Ti, Zr, and Hf; small additions of elements such as
niobium (Nb), tantalum (Ta), vanadium (V), and rhenium (Re) may also be incorporated to
further optimize high-temperature strength, oxidation resistance, and thermal stability
while maintaining good workability, achieving a more balanced overall performance.

The fourth direction is improving oxidation resistance. One of the current greatest
shortcomings of molybdenum-based materials is their poor high-temperature oxidation
performance in air. Future efforts will place greater emphasis on oxidation-resistant alloy
design and high-performance surface coating technologies, such as silicide coatings,
composite ceramic coatings, and multilayer protective coatings, to enhance the material's
usability in air environments.

The fifth direction is adaptation to additive manufacturing. Future molybdenum-based
alloys will place greater emphasis on 3D printing compatibility, optimizing powder particle
size distribution, improving solidification microstructures, and reducing hot-cracking
susceptibility, thereby enabling more efficient fabrication of complex hot-zone structures
and lightweight designs.

The sixth direction is smart manufacturing and digital process control. In the future,
powder preparation, sintering, forging, rolling, heat treatment, and inspection will become
increasingly digitalized, with whole-process process monitoring and artificial intelligence
optimization of manufacturing parameters to improve product consistency and stability.

In addition, high-entropy molybdenum-based alloys and composites will also become
important research directions. Novel high-temperature materials combining molybdenum
as the primary matrix with high-entropy alloy design concepts may emerge in the future,
along with molybdenum-based composites and nano-reinforced materials, providing new
solutions for fusion energy, aerospace, and extreme-environment equipment.

Major Development Directions for Molybdenum-Based High-Temperature Alloys

Development Direction Objective

Higher operating temperatures Enhance long-term high-temperature service capability

Novel strengthening systems Improve creep resistance and microstructural stability
Multi-element microalloying Optimize overall performance
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Development Direction Objective

Oxidation-resistant technologies Expand applicability in air environments
Additive manufacturing adaptation Enable fabrication of complex structures
Smart manufacturing Improve consistency and quality stability

High-entropy and composite materials ~ Target next-generation extreme-environment equipment

In the future, the development of high-performance molybdenum-based materials will not
rely on a single technology, but rather on the synergistic advancement of materials design,
manufacturing processes, surface engineering, and digital manufacturing. CTIA GROUP
believes that the development focus for next-generation molybdenum-based
high-temperature alloys is not simply the pursuit of higher strength, but rather achieving a
new balance among high-temperature performance, workability, oxidation resistance,
manufacturing cost, and engineering reliability. In the future, TZM, MHC, novel
molybdenum-based composites, and refractory high-entropy alloys will together constitute
the development system for molybdenum-based high-temperature materials, providing
more comprehensive material solutions for strategic industries such as semiconductors,
fusion energy, and aerospace.

Q26: Why Is Titanium-Zirconium-Molybdenum Alloy (TZM) Still the Industrial Standard
Material?

Since its successful development in the mid-20th century, Titanium-Zirconium-Molybdenum
Alloy (TZM) has become the most widely used molybdenum-based high-temperature alloy
worldwide. Although new materials such as MHC, high-entropy alloys, and various novel
high-temperature materials have emerged in recent years, TZM continues to hold its
position as the industrial standard. The reason lies not only in its excellent performance but
also in its comprehensive engineering value, which has been validated by global
manufacturing industries over the long term.

(1) TZM offers an exceptionally well-balanced combination of properties. It possesses not
only outstanding high-temperature strength, creep resistance, and microstructural stability,
but also maintains high thermal conductivity, a low coefficient of thermal expansion, low
vapor pressure, and good vacuum compatibility. This combination of properties meets the
practical needs of the vast majority of high-temperature equipment, rather than excelling in
just a single performance metric.

(2) TZM has decades of engineering application experience behind it. Global semiconductor
equipment, single-crystal silicon growth furnaces, silicon carbide hot zones, vacuum
heat-treatment equipment, aerospace components, medical devices, and research
apparatus have long employed TZM, and its long-term reliability has been extensively
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validated through practical engineering applications. This mature application experience is
an advantage that is difficult for any new material to replace in a short period of time.

Manufacturing process maturity is another important reason why TZM maintains its
standard status. From high-purity powder preparation and powder metallurgy sintering to
forging, rolling, heat treatment, precision machining, and quality inspection, TZM has
established a complete and mature industrial manufacturing system capable of stably
producing various specifications and complex parts in volume. In contrast, while many new
materials exhibit excellent laboratory performance, their manufacturing difficulties and
insufficient product consistency still leave a gap before large-scale industrial application.

(3) Workability is a significant advantage of TZM. Compared with MHC, tungsten alloys, and
certain refractory high-entropy alloys, TZM is easier to machine, weld, diffusion-bond, and
vacuum-braze, enabling the fabrication of complex thermal-field structures and
high-precision parts while substantially reducing manufacturing costs.

(4) TZM offers good economic viability. Although its price is higher than that of pure
molybdenum, it is less expensive than newer molybdenum-based materials with higher
performance. Its higher machining efficiency and lower full-lifecycle costs make it more
readily accepted by industrial users.

A well-established industrial chain also underpins TZM's long-term competitiveness. A
mature global supply system, standard system, processing system, and application system
for TZM has been developed, with extensive experience and stable supply capabilities at
every stage—from material production to final equipment manufacturing. More
importantly, most industrial equipment does not require extreme performance but rather
long-term stable operation. TZM meets the long-term service requirements at 1200-1400 °C,
a temperature range that already covers the vast majority of semiconductor, vacuum
heat-treatment, and high-end equipment applications. Therefore, for the majority of users,
there is no need to adopt newer materials that are more costly and more difficult to
manufacture.

Primary Reasons TZM Maintains Its Status as an Industrial Standard Material
Core Advantage Explanation
Balanced overall performance  Combines high-temperature strength, thermal conductivity, and stability

Sufficient engineering validation Decades of industrial application experience

Mature manufacturing

High product consistency
processes
Good workability Easy fabrication of complex parts
Reasonable cost Outstanding full-lifecycle economics
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Core Advantage Explanation
Complete industrial chain Stable global supply
Broad application scope Semiconductors, aerospace, vacuum equipment, and other industries

Looking ahead, even as MHC, high-entropy alloys, and novel composite materials continue
to develop, TZM will remain an important industrial standard for molybdenum-based
high-temperature alloys, owing to its mature reliability, balanced performance, and
manufacturing maturity.

CTIA believes that TZM has maintained its industrial standard status for so long not because
it lacks competitors, but because it has achieved the optimal balance among performance,
manufacturing, workability, cost, and engineering experience. A true industrial standard
requires not only excellent laboratory performance, but also long-term stability, batch
manufacturability, reproducible application, and sustainable supply—and this is precisely
the fundamental reason why TZM has remained at the forefront for decades.

Q27: What’s the Greatest Technical Advantage of Titanium-Zirconium-Molybdenum Alloy
(Tzm)?

Since its development in the 20th century, Titanium-Zirconium-Molybdenum Alloy (TZM)
has become the most widely applied molybdenum-based high-temperature alloy worldwide.
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Over the decades, whether in semiconductor hot zones, aerospace, vacuum heat
treatment, nuclear industry, or research equipment, TZM has consistently maintained an
important position. Its greatest technical advantage is not that any single performance
metric reaches an extreme, but that it achieves the optimal balance among performance,
manufacturing, and engineering application under high-temperature conditions.

(1) TZM's core technical advantage lies in its excellent and stable high-temperature
comprehensive performance.

Although pure molybdenum has a high melting point, it is prone to recrystallization above
1000 °C, with strength declining rapidly and creep deformation occurring during long-term
operation. TZM, however, incorporates small amounts of titanium, zirconium, and carbon
to form fine, uniformly dispersed TiC and ZrC strengthening particles within the material.
These strengthening phases effectively impede dislocation motion and grain-boundary
migration, significantly raising the recrystallization temperature and improving creep
resistance, enabling the material to maintain relatively high strength and dimensional
stability during long-term service at 1200-1400 °C.

(2) A second advantage is its excellent high-temperature dimensional stability.

For single-crystal silicon, silicon carbide (SiC), and gallium nitride (GaN) crystal growth
equipment, even minor deformation of thermalfield structures can affect
temperature-field uniformity and consequently crystal quality. TZM's low coefficient of
thermal expansion and excellent creep resistance enable it to maintain geometric
dimensional stability over long periods—a key reason it has become the standard material
for semiconductor hot zones.

(3) A third advantage is TZM's excellent thermal conductivity.

TZM exhibits room-temperature thermal conductivity typically in the range of 115-140
W/(m-K), far higher than that of nickel-based superalloys, stainless steels, and titanium
alloys. This high thermal conductivity facilitates uniform heat transfer, reduces thermal
stress, and improves thermal-field stability and equipment efficiency.

(4) A fourth advantage is TZM's good vacuum compatibility.

TZM has an extremely low vapor pressure and exhibits virtually no volatilization in
high-temperature vacuum environments, nor does it release significant impurities. This
makes it widely used in semiconductors, high-vacuum research equipment, and vacuum
heat-treatment apparatus.

(5) A fifth advantage is its mature industrial production capability.

Compared with many new high-temperature materials, TZM not only offers stable
performance but also has established a complete system encompassing powder metallurgy,
forging, rolling, heat treatment, precision machining, and inspection. This enables stable
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volume production of various product specifications while ensuring long-term consistency.

(6) A sixth advantage is its good workability.

Although TZM is a refractory metal, it exhibits better forging performance, machinability,
and weldability compared with tungsten alloys, MHC, and certain refractory high-entropy
alloys. It is easier to fabricate into complex structural components, thus meeting the
manufacturing demands of modern high-end equipment.

It is precisely because these advantages work together that TZM, though not the strongest
in any single performance metric, has become the molybdenum-based high-temperature
alloy with the most balanced overall performance and the most mature engineering
application. CTIA GROUP believes that TZM's greatest technical advantage lies in achieving,
through TiC and ZrC dispersion strengthening, the optimal balance among
high-temperature strength, creep resistance, thermal conductivity, dimensional stability,
workability, and production capability. It is this comprehensive advantage—rather than
leadership in any individual indicator—that is the fundamental reason TZM has been able to
maintain its position as the industrial standard material for so long.

Q28: What’s the Biggest Technical Bottleneck of Titanium-Zirconium-Molybdenum Alloy
(Tzm)?

Although Titanium-Zirconium-Molybdenum Alloy (TZM) has become the most mature
molybdenum-based high-temperature alloy globally, it is not a perfect material. With the
continuous advancement of semiconductors, fusion energy, hypersonic flight technologies,
and advanced manufacturing, TZM has gradually revealed certain technical bottlenecks.

(1) The biggest bottleneck is not high-temperature strength, but insufficient oxidation
resistance in air. TZZM is a molybdenum-based material, and molybdenum begins to oxidize
noticeably in air at approximately 400-500 °C. As the temperature rises further, volatile
molybdenum trioxide (MoO;) forms, leading to rapid material weight loss and performance
degradation. Therefore, although TZM can operate long-term at 1200-1400 °C in vacuum or
inert atmospheres, it cannot be used at high temperatures in air for extended periods. This
limitation restricts TZM's application in certain high-temperature combustion environments
and open-air high-temperature equipment, and necessitates reliance on oxidation-resistant
coatings or protective atmospheres in some fields.

(2) The second technical bottleneck is that ultra-high-temperature performance still has
room for improvement. Although TZM already exhibits excellent high-temperature
properties, its creep resistance and microstructural stability begin to gradually decline
during long-term service above 1400 °C. Compared with MHC (which employs a HfC
strengthening system) or certain refractory high-entropy alloys, TZM still lags somewhat in
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the ultra-high-temperature domain.

(3) The third bottleneck is the difficulty in controlling strengthening phases. TZM's
performance is highly dependent on TiC and ZrC strengthening particles. If the particle size
is too large, the strengthening effect is diminished; if the particles are too fine,
microstructural stability may be compromised; and if agglomeration occurs, localized
performance degradation results. Therefore, precise control over the size, quantity, and
distribution uniformity of strengthening phases is one of the most critical technical
challenges in TZM manufacturing.

(4) The fourth bottleneck is that additive manufacturing adaptability still requires
improvement. TZM has high thermal conductivity and a high melting point, which tend to
generate large temperature gradients and thermal stresses during laser-based additive
manufacturing, leading to cracking. Although some progress has been made in TZM
additive manufacturing, there remains a considerable gap before it reaches mature
industrial-scale production.

(5) The fifth bottleneck is the relatively high manufacturing cost for large, complex parts.
Since TZM is a powder-metallurgy material, large-scale billet preparation, multiple thermal
processing steps, and high-precision machining all increase manufacturing costs. For very
large and complex structural components, there is still room for improvement in machining
efficiency and material utilization.

In addition, as semiconductor equipment continues to advance toward higher cleanliness
and precision, stricter requirements are being placed on TZM's internal microstructural
uniformity, oxygen and nitrogen impurity control, and batch-to-batch stability, posing
ongoing challenges to manufacturing processes.

Key Areas for Future TZM Technological Breakthroughs

Technical Direction Primary Objective
Oxidation resistance Increase usable temperature in air

Ultra-high-temperature
Improve long-term stability above 1400 °C

performance

Strengthening phase control Optimize TiC and ZrC size and distribution

Additive manufacturing Reduce thermal cracking and improve forming quality
Manufacturing cost Increase production efficiency for large complex parts
High purification Meet advanced semiconductor cleanliness requirements

The bottlenecks currently facing TZM are more issues of manufacturing technology and
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application expansion, rather than the material itself losing competitiveness. CTIA GROUP
believes that the biggest technical bottleneck of TZM is its insufficient high-temperature
oxidation resistance in air, along with the potential for further performance improvement
in ultra-high-temperature environments. In the future, through the development of novel
strengthening systems, oxidation-resistant coatings, microalloying design, additive
manufacturing technologies, and intelligent manufacturing processes, TZM still holds
significant potential for performance enhancement and will continue to maintain its
important position in high-end equipment manufacturing.

/

.

’Q

=
p
-
-

Q29: What Gaps Still Exist Between China's Titanium-Zirconium-Molybdenum Alloy (TZM)
and the International Advanced Level?

In recent years, with the rapid development of China's semiconductor, aerospace, new
energy, and high-end equipment manufacturing industries, the domestic
Titanium-Zirconium-Molybdenum Alloy (TZM) industry has made remarkable progress.
From raw material preparation, powder metallurgy, and thermal processing to precision
machining, the overall technological level has been continuously improving, with some
products already meeting the requirements of high-end semiconductor equipment and
vacuum apparatus. However, from the perspective of the global high-end TZM industry,
China still lags behind the international advanced level in certain aspects. These gaps are
not primarily reflected in basic performance indicators, but rather in manufacturing
consistency, long-term reliability, and high-end manufacturing capabilities.
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(1) Product consistency still has room for improvement.

Leading international enterprises, after decades of industrial accumulation, have
established comprehensive quality control systems covering the entire production process,
achieving extremely high consistency across different batches in chemical composition,
grain structure, high-temperature performance, and workability. Although some domestic
manufacturers can produce TZM products with properties reaching international levels,
there remains room for further improvement in long-term stable mass production
compared with international advanced enterprises.

(2) Strengthening phase control technology still needs optimization.

TZM's performance is primarily determined by the size, quantity, and distribution
uniformity of TiC and ZrC dispersion-strengthening particles. International advanced
enterprises have long-term accumulated experience in the formation mechanisms of
strengthening phases, particle size control, and microstructural evolution during thermal
processing, giving them certain advantages in structural uniformity.

(3) High purification levels still require continuous improvement.

As advanced semiconductor equipment continues to upgrade, increasingly stringent
requirements are being placed on material cleanliness, particularly regarding oxygen,
nitrogen, and other trace impurity control. Domestic companies have made significant
progress in recent years, but there is still room for further improvement in the stable
control capability of ultra-high-purity products.

(4) Manufacturing capability for large-size, high-precision products still needs
strengthening. With the development of 300 mm+ wafer equipment, large-scale SiC hot
zones, and fusion facilities, the market has placed higher demands on large TZM plates,
thick sheets, complex shaped components, and integrated hot-zone structures.
International leading enterprises have more extensive experience in manufacturing large,
complex structural components.

(5) Insufficient accumulation of long-term service data.

Some TZM products from European and American companies have decades of engineering
application history, with well-established life prediction models, failure analysis databases,
and long-term reliability evaluation systems. China's high-end TZM industry started
relatively late and still needs to continue accumulating data in building long-term
engineering databases.

(6) The certification cycle for high-end applications is relatively long.

Aerospace, semiconductor, and major international research projects typically require
lengthy certification processes. Although some domestically produced TZM products have
already achieved performance on par with international advanced levels, entering the
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international high-end supply chain still requires time for customer validation and

application accumulation.

Nevertheless, it must also be recognized that China's TZM industry has developed very
rapidly in recent years. China has established a complete molybdenum resource supply
system, powder metallurgy manufacturing system, and machining capabilities, with distinct
advantages in material cost, delivery capacity, and customized services. Some domestic
companies have already built strong international competitiveness in semiconductor
hot-zone components, high-purity TZM materials, and complex shaped part manufacturing.

In summary, the gap between China's TZM industry and the international advanced level is
continuously narrowing. With the continued development of the semiconductor and
aerospace industries, domestically produced TZM is expected to further enhance its global
market competitiveness. CTIA believes that China's TZM industry already possesses a solid
industrial foundation, with some products achieving internationally advanced performance.
What truly needs to be addressed in the future is no longer individual performance metrics,
but rather the consistency of high-end products, long-term reliability, ultra-high-purity
manufacturing capability, and international market recognition. With continued
technological progress, China's TZM industry is poised to occupy a more significant position
in the global high-end refractory metals market.

Q30: How Should One Choose Between Titanium-Zirconium-Molybdenum Alloy (TZM) and
MHQ?

Both Titanium-Zirconium-Molybdenum Alloy (TZM) and Molybdenum-Hafnium-Carbon Alloy
(MHC) are among the most widely used molybdenum-based high-temperature alloys. Both
materials exhibit excellent high-temperature properties, but they employ different
strengthening systems, giving each distinct advantages in applicable working conditions,
manufacturing cost, and engineering applications. In actual material selection, decisions
should be made by comprehensively considering operating temperature, service duration,
load conditions, processing requirements, and budget, rather than simply assuming that
higher performance is always better.

First, selection should be based on operating temperature. If the equipment operates
long-term within the 1200-1400 °C range, TZM generally meets the requirements. Its
high-temperature strength, creep resistance, and dimensional stability have been verified
through long-term engineering practice, making it the most mature material in
semiconductors, vacuum heat treatment, and aerospace. If long-term operating
temperatures approach or exceed 1400 °C—especially when extremely low creep
deformation must be maintained over extended periods—MHC typically offers better
high-temperature stability and is more suitable as an ultra-high-temperature structural
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material.

Second, service life should be considered. For equipment requiring long-term continuous
operation with very high maintenance costs, MHC can provide a longer service life under
extreme working environments. For most industrial equipment, however, TZM already
achieves a long service cycle with better overall cost-effectiveness.

Third, manufacturing difficulty should be considered. TZM has good workability and can be
forged, rolled, turned, milled, drilled, welded, and formed into complex shaped
components, making it more suitable for parts with complex structures and high
dimensional precision requirements. MHC is harder, more difficult to machine, and incurs
higher processing costs, so it is typically used for parts with relatively simple structures but
extremely high performance requirements.

Fourth, cost factors should be considered. TZM employs a Ti and Zr strengthening system,
with both material and manufacturing costs lower than those of MHC. MHC contains
expensive hafnium, resulting in significantly higher overall cost. Therefore, if TZM already
meets performance requirements, it is generally preferred to achieve better
cost-effectiveness.

Fifth, selection should be based on the application industry. In semiconductor hot zones,
single-crystal silicon equipment, SiC and GaN crystal growth equipment, vacuum furnaces,
and high-temperature molds, TZM remains the mainstream material. Fusion energy,
ultra-high-temperature research equipment, and certain extreme aerospace applications
may be more suitable for MHC.

Material Selection Guidelines for TZM and MHC

Working Condition Recommended Primary Reason

Long-term service at 1200-1400 °C TZM Mature comprehensive performance, reasonable cost
Long-term service above 1400 °C MHC Better high-temperature stability

Semiconductor hot zones TZM Mature engineering applications

Vacuum heat-treatment equipment TZM Excellent comprehensive performance

Extreme high-temperature research equipment ~ MHC Stronger creep resistance

Complex precision components TZM Better workability

Cost-sensitive applications TZM Higher cost-effectiveness

Extreme service-life requirements MHC Better suited for long-term ultra-high-temperature service

In many large-scale equipment systems, the two materials are often not an either/or choice
but are used in combination. For example, the most severe high-temperature regions may
use MHC, while the remaining structures use TZM, achieving rational material allocation
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that balances performance with overall cost control.

CTIA believes that TZM and MHC have no absolute superiority or inferiority; the key lies in
whether they suit the specific working conditions. For the vast majority of industrial
equipment, TZM remains the best choice due to its mature comprehensive performance,
ease of processing, reasonable cost, and extensive engineering experience. Only under
ultra-high temperatures, ultra-long service lives, or extreme conditions does MHC's
advantage become more pronounced. Therefore, the principle of scientific material
selection is not to choose the material with the highest performance, but to choose the
material that provides the optimal overall benefit.
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