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Abstract 

Molybdenum, a rare metal of exceptional strategic importance, is widely utilized in critical sectors such as the nuclear industry, 

aerospace, and electronics due to its outstanding properties. In recent years, growing global demand for molybdenum and its 

derivative materials has led to a persistent supply-demand gap in the industry, prompting domestic manufacturers to transition 

toward developing advanced molybdenum-based new materials. (Delete this sentence) This review systematically examines the 

types and properties of common molybdenum alloys, the fundamental characteristics of molybdenum disulfide, and the principles 

of mainstream preparation methods including powder metallurgy and additive manufacturing, while highlighting the applications 

of molybdenum derivatives across various fields. Additionally, it explores strategies for high-quality development in the 

molybdenum-based materials sector from three perspectives—material composition, integrated innovation in advanced 

fabrication processes, and industrialization of two-dimensional molybdenum-based materials—and outlines future trends. The 

study aims to provide theoretical foundations for fundamental research, technological advancement, and practical applications 

of molybdenum-based materials. (Molybdenum, a strategically important rare metal, occupies an irreplaceable position in high-

end fields such as nuclear industry, aerospace, and electronics, owing to its high melting point, excellent high-temperature 

strength, good thermal and electrical conductivity, and corrosion resistance. With the global energy transition and upgrading of 

advanced manufacturing, the supply-demand gap for molybdenum materials has become increasingly prominent, and China’s 

molybdenum industry is shifting from resource export to high-end material manufacturing. This review systematically 

summarizes the research progress of molybdenum-based materials from traditional alloys to two-dimensional functional systems. 

First, the compositions, properties, and limitations of five commonly used molybdenum alloys—TZM, Mo-Re, Mo-W, Mo-Cu, 

and Mo-La2O3—are outlined. Second, the principles, advantages, and existing challenges of mainstream fabrication routes are 

elaborated, including powder metallurgy (mechanical alloying, isostatic pressing, powder injection molding, spark plasma 

sintering, and liquid-phase sintering) and additive manufacturing (electron beam selective melting and laser powder bed fusion). 

Third, taking molybdenum disulfide as a representative, the layered crystal structure of molybdenum-based ceramic materials 

and their application potential and challenges in electronic devices, optoelectronic sensing, and biomedical detection are 

analyzed. Furthermore, this review proposes development strategies for the high-quality advancement of the molybdenum-based 

materials industry from three perspectives—precise alloy composition design, integrated innovation of advanced preparation 

processes, and industrialization of two-dimensional molybdenum-based materials—and provides an outlook on future trends. 

This review aims to offer systematic theoretical references for fundamental research, technological development, and engineering 

applications of molybdenum-based materials, thereby promoting the high-value-added utilization of molybdenum resources and 

the self-reliance of the industrial chain in China). 
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1. Introduction 

Molybdenum is a rare, refractory, and precious metal, as 

well as a key mineral resource with extremely high strategic 

value globally. It possesses fundamental properties such as a 

high melting point, great strength, high hardness, and a large 

elastic modulus, along with excellent wear resistance, electri-

cal conductivity, and thermal conductivity. Additionally, this 

material exhibits a low coefficient of thermal expansion, 

strong resistance to acid and alkali corrosion, robust protec-

tion against liquid metal erosion, and outstanding overall 

chemical structural stability [1]. Due to its superior compre-

hensive performance, molybdenum and molybdenum alloys 

have become indispensable core materials in the production of 

advanced electronic components, wear-resistant parts, and 

high-temperature structural components, finding widespread 

applications in various industrial sectors including aerospace, 

defense, nuclear industry, power electronics, steel metallurgy, 

machinery manufacturing, energy chemistry, medical devices, 

lighting equipment, and glass fibers [2-4]. In recent years, the 

growing demand for molybdenum materials from traditional 

downstream industries as well as emerging sectors such as 

new energy and semiconductors has continuously widened the 

supply-demand gap in the molybdenum industry, driving sus-

tained price increases that reached historic highs by 2026. As 

the world's largest producer of molybdenum resources, China 

has accelerated the transformation of its domestic molyb-

denum industry, shifting from a development model focused 

on raw ore exports to a transition toward high-end molyb-

denum-based new materials such as high-purity molybdenum 

targets, molybdenum-rhenium alloys, and molybdenum disul-

fide. Against the backdrop of global energy transition and the 

upgrading of high-end manufacturing, the strategic im-

portance of molybdenum resources has become increasingly 

prominent. Understanding the fundamental properties and 

current status of molybdenum alloys and two-dimensional 

molybdenum-based materials is essential for effectively ad-

vancing the transformation of the molybdenum industry to-

ward high-end molybdenum-based new materials. 

Molybdenum (Mo) is a scarce, refractory, and rare metal 

that serves as a strategically vital mineral resource. It exhibits 

exceptional mechanical properties—including high melting 

point, hardness, strength, and elastic modulus—along with 

outstanding wear resistance, excellent electrical and thermal 

conductivity, low thermal expansion coefficient, acid/alkali 

corrosion resistance, strong resistance to liquid metal erosion, 

and superior chemical stability [1]. Leveraging these compre-

hensive advantages, molybdenum and its alloys have become 

indispensable core materials for developing high-end elec-

tronic components, wear-resistant parts, and high-temperature 

structural components. Currently, molybdenum products are 

widely used in various industries such as aerospace, defense, 

nuclear energy, power electronics, steel metallurgy, machin-

ery manufacturing, energy chemistry, medical equipment, 

light sources, and glass fibers [2-4]. In recent years, driven by 

steady growth in traditional downstream sectors and rapid de-

velopment of emerging industries like new energy and semi-

conductors, market demand for molybdenum-based materials 

has surged, widening the supply-demand gap and driving 

prices to historic highs by 2026. As the world's largest molyb-

denum producer, China has accelerated its industrial upgrad-

ing, moving away from a resource-intensive model focused on 

primary raw material exports like molybdenum concentrates 

toward advanced applications such as high-purity molyb-

denum targets, molybdenum-rhenium alloys, and molyb-

denum disulfide. Amid global energy transition and rapid ad-

vancements in high-end manufacturing, the strategic im-

portance of molybdenum minerals continues to grow. A com-

prehensive analysis of the physicochemical properties and re-

search progress of molybdenum alloys and two-dimensional 

molybdenum-based materials will provide robust support for 

China's molybdenum industry chain to advance into the high-

end materials sector. 

2. Molybdenum Alloy 

2.1. Types of Molybdenum Alloys 

Currently, the most commonly used molybdenum alloys in 

industry fall into five major categories: TZM titanium-zirco-

nium-molybdenum alloy, molybdenum-rhenium alloy, mo-

lybdenum-tungsten alloy, molybdenum-copper alloy, and mo-

lybdenum-lanthanum alloy, as shown in Table 1. 
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Table 1. Types and Properties of Molybdenum Alloys. 

Alloy Series 
alloying com-

ponent 
function shortcoming 

Refer-

ences 

TZM titanium-

zirconium-

molybdenum 

alloy 

Mo-

0.4~0.55Ti-

0.06~0.12%Zr-

0.01~0.04C 

High melting point, high strength, excellent elastic 

modulus, low linear expansion coefficient, low 

vapor pressure, good electrical and thermal 

conductivity, and strong corrosion resistance. 

It exhibits poor high-temperature 

oxidation resistance, requires 

complex preparation processes, 

and involves high costs. 

[5-7] 

Molybdenum-

alloy 
Mo-Re 

High strength, extremely low plastic-to-brittle tran-

sition temperature, and high resistivity 

High cost, high density, poor oxi-

dation resistance at high tempera-

tures 

[8, 9] 

Molybdenum-

tungsten alloy 
Mo-W 

Exhibits excellent high-temperature mechanical 

properties, superior resistance to corrosion by mol-

ten metals, and good thermal and electrical con-

ductivity. 

Cold working is highly challeng-

ing, and its oxidation resistance at 

high temperatures is poor. 

[10] 

molybdenum-

copper 
Mo-Cu 

Characterized by high electrical and thermal con-

ductivity, non-magnetism, and excellent machina-

bility 

Low heat resistance at high tem-

peratures, poor oxidation re-

sistance under high temperatures, 

and complex preparation process 

[11, 12] 

Molybdenum-

alloyed molyb-

denum 

Mo-

1%~2%La2O3 

High recrystallization temperature, excellent high-

temperature creep resistance, and good toughness. 

Poor high-temperature oxidation 

resistance and stringent prepara-

tion requirements 

[13, 14] 

 

2.2. Preparation Process of Molybdenum Alloys 

Molybdenum and molybdenum alloys are refractory alloy 

materials that require multiple critical factors during their 

preparation. Currently, the mainstream preparation methods 

for molybdenum alloys primarily fall into two categories: 

powder metallurgy and additive manufacturing. 

2.2.1. Powder Metallurgy Method 

The powder metallurgy process primarily encompasses 

steps such as powder preparation, pressing, sintering, and sub-

sequent processing. Among these, atomization and mechani-

cal alloying are the most widely employed methods for pow-

der preparation [15, 16]. Mechanical alloying, often referred 

to as high-energy ball milling, is a technique that involves 

mixing various pure metal powders in specified ratios and 

achieving uniform powder homogenization through high-en-

ergy mechanical grinding, enabling the production of ultrafine 

metallic micropowders [17]. Based on this method, Hu 

Baoquan et al. utilized high-energy ball milling to facilitate 

continuous cold welding, fragmentation, and recombination 

between molybdenum and copper powders, ultimately obtain-

ing nanoscale composite powders with uniform composition 

[18, 19]. This preparation process offers significant ad-

vantages, including a simple operational workflow, high pow-

der homogeneity, and excellent alloying performance. 

Powder consolidation forming represents the second criti-

cal step in the preparation process of molybdenum alloy pow-

ders. The density and uniformity of distribution of the formed 

green body directly determine the final microstructure and 

overall performance of the finished product. Current main-

stream powder forming techniques for molybdenum alloys in-

clude isostatic pressing, dry pressing, and powder injection 

molding, each with distinct technical characteristics and ap-

plication scenarios [20, 21]. Among these, hot isostatic press-

ing integrates green body formation with sintering processes, 

achieving energy efficiency gains while requiring complex 

equipment and higher initial investment costs; its key ad-

vantages lie in high product yield rates and exceptional com-

prehensive performance [22]. Powder injection molding is a 

novel technique combining powder metallurgy and precision 

injection molding technologies, with its standard process flow 

illustrated in Figure 1 [23]. This method enables near-net-

shape formation of components in a single operation, produc-

ing parts that meet precise dimensional and geometric require-

ments without requiring additional machining steps, thereby 

reducing material waste and production costs—making it par-

ticularly suitable for large-scale manufacturing of complex 

molybdenum alloy products. However, specific requirements 

for molybdenum alloy powders significantly increase the pro-

duction costs associated with this forming method. 

Powder consolidation forming represents the second criti-

cal step in the preparation process of molybdenum alloy pow-

ders, as the density and uniformity of distribution within the 

formed green body directly determine the final microstructure 

and overall performance of the product. Current mainstream 
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powder forming techniques for molybdenum alloys include 

isostatic pressing, dry pressing, and powder injection molding, 

each with distinct technical characteristics and application 

scenarios [20, 21]. Among these, hot isostatic pressing inte-

grates green body formation with sintering processes, offering 

significant energy efficiency advantages while delivering high 

product yield rates and excellent comprehensive performance, 

albeit at the cost of complex procedures and high equipment 

investment [22]. Powder injection molding, a novel technique 

combining powder metallurgy and precision injection mold-

ing, follows a standard process flow illustrated in Figure 1 

[23]. This method enables near-net-shape formation of com-

ponents in a single operation, producing parts that meet pre-

cise dimensional and geometric requirements without requir-

ing secondary processing, thereby reducing material waste 

and production costs. It also facilitates large-scale production 

of complex-shaped molybdenum alloy products. However, 

this technique imposes specific requirements on molybdenum 

alloy powders, substantially increasing manufacturing costs. 

 
Figure 1. Process flowchart of powder injection molding. 

Figure 1 Schematic of metal injection molding (MIM) fabrication procedure. 

Sintering is the critical process for achieving density en-

hancement of powder metallurgy green bodies after forming, 

playing a decisive role in determining the density, microstruc-

tural composition, and overall mechanical properties of mo-

lybdenum alloys. Currently, two mainstream sintering tech-

niques are employed in alloy preparation: plasma sintering 

and liquid-phase sintering. Plasma sintering utilizes plasma to 

activate powders, enabling rapid densification at low temper-

atures and significantly improving the comprehensive perfor-

mance of molybdenum alloys [24]. Reddy et al. [25] con-

ducted discharge plasma sintering experiments using nano-

sized Mo-Cu composite powders at 1000°C, successfully pro-

ducing molybdenum-copper alloys with fine grains and uni-

form microstructure, achieving a density exceeding 98% and 

a microhardness surpassing 587 HV. Studies demonstrate that 

plasma sintering rapidly densifies alloy green bodies, refines 

grain structure, and enhances performance; however, chal-

lenges remain including suboptimal process parameters, un-

clear sintering mechanisms, and limited industrial applicabil-

ity. Liquid-phase sintering involves heating molybdenum al-

loy powders above the melting point or eutectic temperature 

of at least one component to achieve densification under co-

existence of solid and liquid phases. Current research focuses 

on enhancing sintering efficiency through doping with trace 

activators or using ultrafine powder materials to optimize this 

process [26, 27]. Scholars including Guo [28] conducted ex-

perimental studies on the effects of trace amounts of the active 

element Ni on the sintering properties of Mo-18Cu composites. 

The results demonstrated that Ni addition significantly en-

hances the wettability of the copper liquid phase on the mo-

lybdenum matrix surface. After sintering at 1250°C for 2 

hours, the samples exhibited optimal overall performance, 

with a density of 99.2%, hardness of 72.5 HRA, and flexural 

strength of 1058 MPa. Additionally, the study revealed that 

physical properties such as resistivity and thermal conductiv-

ity of the molybdenum-copper alloy decline to some extent 

with increasing Ni doping content. 

Sintering is the critical process for achieving density en-

hancement of powder metallurgy green bodies after forming, 

directly determining the density, microstructural morphology, 

and comprehensive mechanical properties of molybdenum al-

loys, making it a pivotal step in their preparation. Currently, 

mainstream sintering techniques in this field fall into two ma-

jor categories: discharge plasma sintering and liquid-phase 

sintering. These methods exhibit distinct advantages and lim-

itations depending on their respective sintering mechanisms 

during alloy modification. Discharge plasma sintering utilizes 

plasma to activate metal powders, enabling rapid densification 

of green bodies at low temperatures while effectively optimiz-

ing the microstructure and enhancing material performance 

[24]. Reddy et al. [25] successfully synthesized fine-grained, 

uniformly structured molybdenum-copper alloys using nano-

sized Mo-Cu composite powders through discharge plasma 

sintering at 1000°C. Experimental results demonstrated that 

the resulting alloys achieved over 98% density with micro-

hardness exceeding 587 HV. Studies confirm that this tech-

nique accelerates green body densification, refines grain size, 

and significantly improves mechanical properties. However, 
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notable challenges remain—including poor parameter com-

patibility, incomplete understanding of sintering mechanisms, 

and limited scalability—hindering its widespread industrial 

application. Liquid-phase sintering is a manufacturing process 

that involves heating a molybdenum alloy powder green body 

to temperatures above the melting point or eutectic tempera-

ture of at least one component, achieving sintering densifica-

tion under coexistence of solid and liquid phases. Current in-

dustry practices primarily enhance sintering efficiency 

through doping with trace activators and using ultrafine pow-

der materials to optimize the liquid-phase sintering system and 

improve sintering performance [26, 27]. Researchers includ-

ing Guo [28] conducted systematic experiments investigating 

the effects of Ni as a trace activator on the sintering character-

istics of Mo-18Cu composites. Results demonstrated that Ni 

doping significantly improves the wettability of molten cop-

per on the molybdenum substrate surface, substantially en-

hancing sintering density. After 2 hours of sintering at 1250°C, 

the composite achieved optimal mechanical properties: a den-

sity of 99.2%, hardness of 72.5 HRA, and flexural strength of 

1058 MPa. However, experiments revealed that Ni doping ad-

versely affects the physical properties of the molybdenum-

copper alloy, with key parameters such as resistivity and ther-

mal conductivity showing progressive deterioration as Ni con-

tent increases. 

2.2.2. Additive Manufacturing Method 

Additive manufacturing technology, also known as 3D 

printing technology, is one of the most advanced precision 

forming techniques today [29]. It operates on the principle of 

discrete material deposition, building up layers sequentially in 

a "bottom-up" manner to precisely create solid components 

with specified geometric structures [30]. Current additive 

manufacturing methods for molybdenum alloys primarily in-

clude Electron Beam Selective Melting (EBSM), Laser Pow-

der Bed Fusion (LPBF), and Directional Energy Deposition 

(DED). 

Electron beam selective melting (EBSM) technology em-

ploys high-power electron beams as an energy source to 

achieve the melting, forming, and processing of molybdenum 

alloys, as illustrated in Figure 2 [31]. During EBSM forming, 

the microstructure of the sample is primarily governed by both 

the beam current and scanning speed, with current intensity 

exerting a significantly greater influence on microstructural 

morphology than acceleration voltage; components fabricated 

via this process exhibit superior mechanical properties [32]. 

However, molybdenum alloy and superalloy parts produced 

using electron beam additive manufacturing often suffer from 

surface quality defects, with surface finish failing to meet op-

erational standards; the surface roughness and hardness of 

some components even exceed those of conventional forged 

specimens, rendering them unsuitable for direct assembly or 

service application, necessitating subsequent mechanical fin-

ishing to optimize surface quality and satisfy engineering re-

quirements [33]. 

Electron beam selective melting (EBSM) technology em-

ploys high-power electron beams as an energy source to 

achieve the melting, forming, and processing of molybdenum 

alloys, as illustrated in Figure 2 [31]. During EBSM forming, 

the microstructure of the sample is primarily governed by both 

the beam current and scanning speed. The impact of current 

intensity on microstructural morphology is significantly more 

pronounced than that of acceleration voltage. Molybdenum al-

loy components fabricated via this process exhibit excellent 

mechanical properties [32]. However, molybdenum alloys and 

superalloys produced by EBSM often suffer from surface 

quality defects, with the surface finish of finished products 

failing to meet operational requirements. Moreover, the sur-

face roughness and hardness of some components exceed 

those of conventional forged specimens, rendering them un-

suitable for direct assembly or service application. These parts 

must undergo subsequent mechanical finishing to optimize 

surface quality and satisfy engineering demands [33]. 

 
Figure 2. Schematic diagram of the working principle of electron beam melting (EBM): (a) Processing chamber; (b) Four processing steps 

per material layer. 
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Laser Powder Bed Fusion (LPBF) is a representative addi-

tive manufacturing technology. As illustrated in Figure 3, it 

employs high-energy laser beams to selectively melt metal 

powders, achieving near-net-shape component fabrication 

through a cyclic process of layer-by-layer melting, cooling, 

and solidification [34]. Compared to traditional metal pro-

cessing methods such as machining and casting, this technique 

requires no custom molds and enables direct integrated for-

mation of complex structural components, offering significant 

technical advantages in overall part fabrication and the pro-

duction of intricate geometries [35]. The fundamental princi-

ples and workflow of LPBF are demonstrated in Figure 3 [36], 

involving multiple steps: First, a three-dimensional CAD 

model is sliced into layers, with the resulting cross-sectional 

geometry data imported into the laser melting system; then, a 

powder deposition unit evenly deposits metal powder (10-45 

μm in particle size) onto the substrate surface, forming uni-

form-thickness layers; subsequently, under a protective at-

mosphere of high-purity inert gas, high-energy lasers scan the 

powder bed according to each layer's contour, causing com-

plete powder fusion and rapid solidification to form single-

layer structures; after each layer is completed, the substrate 

automatically descends by one layer thickness, repeating the 

powder deposition and scanning processes until the final com-

ponent is fully fabricated through cumulative layering. LPBF 

technology uses conventional fusible metal powders as raw 

materials, achieving a component density approaching 100% 

and mechanical properties comparable to those of traditionally 

manufactured parts, with some performance indicators even 

surpassing conventional products. For highly chemically reac-

tive molybdenum alloy powders, creating vacuum or high-pu-

rity inert gas environments during processing effectively pre-

vents oxidation defects associated with high-temperature op-

erations, making LPBF the preferred technique for precision 

forming of molybdenum-based composites [37]. However, 

this technology still faces certain challenges in practical appli-

cations: the powder forming process is prone to defects such 

as spheroidization, deformation, and cracking; additionally, 

the layer-by-layer deposition method results in low overall 

processing efficiency, while the limited processing chamber 

volume restricts part dimensions, hindering large-scale pro-

duction of large molybdenum alloy components. 

Laser Powder Bed Fusion (LPBF) is a mainstream metal ad-

ditive manufacturing process. Its working principle involves us-

ing high-energy laser beams to selectively melt metal powder, 

achieving near-net-shape fabrication of metal components 

through a cyclic process of layer-by-layer melting and subse-

quent cooling solidification [34]. Compared to traditional pro-

cessing methods such as casting and mechanical machining, 

LPBF eliminates the need for specialized molds and enables 

one-step integration of complex structural parts, offering signif-

icant advantages in manufacturing both monolithic structures 

and intricate components with irregular shapes [35]. The com-

plete LPBF workflow is illustrated in Figure 3 [36], comprising 

the following steps: First, a three-dimensional CAD model is 

sliced into layers, with each cross-sectional profile data im-

ported into the manufacturing equipment; then, a powder depo-

sition system evenly spreads metal powder with particle sizes 

ranging from 10 to 45 μm onto the substrate to form thin layers; 

under a high-purity inert gas atmosphere, a laser beam selec-

tively scans the powder bed along predetermined trajectories, 

rapidly melting and solidifying the powder to create single-

layer structures. Upon completion of each layer, the substrate 

automatically descends by the corresponding thickness, repeat-

ing the powder deposition and laser melting cycles until the en-

tire part is printed. Utilizing conventional metal powders, LPBF 

produces components with nearly 100% density and mechani-

cal properties that match or exceed those of traditional forged 

or cast parts. For highly chemically active molybdenum alloy 

powders, isolating them from oxygen using vacuum or a high-

purity inert atmosphere effectively suppresses high-temperature 

oxidation; consequently, LPBF has become the preferred 

method for precision forming of molybdenum-based compo-

sites [37]. However, this process still has limitations: it is prone 

to metallurgical defects such as spheroidization, warping, and 

thermal cracking during printing; the layer-by-layer powder 

deposition approach offers low production efficiency; addition-

ally, the limited space within the forming cavity imposes strict 

constraints on part dimensions, making large-scale manufactur-

ing of large-sized molybdenum alloy components challenging. 

 
Figure 3. Principle 1of the LPBF process. 

Figure 3 Schematic illustration of the layer-by-layer fabrication procedure for laser powder bed fusion (LPBF) additive manufacturing, includ-

ing model slicing, powder spreading, laser scanning and part removal. 
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2.3. Applications of Molybdenum Alloys 

In the nuclear industry, molybdenum and its alloys have be-

come the preferred structural materials for nuclear reactors due 

to their exceptional comprehensive properties. These materials 

exhibit outstanding strength, toughness, corrosion resistance, 

and radiation-induced brittleness resistance, making them 

widely applicable in manufacturing critical reactor components 

such as core structures, fuel rod cladding, reactor pressure ves-

sels, and drive mechanisms [38]. In 2012, the U.S. Department 

of Energy launched a dedicated program to develop accident-

tolerant fuels in collaboration with national laboratories and nu-

clear fuel manufacturers, aiming to create fuels with superior 

performance characteristics. Molybdenum alloys, leveraging 

their unique refractory metal properties, emerged as a key can-

didate system for next-generation fuel cladding materials [39]. 

As new nuclear reactors increasingly adopt high-enriched ura-

nium systems, U-Mo alloy fuels have become a focal research 

area. The U-10Mo alloy demonstrates high uranium density, 

low thermal expansion coefficient, excellent radiation stability, 

and robust interface stability between U-Mo and zirconium, of-

fering significant overall service performance advantages that 

establish it as a highly promising advanced nuclear fuel material 

system for engineering applications [40, 41]. 

In the aerospace sector, molybdenum alloys have become a 

critical structural material for key hot-end components such as 

turbine blades and combustion chamber nozzles in China's avi-

ation engines, owing to their excellent high-temperature me-

chanical properties and comprehensive performance character-

istics. In recent years, the design and optimization of novel alloy 

systems have been a primary focus of research on molybdenum 

alloys for aerospace applications. Through component regula-

tion and process improvements, the overall performance of 

these alloys has been significantly enhanced to meet the de-

mands of next-generation aerospace equipment. For instance, 

the domestically developed Mo-Cr-W-Ni molybdenum-based 

alloy exhibits outstanding high-temperature strength and sus-

tained creep resistance, and is now widely used in core aero-

space components including aviation engines [42]. 

In the aerospace sector, molybdenum alloys exhibit excep-

tional high-temperature mechanical properties and comprehen-

sive mechanical performance, making them widely used in 

manufacturing critical hot-end components such as aircraft en-

gine turbine blades and combustion chamber nozzles. In recent 

years, the design and modification of novel alloy systems have 

become a primary research focus for molybdenum alloys in aer-

ospace applications. Through precise control of alloy composi-

tion and optimization of preparation processes, researchers have 

continuously enhanced the overall performance of these alloys 

to meet the stringent requirements of next-generation aerospace 

equipment. Taking China's independently developed Mo-Cr-

W-Ni molybdenum alloy as an example, this material demon-

strates high high-temperature strength and outstanding creep re-

sistance, and has been widely adopted in advanced aerospace 

core components including aircraft engines [42]. 

In the electronics industry, molybdenum alloys are widely 

used in manufacturing components for core semiconductor 

devices such as transistors and diodes due to their high melting 

point, low thermal expansion coefficient, and excellent chem-

ical stability. With advancements in optoelectronics and sem-

iconductor device technologies, the electronics sector has im-

posed new requirements on the overall performance of molyb-

denum alloys: these materials must not only maintain their 

low thermal expansion properties but also further enhance 

electrical and thermal conductivity along with high-tempera-

ture operational stability to meet the demands of next-genera-

tion electronic information technology. The domestically de-

veloped novel molybdenum-tungsten alloy system has 

achieved an optimal balance between low thermal expansion 

characteristics and high electrical conductivity, and has now 

been successfully commercialized and deployed at scale [42]. 

In the electronics industry, molybdenum alloys are widely 

used in manufacturing core semiconductor components such 

as transistors and diodes due to their high melting point, low 

linear expansion coefficient, and excellent chemical stability. 

With continuous advancements in optoelectronic technology 

and semiconductor devices, the electronics sector has set 

higher requirements for the overall performance of molyb-

denum alloys. Currently, these alloys must not only retain 

their inherent advantage of low thermal expansion but also en-

hance electrical and thermal conductivity as well as opera-

tional stability under high-temperature conditions to meet the 

demands of next-generation electronic information technolo-

gies. The domestically developed novel molybdenum-tung-

sten alloy system has successfully achieved synergistic opti-

mization of low thermal expansion and high electrical conduc-

tivity, and has now been commercialized for mass production 

and large-scale engineering applications [42]. 

3. Molybdenum-based Ceramic 

Materials 

Molybdenum-based ceramic materials represent a class of 

high-performance composite materials, primarily prepared ei-

ther using refractory compounds such as molybdenum car-

bides, borides, and sulfides as the matrix phase, or by combin-

ing metallic molybdenum as a reinforcing phase with ceramic 

phases. These materials exhibit multiple outstanding proper-

ties, including high melting points and hardness, excellent 

high-temperature oxidation resistance and wear resistance, 

and some systems even possess metallic conductivity, demon-

strating remarkable overall performance advantages. 

Molybdenum-based ceramics are high-performance compo-

site materials typically fabricated by incorporating refractory 

ceramic phases such as molybdenum carbides, borides, or sul-

fides as the matrix, or using metallic molybdenum as a reinforc-

ing phase combined with ceramic components. These materials 

combine the advantages of both metals and ceramics, featuring 

high melting points, exceptional hardness, outstanding high-
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temperature oxidation resistance, and excellent wear resistance, 

while certain formulations also maintain good electrical con-

ductivity, resulting in remarkable overall performance. 

A representative example of molybdenum-based ceramic 

materials is molybdenum disulfide (MoS2). As shown in Fig-

ure 4 [43], MoS2 exhibits a sandwich-layered crystal structure 

where molybdenum and sulfur atoms within each layer are 

tightly bonded via strong covalent bonds, while interlayer 

connections rely solely on weak van der Waals forces. This 

unique bonding architecture not only endows MoS2 with dis-

tinctive physicochemical properties and excellent mechanical 

performance but also grants its single-layer form high strength 

and superior elasticity. Additionally, the fabrication process 

for MoS2-based devices is straightforward, meeting the de-

mands of high-volume, low-cost industrial production [44]. 

Thanks to its outstanding comprehensive performance, MoS2 

has been widely adopted across various fields. In electronics 

and integrated circuits, MoS2-based field-effect transistors 

achieve subthreshold swing values approaching the ideal 

Boltzmann limit, with switching ratios reaching up to 106, ef-

fectively mitigating the short-channel effect prevalent in con-

ventional silicon-based devices at nanoscale scales. Mean-

while, this material exhibits excellent compatibility with flex-

ible substrates and can be used to fabricate high-performance 

operational amplifiers, demonstrating unique technical ad-

vantages in analog circuit applications such as flexible elec-

tronics and wearable devices [45]. In the fields of optoelec-

tronics and sensing, various devices developed based on MoS2 

achieve ultra-high external quantum efficiency and detection 

sensitivity, making them suitable for diverse applications in-

cluding biomedical imaging, ultraviolet detection, and low-

power visual sensing in robotics. In biomedical detection and 

diagnosis, MoS2 has been successfully applied in the develop-

ment of microfluidic devices and immunoensors, providing 

innovative technological solutions for early screening and pre-

cise diagnosis of major diseases such as cancer [46]. 

Molybdenum disulfide (MoS2) is the most representative mate-

rial among molybdenum-based ceramic materials. It exhibits a typ-

ical sandwich-layered crystal structure as shown in Figure 4 [43], 

where Mo atoms and S atoms within each layer are tightly bonded 

via strong covalent bonds, while adjacent layers are connected 

solely by weak van der Waals forces. This unique crystalline bond-

ing mechanism endows MoS2 with a range of distinctive physico-

chemical properties and mechanical characteristics; single-layer 

MoS2, in particular, combines ultra-high strength with excellent 

elasticity. Additionally, the fabrication process for MoS2 devices is 

simple, enabling large-scale, low-cost industrial production [44]. 

Due to its outstanding comprehensive performance, MoS2 has been 

widely adopted across various industries. In microelectronics and 

integrated circuits, MoS2-based field-effect transistors achieve sub-

threshold voltage swings approaching the Boltzmann limit and ex-

hibit switching ratios as high as 106, effectively suppressing short-

channel effects associated with silicon-based devices at miniatur-

ized scales. Moreover, the material demonstrates excellent compat-

ibility with flexible substrates, making it suitable for fabricating 

high-performance operational amplifiers and offering significant 

advantages in analog circuits for flexible electronics and wearable 

devices [45]. In optoelectronic devices and sensing applications, 

MoS2-based components demonstrate exceptional external quan-

tum efficiency and detection sensitivity, making them ideal for bi-

omedical imaging, ultraviolet sensing, and low-power visual per-

ception in robotics. In biological detection applications, MoS2 has 

been utilized in the development of microfluidic chips and immu-

noassays, paving new avenues for early screening and precise di-

agnosis of major diseases such as cancer [46]. 

 
Figure 4. Three distinct coordination and stacking sequence structures of MoS2: 1T, 2H, and 3R. 

Figure 4. Three typical crystal polytypes of transition metal dichalcogenides (MoS2, WS2), including the metal coordination environment, top-

plane atomic arrangement and interlayer stacking sequence for 1T octahedral phase, 2H trigonal prismatic phase and 3R trigonal prismatic 

phase. M represents transition metals (Mo, W), and X denotes chalcogen element (S). 
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Molybdenum disulfide (MoS2) exhibits outstanding chemi-

cal, photoelectric, and electronic properties, along with excel-

lent mechanical flexibility and structural strength, laying a 

solid foundation for its applications in fields such as strain en-

gineering. However, its intrinsic electronic characteristics still 

suffer from significant limitations: field-effect transistors fab-

ricated from MoS2 commonly exhibit reduced carrier mobility 

and impaired electrostatic control performance, while the 

overall device fabrication remains challenging; these technical 

issues require further in-depth research and optimization [47, 

48]. 

Molybdenum disulfide (MoS2) exhibits outstanding chemi-

cal stability, photoelectric properties, electronic performance, 

as well as excellent mechanical flexibility and structural 

strength, providing a solid performance foundation for its ap-

plication in cutting-edge fields such as strain engineering. 

However, its intrinsic electronic characteristics still suffer 

from significant limitations that hinder its device-based appli-

cations. Currently, MoS2-based field-effect transistors com-

monly face issues such as carrier mobility degradation and 

failure of electrostatic modulation performance, while the 

overall fabrication process remains challenging; these tech-

nical bottlenecks require further optimization and break-

throughs through in-depth research [47, 48]. 

4. Future Outlook 

The precise control of alloy compositions combined with 

advanced preparation techniques represents a key research fo-

cus in molybdenum alloys. These materials exhibit significant 

low-temperature brittleness, high plastic-to-brittle transition 

temperatures, high production costs, and challenges in fabri-

cating large-scale or complex structural components. Relying 

solely on composition adjustments or single-process optimi-

zation often fails to overcome existing performance limita-

tions or enhance overall material properties. Future research 

should integrate machine learning and deep learning technol-

ogies to enable precision design of novel alloy systems. Incor-

porating nanoscale second-phase particles such as refractory 

carbides can significantly improve molybdenum alloy perfor-

mance. Regarding manufacturing processes, further refine-

ment of core techniques like discharge plasma sintering and 

liquid-phase activation sintering in powder metallurgy is es-

sential to address issues such as nanoparticle agglomeration 

and insufficient sintering density, thereby meeting practical 

engineering demands for extreme applications including hot-

end components in next-generation aero-engines and nuclear 

reactor core structures. 

The precise control of component composition coupled 

with advanced preparation techniques represents the core re-

search focus in current molybdenum alloy development. Mo-

lybdenum and its alloys inherently suffer from technical limi-

tations including pronounced low-temperature brittleness, el-

evated plastic-to-brittle transition temperatures, high produc-

tion costs, and significant challenges in fabricating large-scale 

or complex structural components. Relying solely on single-

component regulation or process optimization alone fails to 

overcome existing performance constraints and achieve sub-

stantial improvements in overall material properties. Future 

research should integrate intelligent technologies such as ma-

chine learning and deep learning to enable precise and effi-

cient design of novel molybdenum alloy systems. Incorpora-

tion of refractory carbide nanoscale second-phase particles 

can refine microstructures and enhance matrix strength, com-

prehensively optimizing mechanical performance. At the 

preparation level, core powder metallurgy techniques like dis-

charge plasma sintering and liquid-phase activation sintering 

require further refinement to address critical issues such as ul-

tra-fine powder agglomeration and insufficient sintering den-

sity. Through synergistic optimization of material design and 

manufacturing processes, these alloys can effectively meet en-

gineering demands for extreme service conditions, including 

thermal-end components in next-generation aero-engines and 

nuclear reactor core structures. 

Fundamental research and industrialization of two-dimen-

sional molybdenum-based ceramic materials can drive inno-

vative applications of these materials in the electronics field. 

Currently, such materials face challenges including complex 

preparation processes, high costs, difficulties in precise phase 

structure control, as well as poor stability and rate perfor-

mance. Future efforts should focus on optimizing the synthe-

sis process of molybdenum disulfide to achieve stable produc-

tion of high-performance molybdenum disulfide films that 

meet large-scale manufacturing demands. Additionally, im-

proving material properties through matrix alloying and mi-

crostructural modification can better satisfy practical applica-

tion requirements. Furthermore, expanding the application 

scope of molybdenum disulfide—such as in flexible wearable 

devices and highly sensitive biosensors—is essential for ad-

vancing its transition from laboratory research to commercial-

ization and practical implementation. 

Beyond research on the modification and process optimiza-

tion of traditional bulk molybdenum alloys, the development 

and technological advancement of low-dimensional molyb-

denum-based ceramic composites represent a crucial pathway 

for expanding the application scope of molybdenum-based 

materials and unlocking their multifunctional potential. The 

fundamental research and industrial application of two-dimen-

sional molybdenum-based ceramic materials can drive tech-

nological innovation in their utilization within the electronics 

sector. Currently, these materials still face significant tech-

nical challenges: complex preparation processes, high produc-

tion costs, difficulties in precise phase structure control, as 

well as issues like insufficient stability and poor rate perfor-

mance, all of which severely hinder their large-scale adoption. 

To address these issues, optimizing the preparation process of 
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molybdenum disulfide will enable stable and controllable pro-

duction of high-performance films suitable for industrial mass 

manufacturing. Additionally, modification techniques such as 

matrix alloying and microstructural regulation can further en-

hance the overall performance of molybdenum-based materi-

als, overcoming practical application bottlenecks. Further-

more, expanding the application scope of molybdenum disul-

fide by exploring its potential in emerging fields like flexible 

wearable devices and highly sensitive biosensors is essential. 

Through multidimensional approaches encompassing process 

optimization, performance enhancement, and scenario diver-

sification, we can steadily advance two-dimensional molyb-

denum-based materials from laboratory research to commer-

cialization and practical implementation. 

5. Conclusion 

In summary, molybdenum alloys and two-dimensional mo-

lybdenum-based functional materials are indispensable key 

raw materials for high-end industries such as the nuclear in-

dustry, aerospace, and electronic information. Commonly 

used molybdenum alloys exhibit excellent comprehensive me-

chanical and thermal properties; with continuous advance-

ments in preparation techniques like powder metallurgy and 

additive manufacturing, molybdenum alloy components have 

been progressively upgraded toward higher precision and per-

formance to meet future industry demands. Two-dimensional 

molybdenum-based materials, exemplified by molybdenum 

disulfide, possess unique physicochemical characteristics and 

overall performance, endowing them with significant applica-

tion value and industrial potential in sectors such as novel op-

toelectronic devices and flexible electronic equipment. 

In summary, molybdenum alloys and two-dimensional mo-

lybdenum-based functional materials have become indispen-

sable core raw materials in high-end manufacturing sectors 

such as the nuclear industry, aerospace, and electronics. Tra-

ditional molybdenum alloys exhibit excellent mechanical 

properties and thermal stability; driven by continuous ad-

vancements in preparation technologies like powder metal-

lurgy and additive manufacturing, molybdenum alloy compo-

nents are evolving toward higher precision, greater reliability, 

and superior overall performance, thereby consistently meet-

ing the future demands of advanced industries. Two-dimen-

sional molybdenum-based materials, with molybdenum disul-

fide (MoS2) as a prime example, possess unique physicochem-

ical properties and demonstrate significant application poten-

tial and industrialization prospects in cutting-edge fields such 

as next-generation optoelectronic devices and flexible elec-

tronic devices. 

While molybdenum alloys and two-dimensional molyb-

denum-based materials demonstrate excellent performance 

and promising application prospects, they face significant 

technical challenges: weak high-temperature oxidation re-

sistance, high production costs, and difficulties in manufactur-

ing large-scale complex components. Similarly, two-dimen-

sional molybdenum-based materials encounter obstacles such 

as high barriers to mass production and insufficient device sta-

bility during operation. These issues have become major con-

straints on the high-quality development of the molybdenum-

based materials industry. Future research and industrial ad-

vancement should focus on three key priorities: precise com-

position design, integration of advanced fabrication tech-

niques, and achieving industrial-scale production of two-di-

mensional molybdenum-based materials. By leveraging inter-

disciplinary collaboration for technological innovation, we 

can accelerate the high-end development and domestication of 

these materials. China can fully leverage its abundant domes-

tic molybdenum reserves to establish a comprehensive inno-

vation ecosystem spanning fundamental research, technologi-

cal development, and practical applications, thereby enhanc-

ing self-reliance across the entire molybdenum industry chain 

and providing robust support for national strategic material se-

curity and sustainable growth of high-end manufacturing. 

Although molybdenum alloys and two-dimensional molyb-

denum-based functional materials exhibit excellent compre-

hensive performance and broad application prospects, several 

critical challenges remain: molybdenum alloys generally suf-

fer from inadequate high-temperature oxidation resistance, 

persistently high production costs, and significant difficulties 

in fabricating large-scale complex components; two-dimen-

sional molybdenum-based materials represented by MoS2 face 

limitations such as challenges in large-scale production and 

poor long-term device stability. These issues have become key 

barriers hindering the high-quality development of the molyb-

denum-based materials industry. Future research efforts and 

industrialization strategies should focus on three core areas: 

precise alloy composition control, integrated development of 

advanced manufacturing processes, and breakthroughs in 

mass-production technologies for two-dimensional molyb-

denum-based materials. By leveraging interdisciplinary col-

laboration to drive technological innovation, we can acceler-

ate the advancement of molybdenum-based materials toward 

higher-end applications and address domestic shortages in 

critical materials. With abundant molybdenum mineral re-

serves, China can fully leverage its resource advantages to es-

tablish a comprehensive innovation ecosystem encompassing 

fundamental theoretical research, new process development, 

and engineering applications. This will significantly enhance 

self-reliance across the entire molybdenum industry chain and 

strengthen material foundations for national strategic material 

security and sustainable development of high-end equipment 

manufacturing. 

Abbreviations 

LPBF LPBF Laser Powder Bed Fusion 

EBSM Electron Beam Selective Melting 

HIP Hot Isostatic Pressing 

SPS Spark Plasma Sintering 
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MIM Metal Injection Molding 

MoS2 Molybdenum Disulfide 

FET Field-Effect Transistor 
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