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Abstract
With the continuous development of science and technology, the increasingly severe service environment makes people 
put forward higher requirements for the performance of alloy steel. Tungsten has unique properties such as excellent 
strength, high density and good hardness, and its addition as an alloying element will change the properties of alloy steel. 
This paper aims to summarize the effect of the addition of tungsten on the microstructure and mechanical properties of 
alloy steel. The background of research and application of tungsten alloyed steel is presented initially. Then, the prepara-
tion methods of tungsten alloyed steel are described. Next, the effect of tungsten incorporation on the microstructure of 
alloy steel is reviewed. Finally, the effects of tungsten addition on the mechanical properties, corrosion resistance and 
hydrogen embrittlement resistance of the alloy steel are reviewed. This review provides an outlook on the development 
of tungsten alloyed steel, which will stimulate more in-depth research and ultimately promote the practical application 
of tungsten alloyed steel.
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1  Introduction

With the continuous development of science and technology, 
the performance requirements of materials under different 
environmental conditions are becoming increasingly critical. 
Tungsten (W) is a metallic element with ultra-high strength, 

density and melting point. Therefore, these properties cre-
ate attractive prospects for the application of W in extreme 
engineering environments. However, W is a rare metal and 
is highly brittle, making it difficult to directly apply in indus-
trial production. Thus, many studies have combined W with 
other metal elements to form composite materials. For exam-
ple, W–Cu composites with high electrical conductivity, 
high thermal conductivity and high hardness [1, 2], Al–W 
alloys with corrosion resistance and oxidation resistance [3], 
etc. This study mainly reviews the effects of W in steel. The 
addition of W can optimize the microstructure of the steel 
and improve the mechanical properties and corrosion resist-
ance of steel. The application of tungsten alloying in steel is 
reviewed as follows [4]:

1.	 High-speed steels. High-speed steels are a kind of spe-
cial steel with excellent performance. They have a high 
working hardness, wear resistance, heat resistance and 
excellent toughness at temperatures up to 500 °C attrib-
uted to the presence of W, Mo, Al and other alloying ele-
ments. Therefore, they are mainly used to manufacture 
complex thin-edged and impact-resistant metal cutting 
tools, as well as high-temperature bearings and cold 
extrusion dies.
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2.	 Tool steels. Tool steels are the steels used to manufacture 
cutting tools, measuring tools, molds and wear-resistant 
tools. According to different chemical compositions, 
tool steels are generally classified as carbon tool steels, 
alloy tool steels and high-speed tool steels. Tool steels 
contain a large number of alloying elements including 
W, Mo, V, Cr, Mn and Co. Alloying elements such as 
W, Mo, V and Cr are strong carbide formers, which pro-
vide high hardness, excellent wear resistance and good 
size control during the application heat treatment of tool 
steels [5].

3.	 Heat-resistant steels. Heat resistant steels are alloy steels 
with high strength and good chemical stability at high 
temperatures. The most important alloying elements 
in heat-resistant steels are chromium for oxidation and 
nickel for strength and ductility. Other alloying ele-
ments, including Mn, Mo, W, Ti, V, Nb, Al, Co, Cu, B 
and rare earth elements such as Ce, La and Y, are usually 
added in different combinations to improve the compre-
hensive high-temperature properties of steels. The addi-
tion of appropriate amounts of W to heat-resistant steels 
is beneficial in improving the high-temperature tensile 
strength, fracture toughness, creep fatigue resistance and 
long-term service stability [6, 7]. Heat-resistant steels 
are often used in the manufacture of boilers, steam tur-
bines, power machinery and industrial furnaces, as well 
as the parts working at high temperatures in aviation, 
petrochemical and other industrial sectors [8].

4.	 Stainless steel (SS). SSs are a kind of special alloy 
steel used primarily for corrosion resistance. Other 
desirable properties may include excellent formability, 
good resistance to oxidation and creep at elevated tem-
peratures. Chromium alloying element must be at least 
12 wt.% by weight to provide the corrosion resistance of 
SS, while many other alloying elements, including Ni, 
Mo, W, Mn, Si and Cu, can be added to stabilize other 
phases to provide additional resistance and/or produce 
enhanced mechanical properties. Attributed to the inter-
action between W and positive ions and the inhibition 
of tungstate, W plays a beneficial role in improving the 
passivation performance of SS, thereby improving its 
corrosion resistance [9].

5.	 Other steels. In addition to the steels mentioned above, 
W is also used in structural steels for fusion reactors 
[10], valve steels for automobile engines [11], heat-
resistant and wear-resistant steels for burner nozzles, 
sag resistant steels for springs [12], maraging steels for 
engine components [13, 14] and high Co–Ni steels for 
aircraft [15].

With the development of industry, the demand for tung-
sten alloyed steel is increasing. This review introduces the 
preparation methods of tungsten alloyed steel, the influence 

of tungsten on the microstructure of steels, the effect of tung-
sten on the mechanical properties of steels and the effect of 
tungsten on the corrosion resistance and hydrogen embrit-
tlement (HE) resistance of steels. This review brings these 
together to provide a succinct resource from which scholars 
developing new materials or requiring strategies to process 
troublesome materials may find inspiration.

2 � Preparation methods of tungsten alloyed 
steel

Tungsten alloyed steels are a type of alloy made of tung-
sten (tungsten carbide) mixed with steel [16–18]. As early 
as the 1750s, chemists discovered the effect of tungsten on 
the properties of steel. By 1859, Wurm [19] discovered that 
when the addition of W was 2 wt.%–5 wt.%, the hardness of 
steel could be greatly increased without damaging its tough-
ness and ductility. At the end of the nineteenth century and 
the beginning of the twentieth century, tungsten alloyed steel 
began to be produced and widely used. In 1868, Mushet 
invented self-hardening steel composed of 2.5% Mn-7% W 
(wt.%), which improved the cutting speed to 5 m·min−1 [20]. 
In 1898, Taylor, an American mechanical and management 
engineer, and White, a metallurgist, developed high-speed 
steel and made a systematic cutting test [21]. The emer-
gence of this kind of steel also marks major technological 
progress in the field of metal cutting and processing. This 
section mainly introduces the preparation methods of tung-
sten alloyed steel and the advantages and disadvantages of 
each preparation method.

2.1 � Sand casting

Tungsten alloyed steel can be prepared using sand casting in 
which the casting is produced in a sand mold. Sand casting 
involves pouring molten metal into a mold cavity made of 
sand to make relatively large parts. It has been used to make 
metal products since the Shang Dynasty in China more than 
3000 years ago [22]. At present, sand casting is an impor-
tant manufacturing process in the oil and gas, aerospace and 
automobile industries [23]. Steel, iron and most non-ferrous 
alloy castings can be obtained by sand casting methods. Tra-
ditional sand casting is shown in Fig. 1 [22]. The molding 
materials used in sand casting are cheap and easy to obtain, 
and mold manufacturing is simple. Sand casting is suitable 
for single-piece production, batch production and mass pro-
duction of castings. Sand casting has been the basic process 
in casting production for a long time. The type and content 
of alloying elements can be controlled in castings. However, 
the quality of molding sand and core sand directly affects the 
quality of the casting. Defects such as pores, blisters, sand 
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sticking and sand inclusions of the casting may be caused 
due to the poor quality of the molding sand.

Sand casting facilitates the production of castings with 
high quality. However, with the acceleration of the replace-
ment of parts, while the parts are eliminated, the molds are 
also affected, which results in a serious waste of resources. 
To solve these problems, rapid casting has been developed. 
This technology is the integration of three-dimension (3D) 
printing and traditional casting [24]. In this technology, a 
disposable pattern for forming a mold is created using 3D 
printing technology, which shortens the product design time 
and increases the advantages of the foundry industry [25].

2.2 � Vacuum induction melting

Vacuum induction melting (VIM) was developed in the early 
1950s, stimulated by the need to produce superalloys con-
taining reactive elements within an evacuated atmosphere. It 
is suitable to be used to prepare tungsten alloyed steel [26]. 
VIM is a melting process in which eddy current is generated 
in the metal conductor by electromagnetic induction under 
vacuum conditions. The typical VIM device is shown in 
Fig. 2a [27]. The melting process of VIM includes selecting 
and preparing crucible, charge preparation, melting, refining 
and pouring. Compared with conventional melting, VIM has 
the following advantages:

1.	 Low oxidation loss of alloy elements;
2.	 Precise temperature control;
3.	 Low level of environmental pollution from dust;
4.	 Remove undesired trace elements with high vapor pres-

sure;
5.	 Remove dissolved gases such as hydrogen and nitrogen.

The toughness [28, 29], fatigue strength [28], corrosion 
resistance [30], creep strength [31–33] and permeability 
of magnetic alloy and other properties [12, 34, 35] can be 
improved by VIM. However, the disadvantage of VIM is 
that most final products require remelting, mainly to reduce 
segregation and control the solidification structure and ero-
sion of refractories.

2.3 � Vacuum arc melting

Vacuum arc melting (VAM) is an electrothermal metallurgi-
cal method of smelting metals by using electric energy to 
generate an electric arc between electrode and electrode or 
between electrode and materials to be smelted. Currently, it 
is commonly used to research and manufacture refractory 
metals and metal carbides in the laboratory. Tungsten is one 
of the most refractory metal elements, some studies have 
used VAM to prepare tungsten alloyed steel with excellent 
properties [36–38].

Figure 2b is a schematic diagram of VAM with a con-
sumable electrode [39]. The quality of the resulting alloy 
depends on the cooling rate and the gap between the elec-
trodes and the current [40, 41]. Processing parameter con-
trol is important, which can be directly related to the uni-
formity and properties of materials [39]. Different from the 
traditional metallurgical process, it can accurately control 
the composition of alloying elements. The products made 
by VAM have few impurities, low gas content, good ingot 
structure, excellent mechanical and physical properties. 
Indian reduced activation ferritic-martensitic steels [42] are 
obtained by VIM followed by VAM. Through VAM, the 
elements that promote embrittlement, such as S, P, As, Sb, 
Sn, Zr and O, are limited to the parts per million level, which 
ensures uniform structure and no segregation of the ingot. 
VAM has been widely used in aerospace, nuclear power and 
military industries [42–45].

2.4 � Hot isostatic pressing

Hot isostatic pressing (HIP) is a production technology 
integrating high temperature and high pressure. High-
performance tungsten alloyed steel can be prepared by the 
HIP. The configuration of the standard HIP unit is shown 
in Fig. 2c [46]. The heating temperature of the HIP is usu-
ally 1000–2000 °C, and the working pressure can reach 
200 MPa by using high-pressure inert gas or nitrogen as a 
pressure transmission medium in a closed container. Under 
the combined action of high temperature and high pressure, 
the workpiece is uniformly compressed in all directions. 

Fig. 1   Structure of sand mold-
ing and typical gating system. 
Reproduced with the permission 
from Ref. [22]. Copyright 2022 
Elsevier
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Therefore, the processed products have high compactness, 
good uniformity and excellent performance. The HIP is suit-
able for parts in the approximate weight range of 20 kg–15 
tons [47].

HIP can be used to produce products with uniform micro-
structure and fine grains at a lower sintering temperature. At 
the same time, HIP has the characteristics of a short produc-
tion cycle, few procedures, low energy consumption, low 
material loss and high cleanliness of steel [47]. Composites 
with excellent properties can be obtained by controlling 
the ratio of various elements in the mixed powder [48–50]. 
However, the complexity of the HIP packaging process, 
the high one-time investment and the operating costs of the 

equipment have hindered the widespread use of the process 
in the industry.

2.5 � Spark plasma sintering

Spark plasma sintering (SPS) is a highly efficient powder 
metallurgical process widely used for sintering ceramics and 
metallic materials [51, 52]. It can also be used to prepare 
tungsten alloyed steel. SPS is a pressure-assisted pulsed 
electric current sintering process utilizing ON–OFF direct 
current (DC) pulse energizing [53, 54]. With repeated appli-
cation of ON–OFF DC pulse current in the powder material, 
the spark discharge point and the Joule heating point (local 

Fig. 2   Schematic diagram of the a VIM. Reproduced with the  per-
mission from Ref. [27]. Copyright 2014 Elsevier. b VAM. Repro-
duced with the permission from Ref. [39]. Copyright 2010 Elsevier. c 

HIP. Reproduced with the permission from Ref. [46]. Copyright 2013 
Elsevier. d SPS. Reproduced with the  permission from Ref. [56]. 
Copyright 2018 Elsevier
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high-temperature state) are transferred and dispersed over 
the entire specimen [55]. A simplified schematic is repro-
duced in Fig. 2d [56]. SPS effectively uses the internal heat 
of the powder to carry out sintering. The advantages of SPS 
are as follows:

1.	 Fast heating speed, low sintering temperatures, uniform 
heating, short sintering time and high production effi-
ciency [57],

2.	 High-density material can be obtained [58],
3.	 Sinter gradient materials and complex workpieces [59, 

60].

SPS has been widely used to prepare nanostructured 
materials [61, 62], functional gradient materials [63], 
cemented carbide [64], titanium alloys [65], bioceramics 
[66], porous materials [67], diamond, etc. [68]. The pro-
motion of SPS will play an important role in the field of 
research and the production of new materials. However, 
the underlying theory of SPS is not fully understood yet, 
and a lot of practical and theoretical research is needed to 
improve it. In the future, it is necessary to develop fully 
automated SPS production systems to meet the production 
needs of complex shapes, high-performance products and 
three-dimensional gradient functional materials.

2.6 � Microwave sintering

Microwave sintering is a technique for high-temperature 
material processing. Microwave sintering can be used to 
prepare ceramic materials or metallic materials, including 
tungsten alloyed steel [69]. Microwave sintering generates 
heat through the interaction between the special band of 
microwave and material particles, and densification is real-
ized by heating the whole stuff to the sintering temperature 
through the dielectric loss of the material. This is different 
from the traditional method, which transfers heat between 
objects through mechanisms such as conduction, radiation 
and convection. However, microwave heating first generates 
heat inside the material and then heats the entire volume 
[70]. Microwave sintering is generally faster, cleaner and 
more economical than conventional methods [71]. A sche-
matic of a typical microwave system, which is typically used 
to process metallic materials, is shown in Fig. 3 [72]. The 
microwave system is capable of operating in control atmos-
phere and temperatures up to 1600 °C [73].

However, the dielectric loss characteristics of various 
materials vary with frequency, temperature and impurity 
content and a database related to this needs to be estab-
lished. As microwave sintering furnace is highly selective 
for the product, different products require microwave oven 
parameters to vary greatly. Therefore, microwave sintering 
furnace equipment requires a huge investment. The future 

direction of microwave sintering equipment is to integrate 
with modular design and computer control.

2.7 � Additive manufacturing

Additive manufacturing (AM) is a technique for layered 
forming of materials using a laser or electron beam as the 
heat source in combination with computer-aided design/
computer-aided manufacturing (CAD/CAM) [74]. AM is 
used to prepare tungsten, tungsten-based alloys and tung-
sten-based composites because of its excellent design flex-
ibility [75–78]. AM methods such as wire-arc additive man-
ufacturing, electron beam melting, laser powder bed fusion 
and laser direct energy deposition are often used to prepare 
tungsten alloyed steel [79–82]. The diagram of the laser 
powder bed fusion is shown in Fig. 4 [83]. A high-energy 
laser beam completely melts a pre-covered metal powder fol-
lowing a predetermined scanning path, and then the molten 
powder is cooled and solidified to form the designed shape. 
AM has the following characteristics:

1.	 The molding raw material is generally a metal powder, 
mainly including SS, nickel-based high-temperature 
alloys, titanium alloys, cobalt-chromium alloys, high-
strength aluminum alloys and precious metals.

2.	 The parts prepared by AM are highly accurate. The sur-
face can meet the requirements of accuracy in use after 
simple post-treatment such as grinding and sandblasting.

3.	 The formed parts prepared by AM have good mechanical 
properties and can be used to prepare complex surfaces 
and structures in the aerospace field [84].

However, AM is currently not suitable for manufactur-
ing large monolithic parts. Due to the high cost, AM is 
only used in a few industries such as medical, automotive 
and aerospace. Despite the great potential of AM, there 
are still some issues that need to be addressed, such as 

Fig. 3   Schematic of a multimode microwave processing system for 
metallic materials. Reproduced with the  permission from Ref. [72]. 
Copyright 2022 Elsevier
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material incompatibility and material cost. Future research 
could develop and modify the process to accommodate a 
wide range of materials.

In addition to the methods described, there are also 
some other preparation methods [85–89]. It can be 
expected that future preparation methods will be devel-
oped toward higher adjustable temperature, faster heating 
rate, controlled cooling rate and precise control of elemen-
tal content.

3 � Effect of tungsten on the microstructure 
of steels

The properties of tungsten alloyed steel are determined by 
the chemical compositions and microstructure. To better 
understand the relationship between microstructure and 
properties, it is necessary to have a basic understanding 
of the solid phase transformation that occurs in tungsten 
alloyed steel. In this section, the effect of W on the continu-
ous cooling transition (CCT) of microalloyed steels is first 
presented and the effect of W addition on the microstructure 
of microalloyed steels is discussed. With the increase of W 
content, it is necessary to regulate the phase composition 
of alloy steel by the Fe–W equilibrium phase diagram. The 
development of Fe–W binary phase diagrams is reviewed. 
The desired microstructure can be obtained according to 
the Fe–W binary phase diagram. Finally, taking the com-
mon Fe–W–C system and Fe–W–Cr system as examples, 
the development of W in the ternary alloy system and its 
influence on phase are introduced.

3.1 � Effect of tungsten on microstructural evolution

The addition of micro-alloyed elements such as Nb, V, W 
and Ti in low carbon steel can significantly improve its 
mechanical properties. This kind of steel is called “microal-
loyed steel”. It is well known that pearlite, pre-eutectoid, 
bainite, martensite and various ferritic microstructures are 
all based on austenite as the parent phase. At different chem-
ical compositions and cooling rates, the austenite of microal-
loyed steel can be transformed into all of the microstructures 
listed. In microalloyed steel, the W content largely deter-
mines the microstructure and mechanical properties [90, 91]. 
Therefore, interest has been attracted regarding the effect 
of different W contents on the microstructure of microal-
loyed steel. The CCT diagrams play an invaluable role in 
characterizing the phase transformation properties of non-
isothermal heat-treated steels and in revealing the influence 
of alloying elements on the steel organization.

The CCT diagram is obtained by varying the cooling rate 
from 0.1 to 120 °C·s−1, as shown in Fig. 5 [92]. And F is 
ferrite, P is pearlite, B is bainite, M is martensite, Ms is the 
starting temperature of martensitic transformation, and Mf 
is the end temperature of martensitic transformation ions. 
Three different microalloyed steels with W content of 0, 0.1 
and 1 wt.% are noted as 0 W, 0.1 W and 1 W, respectively. 
With the increase of W content, the range of transformed ion 
products shifts to the right of the diagram. When the cooling 
rate is 0.1–1 °C·s−1, the CCT diagram of steel with 1 wt.% 
W is similar to that of steel without W. With the addition of 
W, both the start temperature and end temperature of aus-
tenitization increase. At the same time, the addition of W 
reduces the critical cooling rate of the phase transformation, 

Fig. 4   Schematic illustration of selective laser melting process. Reproduced with the permission from Ref. [83]. Copyright 2020 Elsevier
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and the complete ferrite + pearlite structure is obtained. Fur-
thermore, the addition of W decreases the martensite transi-
tion temperature.

The composition of microalloyed steel is shown in 
Table 1. The microstructures of 0 W, 0.1 W and 1 W steels 
with continuous cooling are shown in Fig. 6 [92]. The 
label in the upper right corner of each figure represents 
the cooling rate. At the cooling rate of 0.5 °C·s−1, the 
microstructure of 0 W and 0.1 W steels consist of ferrite 
and pearlite (Fig. 6a, d), while the microstructure of 1 W 
steel presents bainite in addition to ferrite and pearlite 
(Fig. 6g). When the cooling rate is increased to 30 °C·s−1, 
the microstructure of 0 W steel is a mixture of ferrite 
and bainite (Fig. 6b), and 0.1 W steel shows a mixture of 

ferrite, bainite and martensite (Fig. 6e). When the content 
of W raises to 1 wt.%, the microstructure of microalloyed 
steel comprises mainly martensite with a small amount of 
ferrite and bainite (Fig. 6h). When the cooling rate reaches 
120 °C·s−1, the microstructure of 0 W steel composes of 
martensite, bainite and a small amount of ferrite, with 
martensite predominating (Fig. 6c). When the content 
of W increases to 1 wt.%, the microstructure is all trans-
formed to martensite (Fig. 6i). Therefore, it can be seen 
that the addition of W has a significant effect on the micro-
structure of microalloyed steel. The best combination of 
strength and plasticity can be obtained by controlling the 
cooling rate to adjust the microstructure composition of 
microalloyed steel [91].

Fig. 5   CCT diagram of W-containing steels, a 0 W steel, b 0.1 W, c 1 W. Reproduced with the permission from Ref. [92]. Copyright 2013 Else-
vier

Table 1   Chemical compositions 
of steels with different W 
contents (wt.%) [92]

Speci-
mens 
(W)

C Mn Cr Ni Cu Si Al V Nb Ti P S N W

0 0.17 1.2 0.1 0.02 0.02 0.47 0.02 0.01 0.02 0.02 0.01 0.01 0.006 0
0.5 0.17 1.2 0.1 0.02 0.02 0.47 0.02 0.01 0.02 0.02 0.01 0.01 0.006 0.1
1 0.17 1.2 0.1 0.02 0.02 0.47 0.02 0.01 0.02 0.02 0.01 0.01 0.006 1
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3.2 � Fe–W binary phase diagram

Fe–W system constitutes the basis of industrial tungsten 
ferroalloy. The system applies to the research of steel, espe-
cially the further development of Fe2W reinforced ferritic 
steel [93–95]. There are several experimental and theoretical 
reports on the Fe–W system. The consensus is the condensed 
phases in the Fe–W system are the liquid phase, terminal 
solid solution (W), body center cubic-Fe (BCC-Fe) and face 
center cubic-Fe (FCC-Fe) forming a closed loop, λ-Fe2W 
and μ-Fe7W6 [96]. However, some early studies indicated 
the existence of the FeW phase in the Fe–W system. This 
controversy is mainly due to the slow reaction kinetics of 
FeW’s formation, and it is difficult to determine its stability 
and instability through experiments [97]. Henig et al. [98] 
believed that the new phase FeW is formed by Fe7W6 and 
W-rich solid solution. With the in-depth study of the Fe–W 
system, many studies show that the FeW phase is not found 

in the Fe–W system [99, 100]. Zdziobek et al. [99] sug-
gest that the previously reported phase FeW is likely to be 
ternary carbides with low carbon content. Therefore, it is 
generally believed that the FeW phase does not exist in the 
Fe–W binary system at present.

The Fe–W binary system itself has been thoroughly stud-
ied. It is characterized by a closed iron ring between 912 
and 1394 °C. At present, several versions of experimental 
diagrams are proposed. The main arguments are about the 
extension of the Fe7W6 phase and Fe2W phase. In addition to 
these intermetallic phases, a gamma ring appears that sepa-
rates the austenitic γ-Fe phase from the ferrite α-Fe phase. 
Based on the Calphad method, Jacob et al. [96] established 
thermodynamic data sets for binary Fe–W systems. by using 
the PARROT module of Thermo-Calc software. As shown in 
Fig. 7 [96], their study utilized both experimental data from 
the available literature and thermodynamic data of interme-
tallic intermediate phases based on atomic computational 

Fig. 6   Microstructures of continuously-cooled specimens. a–c 0 W, d–f 0.1 W, g–i 1 W. Reproduced with the permission from Ref. [92]. Copy-
right 2013 Elsevier
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tools. According to the chosen sublattice models, two dif-
ferent phase diagrams of the system are drawn by using the 
enthalpy of formation data at 0 K from density functional 
theory (DFT) and the finite temperature Gibbs energies 
calculated by phonons, respectively. At the same time, the 
authors point out that for partially disordered phases, they 
should be used with caution.

Okamoto [97] reviewed the previous literature on Fe–W 
and adopted one of the two Fe–W phase diagrams calculated 
by Jacob [96]. As shown by the solid line in Fig. 7 [96], it 
is very consistent with the data reported in many previous 
works of literature [99–104]. In particular, the characteris-
tics of the Fe-rich side have attracted considerable attention, 
while the characteristics of the W-rich side are less obvious. 
Gasik [105] also gave the Fe–W alloy phase diagram, as 
shown in Fig. 8. The difference is that on the W-rich side, the 
boundary between Fe2W and Fe7W6 is different from that of 
Jacob [96]. Regarding this controversy, at present, we have 
not found suitable literature to explain it. In addition, more 
research is needed to explain this controversy.

3.3 � Effect of tungsten on ternary phase diagrams

According to the phase diagram of Fe–W binary alloy, 
the designed phases can be obtained. However, the metal 
materials used in industry, such as various alloy steels and 
non-ferrous alloys, are mostly composed of more than two 
kinds of components. The microstructure, properties, cor-
responding processing and treatment processes of these 
materials are usually different from binary alloys because 
the solubility between the components of the original alloy 
will be changed and even a new phase transformation will 
occur after adding the third component to the binary alloy. 

The developments of W in ternary alloy systems and their 
effects on phases are presented as examples of the common 
Fe–W–C system and Fe–W–Cr system.

Uhrenius [106] inferred the isothermal cross sections 
of the Fe–W–C system at higher temperatures by using 
the phase diagram information and thermochemical data 
of binary Fe–C, Fe–W and W–C systems in combination 
with the equilibrium information of the Fe–W–C system 
at 1000 °C. The main phases are α phase, γ phase, liquid 
phase, WC, μ-Fe3W2 and M6C. Gustafson [107] evaluated 
the Fe–W–C system using a magnetic two-sublattice subreg-
ular model for the interstitial solution phases, a multiple lat-
tice model for intermetallic phases and ternary carbides, and 
an ordinary sublattice solution model for the liquid phase, 
and gave a set of parameters describing the Gibbs energy 
of each phase. Different from Uhrenius [106], the λ-Fe2W 
was added to the study, and the μ phase was also adopted as 
Fe7W6. Since there are few thermodynamic data for Fe6W6C 
and FeW3C, these phases have not been reported to partici-
pate in solid–liquid equilibrium. Raghavan [108] redrawn 
the calculated isothermal sections at 1320 °C and 1500 °C 
based on Gustafson's work [107]. Fe3W3C (M6C) is present 
between 1320 and 1500 °C. Tang et al. [109] successfully 
prepared shielding material Fe–W–C alloy with different W 
contents and high density by using powder metallurgy pro-
cesses. In addition, Eryomina et al. [110, 111] also prepared 
(Fe, W)6C and (Fe, W)12C carbides with high hardness and 
wear resistance. In addition to the phases mentioned in the 
phase diagram of Fe–W binary alloys, the new phases that 
appear in the Fe–W–C ternary system are mainly composed 
of WC, (Fe, W)6C, (Fe, W)12C and M23C6.

Some studies have been conducted on Fe–W–Cr systems 
[112, 113]. Yin et al. [114] simulated the effects of different 
alloying elements on the precipitation of M23C6 particles in 
ferritic steels, as shown in Fig. 9. When W is added to the 

Fig. 7   Comparison of the two optimized phase diagram, in gray the 
calculated phase diagram from DFT and in black the calculated phase 
diagram using phonon. Reproduced with the  permission from Ref. 
[96]. Copyright 2015 Elsevier

Fig. 8   Fe–W phase diagram II. Reproduced with the permission from 
Ref. [105]. Copyright 2013 Elsevier
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system, two new phases appear in the range of temperature 
and composition of interest, namely M6C and WC. M6C 
appears at higher chromium concentrations, WC covers a 
wide range of chromium concentrations, and the appear-
ance of these two phases appears to have little effect on the 
formation of chromium carbide. However, when the W con-
tent reaches about 0.6 at.% (~ 2.0 wt.%), the phase diagram 
changes significantly, as shown in Fig. 9c. First, due to the 
higher concentration of W, most of the carbon appears to 
enter the WC phase and the graphite present in the low W 
content system disappears. Second, the cementite vanishes 
as tungsten absorbs the majority of the available carbon. 
Finally, M6C is formed at low chromium concentrations and 
low temperatures. The combined effect is to push the bound-
ary between the (α-Fe + WC) and (α-Fe + WC + M7C3) phase 
fields to a higher chromium content to delay the formation 
of chromium carbide. As the W content increases, the phase 
boundary is pushed to the higher chromium content. This 
results in a sharp increase in the equilibrium chromium 
concentration in the matrix. In addition, Liu et al. [115] 
studied the microstructure evolution of three G115 steels 
[9Cr- (2.3, 2.6, 3.0) W-3Co (wt.%)] under different aging 

times at 675 °C, mainly martensitic laths, dislocations and 
precipitates. The results show that the coarsening rate of lath 
and Fe2W particles increases with the increase of W concen-
tration during thermal aging, and the dislocation density and 
particle density decrease rate of Fe2W particles increases 
with the increase of W concentration.

Niewolak et al. [116] investigated the microstructural 
features of three Fe-22Cr wt% model steels with W addi-
tions between 2.5 and 7 wt.% after long-term exposures 
in the temperature range 650–900 °C. The composition of 
intermetallic phases formed at different temperatures was 
calculated by Thermocalc software and compared with the 
experimental results. As shown in Fig. 10, there are three 
phases in the Fe–Cr–W system: ferrite matrix, λ phase, σ 
phase and χ phase precipitates. The σ phase precipitation 
is a binary intermetallic compound in the Fe–Cr system, 
and its basic composition is FeCr. The composition of the 
λ phase is (Fe, Cr)2 W. The χ phase is a complex ternary 
phase with an α-Mn structure that appears in the Fe–Cr–W 
ternary system [112, 117]. The approximate chemical for-
mula of the χ phase can be written as Fe5Cr3W. It can be 
seen from Fig. 10 that the calculations in the temperature 

Fig. 9   Fe–Cr system phase diagrams calculated using MTDATA at 0.693 at.% carbon and with the addition of a 0 at.% W, b 0.1 at.% W, c 0.7 
at.% W. Reproduced with the permission from Ref. [114]. Copyright 2003 Elsevier
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range of 800–900 °C give a qualitatively correct descrip-
tion of the phases present in the microstructure. However, 
there are significant differences between calculations and 
experiments at 700 °C. First, the presence of the χ phase in 
the alloy exposed to 700 °C, predicted by Thermocalc, was 
not observed in the experiment. This is unexpected because 
the χ phase is relatively easy to form in ferritic steel and pre-
cedes other phases (such as the σ phase), indicating that the 
χ phase does not exist at t ≤ 700 °C in the range of compo-
nents studied. The second important inconsistency between 
calculations and experiments is that the theoretical stoichio-
metric ratio of the λ-Fe2W phase has a large deviation, espe-
cially in terms of the possession of the tungsten position. 

According to Thermocalc the λ-(Fe, Cr)2 W contains 33.3 
at.% tungsten, indicating that only tungsten occupies the 
corresponding sites. However, the measured tungsten con-
centration range of 25.6 at.%–32.8 at.% indicates iron occu-
pies a relatively large tungsten position. Third, the positions 
of the two-phase α–σ field are inconsistent.

In addition, other ternary alloy phase diagrams have 
been studied in some literature [118–120], and the number 
of studies in this area is increasing. With the continuous 
development of simulation software and more accurate 
testing methods, it is necessary to study this in more depth 
so that the microstructure of alloy steel can be accurately 
controlled.

Fig. 10   Part of ternary Fe–Cr–W phase diagrams a, c, e from experiments and b, d, f calculated with ThermoCalc software at 700–900 °C. 
Reproduced with the permission from Ref. [116]. Copyright 2017 Elsevier
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4 � Effect of tungsten on mechanical 
properties

4.1 � Effect of tungsten on tensile strength

The tensile test is a test method to determine the proper-
ties of materials under axial tensile load. The data obtained 
from the tensile test can be used to determine the elastic 
limit, elongation, elastic modulus and many other tensile 
properties of the material. The results by Zhao et al. [91] 
show that the addition of W increases both yield strength and 
ultimate tensile strength at the expense of strain, as shown in 

Table 2. When the W content increases from 0 to 0.5 wt.%, 
the microstructure changes from polygonal ferrite (PF) and 
pearlite to a mixture of allotriomorphic ferrite and acicular 
ferrite (AF), as shown in Fig. 11 [91]. According to Yang 
[121], with the growth of AF, the dislocations generated 
are inherited by AF, and the dislocation density is usually 
1014 m−2, which contributes some 145 MPa to its strength. 
When the W content increases to 1 wt.%, the microstruc-
ture is mixed with AF and a small amount of bainite. When 
the W content is increased to 2 wt%, the microstructure is 
dominated by bainite. The dislocation density of bainite is 
about 4 × 1014 m−2 [122], which is higher than that of the 
allotriomorphic ferrite with ρd ≈ 0.5 × 1014 m−2 in the same 
steel. In another supporting experiment, the dislocation den-
sity of bainite and allomorphic ferrite were measured to be 
1.7 × 1014 and 0.37 × 1014 m−2, respectively [123]. Bainite 
contains more dislocations than ferrite, which improves 
tensile strength. The reasons for the strength increase after 
the addition of W are also considered as follows: first, the 
solid solution strengthening is caused by the addition of 
W, because the atomic size of W is about 10% larger than 
that of Fe. Second, the hardening is caused by fine precipi-
tates in W-containing steel. With the refinement of various 

Table 2   Tensile properties of the as-forged specimens [91]

Specimen (W) Yield strength 
(MPa)

Ultimate tensile 
strength (MPa)

Strain (%)

0 363.2 592.7 29.4
0.5 382.7 645.0 22.9
1 400.5 706.1 21.9
2 414.3 751.7 20.8

Fig. 11   a, b OM and c,d SEM structures of the as-forged specimens: a 0 W, b 0.5 W, c 1 W, d 2 W. Reproduced with the permission from Ref. 
[91]. Copyright 2013 Elsevier
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precipitates, the obstacles to dislocation movement increase 
with the increase of the interface between the phases, result-
ing in an increase in strength. Figure 12a, b [91] show the 
characteristics of the precipitated phase in samples 0 and 
2 wt.% W during forging. It can be seen that the addition of 
W significantly refines the precipitated phase, thus improv-
ing the tensile strength of the alloy.

Jung et al. [124] prepared five kinds of heat-resistant 
austenitic SSs with different contents of W and Mo. In the 
absence of Mo, the strength of the alloy steel increases with 
the addition of W content due to the increase of M7C3 car-
bides. When W is added combined with Mo, the strength of 
samples mixed with 1 wt.% W and 1 wt.% Mo alloy steel can 
be found to be greater than that of samples with 2 wt.% W. 
Salama et al. [125] developed a series of tungsten austenitic 
SS alloys by exchanging Mo with W in standard SS316. It is 
shown that the strength of the alloy steel first increases with 
increasing W content. The strength reaches a maximum and 
then decreases when W/(W + Mo) equals 0.74. When Mo is 
completely replaced by W, the strength of the steel decreases 
to the level where only molybdenum is added to the alloy 
steel. This behavior is mainly attributed to the fact that com-
posite W–Mo carbides have a higher hardening effect than 
single Mo- or W-carbides.

In summary, tungsten improves the strength of alloy steel, 
which can be attributed to grain refinement, solid solution 
hardening of tungsten and the high strengthening effect of 
W–Mo complex carbides. Therefore, the improvement of the 
strength of alloy steel can be considered to add W and Mo 
in a certain ratio, which at the same time can save the cost 
of expensive alloying elements [126].

4.2 � Effect of tungsten on compressive strength

Alloy steels are widely used as a structural material in 
thermal power and nuclear power plants [85]. The steels 

must have good compressive strength. Chen et al. [127] 
fabricated high-density W–Fe composites with different 
W contents by laser metal deposition. W powder (99.9% 
purity) and aerosolized Fe powder (99.9% purity) were 
used in this study. The composition of the mixed pow-
ders before printing was 21 wt.%, 46 wt.%, 68 wt.% and 
86 wt.% W (remainder Fe) and were denoted as 21 W–Fe, 
46 W–Fe, 68 W–Fe and 86 W–Fe, respectively. The com-
pressive stress–strain curves of tungsten iron composites 
with different W compositions are shown in Fig. 13 [127]. 
It should be mentioned that the compression experiment 
is stopped when the strain value is 50% because the maxi-
mum force of the experimental equipment was set at 50 
kN. The minimum yield strength of 21 W–Fe is 1250 MPa, 
and there is no sign of failure edge when the compression 
strain is 50%. Therefore, 21 W–Fe has excellent ductility. 
The experimental results show that with the increase of 

Fig. 12   Characteristic of precipitates in the as-forged, a 0 W, b 2 W specimens. Reproduced with the permission from Ref. [91]. Copyright 2013 
Elsevier

Fig. 13   Compressive stress–strain curves of the W–Fe composites. 
Reproduced with the  permission from Ref. [127]. Copyright 2021 
Elsevier
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W content, the compressive strength of W–Fe compos-
ites first increases and then decreases, while the plastic-
ity decreases gradually. The 46 W–Fe composites exhibit 
excellent comprehensive mechanical properties with a 
maximum yield compressive strength of about 1710 MPa. 
Because of the high-volume percentage of finely dispersed 
Fe2W nanoparticles in 21 W–Fe and 46 W–Fe, W–Fe 
composites have high strength. Tungsten-iron composites 
containing 35 wt.%–60 wt.% W is characterized by the 
honeycomb structure of nanoparticles, which is considered 
to be beneficial to crack suppression and ductility improve-
ment [128–130]. However, more intermetallic compounds 
Fe7W6 are produced in 68 W–Fe and 86 W–Fe. Fe7W6 is 
a hard phase, but it is brittle. The rough-layered structure 
of the Fe7W6 phase often leads to poor mechanical prop-
erties. However, when the size of the Fe7W6 phase is in 
the range of 0.3–1 μm, it has been shown to increase the 
compressive strength of the alloy steel [131].

Therefore, the addition of an appropriate amount of W 
to alloy steel can be considered to improve the compres-
sive strength of alloy steel through fine grain strengthening 
and precipitation strengthening. However, the addition of 
W to alloy steel should avoid the formation of coarse brit-
tle metal compounds. Otherwise, it will cause a decrease 
in compressive strength and ductility.

4.3 � Effect of tungsten on hardness

Hardness is the ability of a material to resist local hard 
material pressed into its surface. Zhao et al. [92] investi-
gated the effect of different W contents (0, 0.1 and 1 wt.%) 
on the hardness of microalloyed steel at different cooling 
rates. The relationship between hardness and cooling rate 
is presented in Fig. 14 [92]. It can be found that the hard-
ness of microalloyed steel increases with the increase of W 
content at a given cooling rate. This is attributable to the 
fact that adding W lowers the martensitic transformation 
temperature while increasing hardness [132]. However, 
when the cooling rate is close to 0.1 °C·s−1 and 120 °C·s−1, 
the hardness difference of microalloyed steel with different 
W contents gradually decreases, which is caused by the 
consistency of the microalloyed steel phase. In this regard, 
Zhao et al. [92] established the relationship between hard-
ness and cooling rate using an exponential equation [133]. 
The exponential equation is as follows:

where HV is Vickers hardness (HV2), v is the cooling 
rate (°C), a, b, c, d and e are constants. The expressions 
of hardness and cooling rate were obtained by regression 
analysis. Figure 14 shows the comparison of hardness values 

(1)HV = a + b × exp (c × v) + d × exp (e × v),

measured and calculated at different cooling rates. It can be 
seen that the calculated results agree well with the experi-
mental results.

Chen et al. [127] studied the effect of W on α-Fe hard-
ness by laser metal deposition. The compositions of the 
experimental powders were 21 wt.%, 46 wt.%, 68 wt.% 
and 86 wt.% W (the remainder was pure Fe). It was found 
that with the increase of W content, the average hardness 
of W–Fe composites increased continuously. Since the pre-
pared composites contain a lot of unmelted tungsten powder, 
which is harder than Fe. In addition, the formation of fine 
and dispersed Fe2W nanoparticles in the W–Fe composite 
improves the overall mechanical properties of the material. 
Although Fe7W6 is brittle, it is a hard phase, which also 
increases hardness.

Zhang et al. [134] studied the effect of W on the hard-
ness of austenitic heat-abrasion resistant steel. The reason for 
the increase in hardness is that high hardness MC carbides 
are dispersed in the grain interior and grain boundary. With 
the increase of W content, the content of carbide increases. 
Salama et al. [125] developed a series of W-containing auste-
nitic SSs by exchanging Mo in standard SS316 with W. It was 
found that the hardness of samples increases with the increase 
of W/(W + Mo). The increase in hardness may be attributed 
to the solid solution hardening of tungsten and the higher 
strengthening effect of complex W–Mo carbides as com-
pared with molybdenum carbides. However, the high reduc-
tion amount of W instead of Mo content leads to a decrease in 
hardness. This is caused by composite W–Mo-carbides hav-
ing a higher hardening effect than single Mo- or W-carbides. 
The same conclusion was obtained in other literature about W 
enhancing the hardness of austenitic steel [135, 136].

Fig. 14   Dependence of hardness on cooling rate of the microalloyed 
steel. Reproduced with the  permission from Ref. [92]. Copyright 
2013 Elsevier
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Chen et al. [137] added different amounts of tungsten 
powder (0.07%, 0.4%, 0.6%, 0.8% and 1%, in wt.%) to 
H13 die steel and sintered by microwave. As the W con-
tent increases, the hardness of the samples increases con-
tinuously, owing to the grain refinement with the increase 
of W content. In addition, W-carbide precipitation also 
improves the hardness of the alloy. Similar conclusions 
have been obtained in other literature about W enhancing 
the hardness of martensitic steel [87].

Lv et al. [138] studied the effects of tungsten on the 
microstructure and properties of high-chromium cast 
iron. The as-cast microstructure of high chromium cast 
iron shows the typical hypereutectic microstructure, which 
is mainly composed of refined hexagonal-shaped primary 
M7C3 and eutectic carbides in a matrix of austenite and 
a small amount of martensite. The experimental results 
show that with the increase of W content from 0 increased 
to 2.75 wt.%, the hardness of the sample also increases 
gradually. This is attributed to the positive effect of a solid 
solution of tungsten in the matrix on the hardness of the 
matrix. Similar results have been reported in the literature 
[139]. The matrix microhardness of all samples contain-
ing tungsten is higher than that of samples without tung-
sten. Furthermore, the addition of W refines the matrix 
and improves the microhardness of the matrix. With the 
increase of the amount of W, more W carbides are formed 
and dispersed in the matrix, which is also beneficial to 
improving the strength of the alloy.

Conclusively, the addition of W increases the hardness of 
the alloy steel. The increase in hardness is attributed to dis-
persion strengthening, grain boundary strengthening, solid 
solution strengthening and the formation of W carbides. 
Although the addition of W leads to a continuous increase 
in hardness, it also leads to a decrease in other properties 
of the alloy steel. In practice, it is necessary to consider all 

other properties while increasing the hardness to meet the 
production needs.

4.4 � Effect of tungsten on impact toughness

Impact toughness refers to the ability of a material to absorb 
plastic deformation work and fracture work under impact 
load, reflecting the impact resistance of the material. The 
impact toughness of steel is affected by chemical composi-
tion, heat treatment status, smelting method, internal defects, 
processing technology and ambient temperature. This sec-
tion mainly studies the effect of tungsten on the impact 
toughness of alloy steel.

Zhao et al. [91] prepared four kinds of microalloyed 
forged steels with different W additions (0, 0.5  wt.%, 
1 wt.% and 2 wt.%). Heat treatment is carried out at the 
temperature ranging from 840 to 950 °C, followed by air 
and furnace cooling [91]. The relationship between impact 
energy and heat treatment temperature under air and furnace 
cooling conditions is shown in Fig. 15. The impact energy 
decreases with the increase of W content in both air and 
furnace cooling conditions. The addition of W increases the 
hardenability and promotes the formation of bainite [140]. 
Since bainite is beneficial for improving strength, but not for 
increasing ductility compared to ferrite. The crack extends 
undeviatingly across the bainite during the cleavage failure 
[141]. Therefore, the addition of W decreases the impact 
toughness of the microalloyed steel.

Salama et al. [125] prepared a series of tungsten austen-
itic SS by replacing Mo with W. The results show that the 
impact properties will be reduced by replacing Mo with W. 
This is related to the brittleness effect of W–Mo-carbides. 
Zhang et al. [142] studied the impact toughness of W on Mo-
free SS. The impact toughness decreases with the increase 
of W content. It was found that the fracture mode changes 

Fig. 15   Dependence of impact energies on temperatures under, a air 
and b furnace cooling conditions. Note: The impact energies of the 
as-forged specimens are 19.3, 14.5, 10.6 and 9.8  J for 0  W, 0.5  W, 

1 W and 2 W specimens, respectively. Reproduced with permission 
from Ref. [91]. Copyright 2013 Elsevier
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from ductile fracture to brittle fracture with the increase of 
W content. In addition, the increase of W content results in 
a small amount of martensite in steel, reducing the impact 
toughness.

Lv et al. [138] studied the effect of tungsten on the impact 
toughness of high chromium cast iron. The results show that 
the matrix of high chromium cast iron transforms from aus-
tenite to lath martensite after heat treatment with W content 
ranging from 0 to 1 wt.% and a small amount of residual 
austenite also exists. At this time, the impact toughness is 
improved because the solid solution in the matrix signifi-
cantly increases the microhardness of the matrix. When the 
W content exceeds 1 wt.%, the isolation of the excessive 
carbides precipitated in the matrix has a detrimental influ-
ence on the impact toughness.

Jin et al. [13] studied the effect of W content and heat 
treatment on the impact toughness of Fe-11Cr-10Ni-xW-
0.4Al-0.3Ti stainless maraging steels. The impact toughness 
decreases when the tungsten content increases from 2 to 
5 wt.%. It is also found that the Charpy impact energy is very 
sensitive to the existence of the Fe2W. The Charpy impact 
energy decreases sharply with the increase of W content, 
mainly because the number of Fe2W formed during solu-
tion treatment increases. Sakasegawa et al. [143] reached the 
same conclusion in their study and found that the interface 
between Fe2W and the matrix is the site of crack nucleation 
because Fe2W is incoherent with the matrix. The sites of 
crack generation increase with the increase of Fe2W, and 
these precipitation morphologies reduce the toughness.

Miyahara et  al. [144] studied the effect of W on the 
impact toughness of 10 wt.% Cr ferritic SS. It was found 
that the material changes from the martensite phase to ferrite 
and martensite mixture with the increase of W content, and 
the proportion of ferrite increases with the increase of W 
content. Fe2W is prone to precipitate in the δ-ferrite, which 
leads to a decrease in toughness [145, 146].

To conclude, the addition of W decreases the impact tough-
ness of the alloy steel. The main reason for the decrease in 
toughness is the transformation of microstructure in the 
alloy steel caused by the addition of W or the presence of 
Laves phase Fe2W. Therefore, in the addition of W content 
to increase the strength of alloy steel at the same time need to 
consider the decline in toughness to prevent safety accidents.

4.5 � Effect of tungsten on creep behavior

Creep is the phenomenon that a metal material will slowly 
produce plastic deformation with the increase of time, even 
if the stress is less than its yield strength under a certain tem-
perature and a long-term stress state. Jang et al. [147] inves-
tigated the effect of the combined addition of W and Mo on 
the creep properties of alumina-forming austenitic (AFA) 
heat-resistant steels. The creep-strain curves of AFA steel and 
W-added alumina-forming austenitic (AFAW) steel at 700 °C 
under 160 MPa are shown in Fig. 16a [147]. Figure 16b shows 
the log–log plots of the creep rate versus time curves for the 
AFA and AFAW steels. The results show that the creep rupture 
strength increases with the increase of W content. The finer 
and denser distribution of the Fe2W contributes to improv-
ing the creep properties of AFAW steels through precipitation 
strengthening, as shown in Fig. 17. In addition, the combined 
addition of W and Mo seems to have a more significant effect 
on the precipitation of Fe2W. On the one hand, the enthalpy 
of the formation of Fe2(W, Mo) is lower than that of Fe2Mo 
due to the addition of W. On the other hand, it is related to the 
influence of coarsening rate. The coarsening rate is usually 
expressed by Ostwald ripening rate.

where R is the precipitation radius at time t, R0 is the pre-
cipitates radius at time 0 and γ is particle surface tension or 

(2)R
3 − R

3
0
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2
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Fig. 16   a Creep rupture time versus creep strain curves, b creep rate versus time in log–log plots for AFA and AFAW steels at 700 °C. Repro-
duced with the  permission from Ref. [147]. Copyright 2015 Elsevier
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surface energy, C∞ is the solubility of the particle mate-
rial, ν is the molar volume of the particle material, D is 
diffusion coefficient of the particle material, Rg is the ideal 
gas constant, T is the absolute temperature and t is time. 
The coarsening behavior of particles is closely related to 
solubility and diffusivity of alloying elements in the second 
phase according to Ostwald ripening equation. The coarser 
kinetics of Fe2W in AFAW steel is slower than that in AFA 
steel. Considering all these reasons, the combined addition 
of W and Mo has a positive effect on the size and fraction 
of Fe2W precipitation in AFAW steel. The increase of the 
volume fraction of the fine Fe2W enhances the precipitate 
hardening effect and ultimately improves the creep proper-
ties of AFAW steel.

Abe [148] studied the creep deformation behavior of tem-
pered martensitic steel. The results show that the creep rup-
ture strength increases with the increase of W content. The 
precipitation of Fe2W effectively reduces the minimum creep 
rate, while the coarsening of Fe2W accelerates the creep rate 
after reaching the minimum creep rate [149]. Transient creep 
is the result of excess dislocation movement and annihila-
tion, whereas accelerated creep is the result of a gradual 
loss of creep strength due to microstructural evolution, such 
as precipitation aggregation and martensitic lath coarsening 
[150]. The lath coarsening rate decreases with the increase 
of W content, which is related to the Ostwald ripening rate 
of M23C6 carbide. Fedoseeva et al. [33] studied the coarsen-
ing behavior of Fe2W in 10% Cr-3% Co-3% W (wt.%) steel 
during both creep and aging at 923 K. The depletion of W 
solute in the ferrite matrix is accompanied by the precipita-
tion of the Fe2W in which both processes are accelerated by 
creep strain. The Fe2W grains grow independently at the lath 
boundary and the high-angle boundary of the block, inclu-
sions and prior austenite grains. The Fe2W particles located 
on the high-angle boundary are easy to coarser, resulting in 
the formation of particles with sizes > 200 nm. The dense 

Fe2W chains along the lath boundary contribute significantly 
to the creep behavior. Overall, the addition of W enhances 
the creep resistance of the alloy steel due to the contribution 
of Fe2W precipitation to the creep behavior.

4.6 � Effect of tungsten on low cycle fatigue

Under the action of cyclic stress and strain, the material 
gradually produces local permanent cumulative damage in 
one or several places, and cracks or sudden complete frac-
tures occur after a certain number of cycles. Fatigue can be 
divided into high cycle fatigue (HCF) and low cycle fatigue 
(LCF) according to the number of cycles experienced before 
material failure and the stress level of the fatigue load.

1.	 HCF. The stress level acting on the parts and compo-
nents is low, and the number of failure cycles is gener-
ally higher than the fatigue of 104, such as springs and 
transmission shafts.

2.	 LCF. The stress level acting on the parts and components 
is high, and the number of failure cycles is generally 
lower than the fatigue of 103–104, such as the fatigue of 
pressure vessels and gas turbine parts.

Steel has excellent plasticity and ductility. There are few 
reports on the effect of W addition on the HCF of steel. 
Ferritic/martensitic steels with chromium content between 
9 wt.% and 12 wt.% have better creep resistance and excel-
lent thermal properties. Therefore, many scholars have stud-
ied the LCF of tungsten added to this steel.

Park et  al. [7] studied the LCF properties of 9Cr-
1Mo steel with four different W contents (0, 1.2, 1.8 and 
2.7 W) at 298 K and 873 K. The results show that LCF 
life increases with increasing W content when W con-
tent is below 1.8 wt.%. However, the LCF of the alloy 
decreases at the content of 2.7 wt.% W. Typically, fatigue 

Fig. 17   TEM microstructure of crept AFAW steel, and selected area 
diffraction patter analysis results of crept AFAW steel; a precipitates 
at grain boundary, b those within the grain, c the selected area dif-

fraction patterns of precipitates in AFAW steel. Reproduced with the   
permission from Ref. [147]. Copyright 2015 Elsevier
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crack initiation accounts for most of the fatigue life at low 
strain amplitudes, while propagation processes account 
for most of the total life at high strain amplitudes [151]. 
Therefore, ductility plays an important role at higher strain 
amplitudes, while strength is an important variable to be 
considered at lower strain amplitudes. When W is below 
1.8 wt.%, fatigue life increases with strength and ductility, 
thus 1.8 W has the best fatigue life. However, when the W 
content reaches 2.7 wt.%, although its strength and ductil-
ity are the highest, its LCF deteriorates. Since soft δ-ferrite 
grains are formed along the original austenite grain bound-
aries at a W content of 2.7 wt.%, no δ-ferrite grains are 
found in the other specimens. δ-ferrite grains are much 
softer than the matrix, and under cyclic loading, deforma-
tion is concentrated in the soft δ-ferrite, which leads to an 
acceleration of fatigue crack initiation and consequently to 
a decrease in its LCF. Therefore, the LCF of 2.7 W alloy 
steel deviates greatly from the trend of increased LCF with 
the addition of W.

Shankar et al. [152] investigated the effect of W on the 
LCF of reduced activation ferritic/martensitic (RAFM) 
steel. Four kinds of laboratory steels were used in the 
study, as shown in Fig. 18 [152]. These steels are des-
ignated as 1 W–0.06Ta, 1.4 W–0.06Ta, 2 W–0.06Ta and 
1 W–0.14Ta, respectively. At 823 K and 3 × 10–3 s−1 strain 
rates, the addition of W can improve the LCF of RAFM 
compared with 9Cr-1Mo steel. The LCF of RAFM steel 
is improved when the addition of W is increased from 
1 wt.% to 1.4 wt.%. With a further increase in W from 
1.4 wt.% to 2 wt%, the LCF of RAFM steel is improved, 
but the amount of softening deteriorates. This means 
that increasing W to 1.4 wt.% is beneficial, but a further 
increase to 2 wt.% is detrimental. Therefore, 1.4 W-0.06Ta 

is a better choice for long-term prospects. In addition, 
the present study found that the addition of Ta increases 
fatigue life by an order of magnitude compared with the 
addition of W. It also provides a new direction for improv-
ing fatigue life in the future. Laha et al. [28] came to a 
similar conclusion. With the increase of W content, the 
refinement of the martensite substructure can improve the 
microstructure stability of RAFM steel [153], which is 
considered to be the reason for the increase in LCF of steel 
with the increase of W content.

It can be concluded that the addition of W can improve 
the LCF to some extent, but it does not improve continuously 
with the increase of W content. Furthermore, the addition of 
other elements can also improve the LCF of alloy steel, such 
as Ta. Regarding the mechanism of the synergistic effect of 
W and other elements to improve the LCF further research 
is needed.

5 � Effect of tungsten on corrosion resistance

When alloy steel is used in certain environments (such as 
seawater), it can cause serious problems due to corrosion, 
including failure of steel parts, leakage of pipes and col-
lapse of buildings, leading to significant economic losses. 
Therefore, alloy steel that can resist corrosion is needed in 
practical industrial production. This type of alloy steel is 
also known as SS. The most critical element in SS is Cr, 
and the corrosion resistance of SS can be attributed to the 
presence of a “passivation film” on the metal surface, which 
is typically 1–3 nm thick [154].

The main form of corrosion that occurs in SS is pitting 
corrosion. In addition to Cr elements, the addition of small 
amounts of Mo [155], N [156], W [157], V [157] and Cu 
[158] has been reported to significantly increase the pitting 
resistance of SS. The combined effect of these alloying ele-
ments can be obtained from the pitting resistance equivalent 
number (PREN) [159–161]. The most common formula for 
calculating PREN is as follows[162]:

where wCr, wMo, wW and wN are the mass percent of Cr, Mo, 
W and N elements in the austenite phase, respectively. The 
larger the value of PREN means the better the corrosion 
resistance of SS. However, this equation only considers the 
alloying elements in solid solution and neglects the effect of 
the precipitated phases.

It can be seen in the equation that W can improve the 
corrosion resistance of SS, and many studies have shown 
that the addition of W can improve the corrosion resistance 
of SS. The corrosion potential of W in 1 N HCl at 60 °C is 
− 0.10 V versus SCE (Saturated calomel electrode), which 

(3)PREN = wCr + 3.3
(

wMo + 0.5wW

)

+ 30wN

Fig. 18   Effect of tungsten and tantalum on cyclic stress–strain curves 
of RAFM steels at 823  K and strain rate 3 × 10−3  s−1. Reproduced 
with the permission from Ref. [152]. Copyright 2012 Elsevier
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is much higher than the corrosion potential of 16Cr–14Ni 
steel (− 0.37 V) [163]. However, pure W itself does not form 
a protective layer [163]. Therefore, the mechanism of the W 
to improve the corrosion resistance of SS has been widely 
studied.

Based on the microstructure of SSs which varies by com-
position and processing, SSs are divided into the following 
four main groups: austenite, ferrite, duplex and martensite 
[164, 165]. Bui et al. [163] investigated the effect of W in 
acidic and neutral chloride-containing electrolytes on the 
corrosion passivation of austenitic SSs. It was found that the 
corrosion resistance of the SS increases significantly with 
the increase of W content. Under the same conditions, tung-
state ions in neutral chloride solutions also inhibit pitting 
corrosion by polarization studies of 16Cr–Ni steel in tung-
state ion solutions at different concentrations. The results 
indicate that in acidic media, W interacts with water to form 
an insoluble WO3. Under neutral pH conditions, WO3 binds 
to the substrate and improves the stability of the passivation 
film, resulting in corrosion inhibition [163].

Ahn et al. [166] studied the effect of W on the cor-
rosion resistance of Fe–29Cr ferritic SSs. The anodic 
polarization curves of Fe–29Cr–yW (y = 0–8 wt.%) alloy 
at 80 °C in 4 M MgCl2 solution are shown in Fig. 19 
[166]. The pitting potential of SS increases with increas-
ing W content. By measuring the anodic polarization 
response in chloride or acidic solutions, it was found that 
with increasing W content, the pitting potential in the 
passivation zone of the alloy increases, and the primary 

passivation potential and critical anodic current density 
decrease. This indicates that the addition of W improves 
the corrosion resistance of SS. It can be determined that 
the addition of W enhances the stability of the passivation 
film. The improved corrosion resistance of W is attributed 
to the delayed formation of the σ-phase after the addition 
of W. The conclusions of Bui et al. [163] are also adopted. 
However, the exact mechanism has not been confirmed 
by further experiments.

Duplex stainless steel (DSS) is mainly composed of bal-
anced austenite and ferrite. In nitrogen-containing DSS, 
nitrogen is mainly solid-soluble in the austenitic phase, so 
the corrosion resistance of the austenitic phase is better 
than that of the ferrite phase [142]. W is a strong ferrite 
former and the corrosion resistance of ferrite increases 
with the increase of W content, thus improving the corro-
sion resistance of DSS.

Park et al. [167] investigated the effect of aging on 
W-containing DSS and found that the corrosion resist-
ance of the alloy decreases with aging at 475 °C in the 
absence of W. However, the degradation of the corrosion 
resistance of the DSS with the addition of W is retarded. 
W diffuses slowly during the aging decomposition of the 
ferrite phase and hinders the diffusion of other elements 
during aging, thus slowing down the precipitation of the 
Cr-rich α’ phase. Therefore, the addition of W leads to the 
improvement of the corrosion resistance of DSS.

The effect of W on the corrosion resistance of super 
duplex SS was studied from the perspective of precipita-
tion kinetics by Torres et al. [168]. Super SS is high-alloy 
SS containing high Ni, Cr and Mo. They found that the 
addition of W retards the precipitation of the Cr-rich σ 
phase but promotes the nucleation of the χ phase. Both 
σ and χ phases reduce the corrosion resistance of super 
duplex SS, but the critical pitting temperature is reduced 
more when the σ phase is the main precipitation phase. 
Therefore, the addition of W improves the corrosion resist-
ance of super duplex SS.

The effect of adding W and Cu on the corrosion resist-
ance of martensitic SSs was investigated by Li et al. [169]. 
The results show that super-martensitic SSs containing 
W and Cu have better pitting corrosion resistance than 
super-martensitic SSs without W and Cu under the same 
conditions. However, their study lacks the experimental 
study of W as the only variable on the corrosion resistance 
of martensitic SSs.

In summary, the addition of W improves the corrosion 
resistance of alloy steel. The main roles of W in alloy steel 
are (1) enhancing the stability of the passivation film and 
(2) delaying the reduction of the precipitation of harm-
ful phases. However, further studies are needed on the 
mechanism of action of how W improves the corrosion 
resistance of alloy steel.

Fig. 19   Anodic polarization curves for Fe–29Cr ferritic SSs contain-
ing 0 to 8 wt.% of tungsten in 4 mol·L−1 MgCl2, solution at 80 °C. 
Reproduced with the  permission from Ref. [166]. Copyright 1998 
Elsevier
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6 � Effect of tungsten on hydrogen 
embrittlement

With the advancement of science and technology, the 
demand for oil and gas energy is increasing. Therefore, 
there is a need for alloy steel that combines high strength 
and excellent HE resistance. However, some studies have 
pointed out that high-strength steel is susceptible to HE, 
and its sensitivity to HE increases with the increase of 
strength and is affected at much higher hydrogen concen-
trations [170, 171]. When hydrogen is present in the steel, 
the ductility of the steel decreases and unpredictable fail-
ure may occur [172, 173], which will cause unimaginable 
disaster. HE is the phenomenon of hydrogen penetrating 
steel and causes steel to fail below its yield stress. Vari-
ous forms of HE have been explained by the following 
four theories: (1) internal hydrogen pressure, (2) lattice 
de-cohesion, (3) hydrogen-enhanced plasticity or disloca-
tion interactions, (4) hydride formation [174].

There are two main sources of hydrogen in alloy steel 
as follows:

1.	 Hydrogen absorbed by alloy steel during melting, weld-
ing, or other processing technology.

2.	 Hydrogen introduced by alloy steel in a service environ-
ment.

The hydrogen from the case I can be removed from 
the steel by heat treatment, while the latter is difficult 
to eliminate. Therefore, a large number of studies have 
been carried out on HE of high-strength steel in various 
environments, such as stress corrosion cracking in aque-
ous solution or H2S and filling in H2 gas or an aqueous 
solution, etc. [175–184]. Some studies have shown that 
hydrogen atoms are generated and penetrated through 
steel through electrochemical reactions, which may lead to 
degradation of structural integrity and cracking of micro-
structure defects [185, 186]. In addition, it was found that 
the interaction of hydrogen in steel is usually affected by 
the microstructure of the material [187]. According to the 
binding enthalpy with hydrogen, structural defects are 
divided into reversible traps (interstitial sites, dislocations 
and grain boundaries) and irreversible traps (precipitates, 
inclusions and voids) [188]. Hydrogen atoms remain per-
manently in irreversible traps but can escape reversible 
traps at room temperature [189]. Table 3 presents the val-
ues of trapping sites in iron and steel. It is seen that the 
trapping activation energies of hydrogen for defects like 
iron lattice, grain boundary, austenite/martensite interface, 
dislocation, austenite/dislocation boundary, micro-void 
and iron oxide interface are low, while those for ferrite/
cementite interface and various nonmetallic inclusions 

such as chromium carbide, Y2O3, MnS, Al2O3, Fe3C and 
a precipitate, TiC, are high.

Some studies have focused on the effect of alloying ele-
ments on HE failure [205–207], indicating that the appro-
priate addition of Mn, Ti, Nb, V and Mo can optimize the 
microstructure and improve the resistance to HE. In the pre-
vious chapter, we know that the addition of W can improve 
the mechanical properties of alloy steel, and some scholars 
have studied the effect of the W addition on the HE resist-
ance of alloy steel.

Zhao et al. [190] conducted a study on the effect of W 
additions (0, 0.1 wt.%, 0.5 wt.% and 1 wt.%) on the HE 
behavior of microalloyed steel. The total hydrogen desorbed 
by the heating process below 600 K was regarded as the 
diffusible hydrogen in the study. The effect of W on hydro-
gen desorption curves obtained after hydrogen charging of 
microalloyed steels with different W contents under the same 
conditions is shown in Fig. 20 [190]. The results show that 
the addition of W reduces the amount of diffused hydrogen 
in microalloyed steel.

Then the microstructures of microalloyed steel with dif-
ferent W content were observed, as shown in Fig. 21 [190]. 
The sample without W consists mainly of PF and pearlite 
accompanied by a small amount of AF, as shown in Fig. 21a. 
The addition of W significantly modifies the microstruc-
ture of the microalloyed steel. As presented in Fig. 21b, the 
amount of AF increases after adding 0.1 wt.% W compared 
to 0 wt.% W steel. As shown in Fig. 21c, the amount of AF 
surrounded by allotriomorphic ferrite increases significantly 

Table 3   Trapping activation energies for various trapping sites in iron 
and steel [190]

Trapping site Trapping activation 
energy (kJ·mol−1)

References

Reversible trapping site
Iron lattice 5.4–7.1 [191]
Grain boundary 17.2–18.6 [192, 193]
Austenite/martensite interface 22 [194]
Dislocation 26.4–26.8 [192, 195]
Austenite/dislocation boundary 37 [194]
Microvoid 35.2–40 [192, 196]
Fe oxide interface 47 [171, 197]
Irreversible trapping site
Ferrite/cementite interface 66.3–68.4 [170, 198]
Cr carbide interface 67 [199]
Y2O3 interface 70 [197]
MnS interface 72 [200, 201]
Al2O3 interface 79–86.2 [200, 202]
Fe3C interface 84 [197]
TiC interface 68–137 [203, 204]
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when the W content increases to 0.5  wt.%. When W 
increased from 0.5 wt.% to 1 wt.%, the allotriomorphic fer-
rite disappears and the microstructure transforms into a mix-
ture of AF and bainite (Fig. 21d).

The permeability and diffusivity of hydrogen in the steel 
are in the order of PF and pearlite, AF and bainite [208]. In 
PF and pearlite, hydrogen permeability and diffusivity are 
the highest. This is attributed to the diffusion path along 
the ferrite/Fe3C interface in dispersed fine-grain pearlite 
and the grain boundaries of ferrite since a large number 
of equiaxed grains refinement can form grain boundaries 
with large volume fractions, which can be available as a 
high diffusion path for hydrogen [209]. AF is characterized 
by short ferrite needles with a basket weave feature. This 
interlocking property and its fine grain size provide a larger 
grain boundary area as a hydrogen diffusion path and lead 
to a higher permeation rate. However, the randomly oriented 
needle-like ferrite interface affects the hydrogen transport 
and retards the hydrogen diffusion. In contrast, in bainite, the 
presence of Fe3C becomes a barrier to hydrogen transport. 

Fig. 20   Effects of W on the profile of hydrogen desorption curves 
under the hydrogen charging current density of 5 A·m−2 and heating 
rate of 100 K·h−1. Reproduced with the permission from Ref. [190]. 
Copyright 2014 Elsevier

Fig. 21   Microstructures of the a 0 W, b 0.1 W, c 0.5 W and d 1 W steels. Reproduced with the permission from Ref. [190]. Copyright 2014 
Elsevier
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Therefore, hydrogen has the lowest permeability and diffu-
sivity in bainite. It can be seen that the addition of W leads 
to a change in the microstructure of the microalloyed steel 
and further enhances the HE resistance of the alloy steel.

The effect of hydrogen on the mechanical properties of 
Fe–C–W alloys was studied by Depover et al. [210, 211]. 
The chemical composition is given in Table 4. It was found 
that the hydrogen trapping capacity increases with alloy 
A → B → C under tempering conditions at 500 °C and the 
hydrogen diffusion coefficient decreases with increasing 
carbon and W content. It is shown that W2C induced by 
tempering above 20 nm cannot trap hydrogen. In contrast, 
the fine W2C particles obtained by reducing the temper-
ing time can trap more hydrogen, corresponding to an 
activation energy of 42–45 kJ·mol−1. When tempered at 
700 °C for 1 h, the trapped hydrogen content increases. 
This is related to the trapping ability of W23C6, which 
has a slightly higher activation energy between 47 and 
49 kJ·mol−1. This leads to increased resistance of alloy 
steel to hydrogen-induced mechanical degradation dur-
ing tempering. Moreover, the addition of W inhibits the 
coarsening of the precipitated phase. The fine precipitated 
phase hinders the movement of dislocations and retards 
the transport of dislocation-trapped hydrogen to the crack-
sensitive region, which improves the HE resistance of the 
alloy steel [212, 213].

In summary, the addition of W leads to changes in the 
microstructure of the alloy steel, which lowers the perme-
ability and diffusivity of hydrogen. In addition, there are fine 
precipitation phases, such as W2C and W23C6, which have 
a trapping effect on hydrogen. In turn, the resistance to HE 
of alloy steel is improved. Nonetheless, further research is 
needed on whether the higher W content of alloy steel can 
improve the resistance to HE.

7 � Conclusions

Tungsten, as an alloying element, has been attracting 
increasing scientific and industrial attention due to its posi-
tive role in alloy steel. This paper has reviewed the effects 
of tungsten on the microstructure and properties of alloy 
steel, with the contents including the effects of tungsten on 
microstructure evolution, mechanical properties, hydrogen 
embrittlement and corrosion resistance. In the future, a lot 

of work can still be conducted to explore the optimal content 
of tungsten as an alloying element to enhance the properties 
of alloy steel and the technological conditions for producing 
tungsten-containing alloy steel without defects.

Due to the rapid pace of research in this field, it is impos-
sible to check all the relevant studies being conducted in the 
world and some newly published articles may inevitably be 
missed. This paper has to the best of my knowledge pre-
sented a review of the effects of tungsten alloying on steel 
microstructure and properties in the hope that readers will 
gain inspiration from it.
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