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Abstract

This chapter presents the advancement in industrial applications of heat-resistant
alloys. The types and properties of various heat-resistant alloys and their common
areas of applications are highlighted.
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Introduction

Heat-resistant alloys are materials that have high creep resistance and strength at high
temperature. Alloys strengthened by disperse particles of refractory oxides or by high-
strength fibers which are composite materials are a variety of heat-resistant alloys.
They are materials characterized by extreme high stability of their properties, which
are not highly dependent on the residence time at high temperatures. However, this
depends on the purpose for which it will be applied; heat-resistant alloys are made
with increased resistance to fatigue, erosion, and low notch sensitivity, as well as with
high thermal stability and short-term high-load resistance. For example, for space
technology, heat-resistant alloys must have low evaporability. The alloy’s structure
and the strength of interatomic bonds in the alloys are responsible for the great heat
resistance of the alloys. Because of these properties, these alloys are usually applied in
the construction materials for internal combustion engines, steam and gas turbines, jet
engines, and atomic power installations. Heat-resistant alloys are either classified
according to their base or condition of usage. Classification according to the base
gives a range of working temperatures, which is 0.4-0.8 of the melting point of the
base, depending on the load applied and the duration of its application and the base
classified according to their base. Heat-resistant alloys’ base may be nickel, iron,
titanium, beryllium, and other metals. According to the conditions of use, heat-
resistant alloys may be divided into three groups: alloys subjected to significant but
short-term mechanical stress (seconds or hours) at high temperatures, alloys subjected
to loads at high temperatures for dozens and hundreds of hours, and alloys designed to
perform under conditions of high loads and high temperatures for thousands of hours.
It has been observed that the structural requirements of these alloys depend on these
conditions of usage. For instance, any factors that cause instability of the structure of
alloy under operational conditions can lead to acceleration of buckling and failure of
processes. Heat treatment that leads to heterogenization of the microstructure — most
often precipitation hardening — is usually necessary for high strength alloys, and in
this case the strength is caused mainly by the appearance within the alloy of evenly
distributed very small particles of chemical compounds (intermetallides, carbides, and
other compounds) and by the microscopic distortions of the crystal lattice of the alloy
base generated by the presence of the particles. Also, it has been observed that the
corresponding structure of heat-resistant alloys retards the formation and movement
of dislocations and also increases the number of bonds between atoms, which
simultaneously participate in the resistance to deformation. Conversely, a large
number of interatomic bonds make possible the retention of the required structure
for long periods at high temperature [1-3].

Performance Characteristics of Heat-Resistant Alloys

It must be mentioned that the benefits of alloying elements in steels may be material
dependent but this discussion is not within the scope of this chapter. However, to
improve the performance of resistant alloys, what is done is the addition of other
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elements coupled with nitrogen, which in essence is beneficial to the performance
under high operating temperature. The benefits of nitrogen on the creep resistance
has also been discussed in the literature [4] where it has been established that the
addition of nitrogen changes the dislocation structure in steels and hence causes an
increase in creep performance. Further explanation of other alloying elements and
how they enhance the creep resistance of steels can be found in Lei et al. [5]. In the
following section, the processes that are associated with the performance of heat-
resistant alloys are discussed.

Creep Performance of Heat-Resistant Alloys

The beneficial effects of various alloying elements on the performance of heat-
resistant alloys have been discussed by various researchers. In Lei et al. [5], the
effect of alloying element on the creep rupture of 21Cr-11Ni-N heat-resistant
austenitic was investigated at different stresses. The specimens that were used for
testing were extracted perpendicular to the rolling direction of the plates and the
creep rupture tests were conducted at 650 °C using different stresses ranging from
100 to 300 MPa. It was found that the time for rupture in the materials increases with
decrease in the stress levels. The results were explained by the addition of alloying
elements which influenced the creep resistance of the material significantly. Analysis
of the fracture surfaces of the specimens also revealed ductile striation mechanisms
particularly at a stress of 250 MPa. The mechanisms were characterized by the sizes
the dimples found on the fracture surfaces, and it was concluded that the bigger the
dimples, the better the creep resistance of the material. However, from the above
results, it may be inferred that creep resistance is not only influenced by material
types but by the addition of alloying elements with each playing a peculiar role in the
changes taking place within the material structure.

Mechanical Characterization of Heat-Resistant Alloys

One of the properties that are associated with heat-resistant alloys is their high specific
strength which gives them the advantage for use in automotive and communication
industries. Among the numbers of heat-resistant alloys, magnesium alloys have been
identified as one of the most important structural material due to their high strength. In
Huang et al. [6], the microstructures and mechanical coupled with flow properties of
the as-cast and die-cast of three different magnesium alloys were investigated. The
alloys were designated Mg—6.02A1-1.03Sm, Mg—6.05A1-0.98Sm—0.56Bi, and
Mg—5.95A1-1.01Sm-0.57Zn. The microstructural examinations of the alloys were
carried out using an optical microscope as well as scanning electron microscope,
while tensile tests were carried at temperatures of 298 and 423 K using a tensile
testing machine. There were no specific results showing similarities in the results as all
the tested alloys exhibited excellent mechanical properties at both ambient and
elevated temperatures respectively. The fracture surfaces of the tensile tested samples
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revealed both ductile and brittle fracture mechanisms characterized by the presence of
dimples which dominated the surfaces. However, the characteristic features of the
fracture surfaces and the results of microstructural investigations may be related to the
differences in the alloying elements.

One of the important factors that should be considered when investigating the
mechanical properties of heat-resistant alloys is the presence of residual stresses partic-
ularly in welded structures. These stresses are either compressive or tensile depending
on their locations and the magnitude within the reference structure. Compressive
residual stresses would increase the service lives of structures while tensile residual
stresses are damaging to the structures. In Lobanov et al. [7], the effect of residual
stresses was investigated using the electrodynamic treatment method (EDT) to reduce
the level of the residual stresses in welded specimens fabricated from magnesium alloy
ML10. Residual stresses were determined using the electronic speckle interferometry
method which measures the displacement of the surface of the specimens, while the
accompanied stresses were measured using the hole drilling method. The residual stress
magnitudes in the specimen were reduced significantly by the application of the EDT.
Several stress relieve techniques such as the post weld heat treatment (PWHT) have
been discussed in the literature, but it must be mentioned that residual stresses in welded
joints cannot be eliminated completely due to their complexities accompanied by
specimen thickness, welding process used, specimen type, etc.

Regardless of the stress relieve method being employed after welding, welded
joints are always prone to fatigue cracks especially when the cracks are propagated
through the tensile segment of the residual stress profile. It is therefore important
that failure analysis accompanied with mechanical characterization be conducted
under the conditions that are similar to what the welded sections experience in
service. A failure analysis conducted on the reformer furnace tube, made of HP-
Nb microalloyed heat-resistant steel, revealed creep damage coupled with thermal
stresses and crack-related failures [8]. Microstructural investigations and mechanical
tests which includes tensile, stress rupture test, and Vickers hardness tests were
conducted on specimens that were extracted from the microalloyed heat-resistant
steel. Macrography analysis indicated that the heat-resistant material was produced
by centrifugal casting process and the mechanical tests revealed that the failure
occurred due to cracks developed at the heat-affected zones (HAZ).

Industrial Application of Heat-Resistant Alloys

Heat-resistant alloys have various areas of application which includes aerospace,
maritime, and petrochemical industries due to their strength and corrosion resistance
particularly at high temperature [4]. They are also used for power generation prob-
ably due to their performance at high temperature [9]. One of these steels is the 21Cr-
11Ni-N steel which has been described as a cost-effective material considering the
design concepts [5] and its cost benefits over alloys such as 309S (13% Ni), 310S
(20% Ni) stainless steels and 330 (35% Ni) nickel alloy regardless of its lesser
amount of nickel (11% Ni) [5].
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Power Plant

HR3C is an austenitic heat-resistant steel of type 25Cr-20Ni developed by Sumitomo
in the 1980s (ASME code: SA-213TP310HCDN; JIS code: SUS310JITB). It has
been widely applied in USC power plants due to its excellent properties and
performance at high temperature. As a result of its advanced properties at elevated
temperature, this alloy has been considered as one of the most competitive super-
heater and re-heater material in USC boiler [10]. It was researched and developed to
improve 310 type stainless steels by adding niobium and nitrogen to increase creep
strength at elevated temperatures [11, 12]. With the precipitation of M23C6 carbide
mainly along grain boundaries and finely dispersed NbCrN nitride (Z phase) in the
matrix [13, 14] the alloy obtains an excellent creeping strength at the designed
service temperature of USC (600-650 °C) [15]. The high Cr content ensures a
corrosion resistance superior to that of 18Cr-8Ni series alloys. It has been observed
that by promoting the formation of continuous chromia layer, the alloy can withstand
the steam oxidation environment during long-term service above 620 °C [16—18].
Similarly, 8-12% Cr ferritic/martensitic heating-resistant steels have been exten-
sively used in many parts, such as in boilers, turbines, diaphragm, and in fossil
fuel power plants as well as structural materials such as F82H and Eurofer97 in a
fusion reactor because they are able to withstand high temperature. Since many parts
in such plants are exposed to water vapor, oxidation resistance is highly important.
Hence in order to improve the oxidation properties, accordingly it is better to
increase the amount of Cr in steel. However, since & ferrite is formed in the
martensitic matrix with increasing amounts of Cr, the steels are composed of dual
phases: martensite and ferrite. If the dual phase is formed in the heating-resistant
steels, the high-temperature properties may deteriorate in light of the changes in the
mechanical properties as well as the oxidation resistance due to variations in the
microstructure. Furthermore, volume fraction of the ferrite is strictly restricted with
less than 5% because it can be problematic from viewpoint of high temperature
properties. Literatures have shown that many methods aimed to improve oxidation
resistance without increasing the Cr amount have been adopted. The immersion
treatment of Al into the steel matrix is generally known to improve the oxidation and
corrosion resistance, heat resistance, and wear resistance properties of steel [19-22].
Another heat-resistant alloy is the type 21Cr-11Ni-N steel which is just a cost-
effective lean alloy on the basis of the design concepts. This novel alloy contains
just 11% Ni, which can offer the potential for heat-resistant properties competitive
with some heat-resistant alloys, such as 309S (13% Ni), 310S (20% Ni) stainless
steels and even 330 (35% Ni) nickel alloy [23], but at much lower cost. Substantial
improvement on heat-resistant properties of this alloy is made by precise control of
microalloy additions, especially the rare-earth elements (RE, such as Ce, Y) combined
with N. Because it is a strong austenite stabilizer, N will change stacking fault energy
and hence the dislocation structure will also be changed, leading to changes in creep
resistance. Available literatures in recent time have examined the effects of N [24, 25,
103]. RE, as the active element, has also been found to improve creep cavitation
resistance in austenitic steels, particularly by co-addition with B [24, 26, 104].
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Ce is found highly effective in removing O and S in 347H austenitic steel, forming
Ce2028, such that more B may segregate to cavities [105]. RE is also believed to tie
up the S segregated at grain boundaries (GBs), preventing S-induced embrittlement
[23]. High chromium ferritic heat-resistant steels have been widely employed as
structural materials for high temperature components of fossil-fired power plants
because of their superior high temperature strength, high thermal conductivity, and
low thermal expansion coefficient. The present generation high chromium ferritic
heat-resistant steels such as Gr.91, Gr.92, and Gr.122 are employed for components
operating in the service temperature range of 550—620 °C [10, 27]. From the view
point of fuel conservation, energy saving and reduction of CO, emission, there is a
worldwide demand for enhancing thermal efficiency of fossil fired power plants that
can be effectively achieved by increasing their steam temperature above 600 °C and
pressure above 30 MPa [28, 29]. These elevated steam conditions impose stringent
requirements on mechanical properties of structural materials, more importantly, on
their creep strength. Significant efforts are being made worldwide to develop heat-
resistant steels for such applications [29-32]. In Japan, research and development of
next-generation ferritic heat-resistant steels using nitrogen as a potential alloying
element is currently in progress for applications in future advanced thermal power
plants whose operating temperature is above 700 °C [33]. The aim is to achieve
100,000 h target strength at 100 MPa at 700 °C in these heat-resistant steels. Creep
properties of different grades of these newly developed high nitrogen ferritic steels are
being evaluated using the conventional uniaxial creep test.

Austenitic heat-resistant steels (A-HRSs) are one of most frequently used struc-
tural materials in advanced coal-fired power plants. The conventional A-HRSs in
power plants are generally heavy alloyed, especially expensive Cr, Ni elements. The
recent skyrocketing raw material cost stimulates development of the A-HRSs with
less alloying. As a result, some modifying elements, such as rare earths (REs), boron
(B), nitrogen (N) [23, 24, 26, 34], are often added to the A-HRSs to improving
properties whereby the alloys also can meet design requirement even if the Ni, Cr
contents are reduced. Modified 21Cr-11Ni-N-RE lean austenitic heat-resistant steel
is a new member in the family of A-HRSs by precise control of microalloy additions
of RE and N. It can be used as dip tubes, reheater panels, and heat-exchanger tubes
due to its high creep strength and excellent oxidation resistance. Hence it is an
attractive alternative to typical A-HRSs, such as 309 (23Cr-13Ni), 310 (25Cr-20Ni)
and/or even to nickel-based alloy of 800 H [23, 35, 36] in some high-temperature
environments. Generally, the A-HRSs used for structural components in power
plants undergo hot forming processes (such as rolling, forging, and extrusion). The
microstructure of alloy is very sensitive to the hot working parameters, which also
leads to a strong sensitivity of the properties. In order to achieve the desired
properties of the product, the understandings of microstructural changes during hot
working are essential. For instance, the grain microstructure of A-HRS with nominal
compositions is as follows (mass%): C 0.089, Cr 20.88, Ni 11.07, Si 1.38, S 0.002,
Mn 0.76, P 0.021, N 0.22, RE 0.056, and Fe in balance was observed using ZEISS
K400 optical microscopy (OM). The average grain size was evaluated by the linear
intercept method according to the ASTM standard. It was noticed that the initial
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microstructure consists of equiaxed recrystallized grains with an average size of
82.7 mm and some lamella-like straight annealing twins, as shown in Fig. 1.

It is well known that work hardening (WH), dynamic recovery (DRV), and
dynamic recrystallization (DRX) often occur in the alloys with low stacking fault
energy during hot deformation [24, 38—40].

Petrochemical Industry

The HP-Nb heat-resistant austenitic stainless steels are designed to work in the
extreme service conditions of high temperature and pressure. For example, the steels
are widely used to manufacture the tubes for the reformer furnaces of petrochemical
industry where the microstructural evolutions take place in the tubes [41]. The
evolutions consist of coarsening the primary carbides, transformation of M,C; to
M,3C¢ carbide, dissolution of secondary M,3C¢ and NbC precipitates, and formation
of the silicide and nitride phases. These microstructural changes usually lead to the
degradation of creep resistance. Moreover, due to the multiple sources of thermal
stresses in service, these tubes must resist against a wide range of applied forces
inducing creep deformation in the tubes. It has been reported that a high creep
resistance is achieved by optimizing the creep strength and ductility [42]. It should
be noted that the both mentioned properties are highly affected by the amount and
morphology of eutectic carbides, grain boundary film, and the intracellular pre-
cipitates [43, 44]. It has been shown that the grain boundaries are decorated with
discrete precipitates and the increase in the intracellular precipitates prolongs the
creep rupture life of the steels [45]. So, the creep resistance of the steels is expected
to improve by adding the carbide-forming elements such as tungsten and nitrogen.
Both elements have also been recognized as the effective solid solution strengtheners
at high temperatures [46, 47]. However, referring to the published data [48, 49] the
addition of tungsten does not improve the creep rupture life of the steel while adding
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nitrogen to wrought stainless steels [25, 50], and a new generation of austenitic steel
casting (CF3C-Plus) has improved the creep resistance of the steels due to distribu-
tion of fine nanoscale NbC precipitates [51]. Attarian and Taheri [52] investigated
the effect of tungsten and nitrogen on the as-cast and the creep aged microstructures
of heat-resistant HP-Nb steel. The steel was directionally solidified under two
cooling rates of 31.2 and 7.6 K sec™'. Creep rupture tests were conducted at
temperatures of 1150—-1255 K on the specimens prepared from the cast ingots in
transverse and longitudinal directions. It was observed that the addition of nitrogen
significantly increases the eutectic temperature and thus refines the dendrites and
alters the morphology of M,C; eutectic carbide. Also, it was found that due to short
time aging, nitrogen addition decreases the M,C; carbide fragmentation, increases
the secondary M,3Cg4 precipitation density, and impedes the formation of Cr-rich
M,3Cg carbide on the primary Nb(C, N) carbide/matrix interface. The bar shape
morphology of M,;C; eutectic carbides of alloy HWN formed under the high cooling
rate is shown in Fig. 2a and it has the highest eutectic temperature.

Hence, one can establish that the increase in eutectic temperature caused by the
nitrogen addition has promoted the bar shape morphology. The M,C; carbide
morphology of alloys LW and LWN are compared in Fig. 2b, c. As it is seen from
these figures, by adding nitrogen to the alloy the morphology of M,C; carbide is
altered from dendritic to cluster morphology.

The cast heat-resistant steels containing high amounts of chromium and nickel
have been developed to supply the corrosion resistance, strength, and austenite phase
stability required for the high temperature applications. Among these alloys, the HP-
Nb heat-resistant steels are fundamentally the Fe—25Cr—35Ni austenitic heat-resis-
tant steels modified with niobium to form the NbC carbides for precipitates stability
at high temperature service conditions [53]. The HP-Nb steels of higher Ni content
exhibit more resistance to creep deformation while the microalloyed HP-Nb as a
generation of this group possesses higher stress rupture properties [54]. The tubes
made of HP-Nb cast heat-resistant steels are the key components of the reformer
furnaces used in chemical and petrochemical industries. The tubes are centrifugally
cast in short segments and then welded together to achieve the full length required in
service. Each tube in a reformer furnace contains a large amount of nickel catalysts
and can be considered as a catalytic reactor. All reactions inside the reactor are
strongly endothermic, and are encouraged by the increase in temperature, so the
tubes wall must be fired to a temperature of about 1000 °C [55]. It has been reported
that during such a high service temperature, the stability of the primary coarse
precipitates in the cast tube material and the formation of other second phase
particles determine the long-term creep resistance and the ultimate lifetime of
these stressed components [53]. In general, the reformer furnace tubes are designed
for a nominal lifetime of 100,000 h, but because the tubes are exposed to high
temperature and high pressure due to the above service conditions and operation
cycles, some damages frequently occurred within the tubes. Consequently, the real
service lifetime is varied from 30,000 to 180,000 h depending on the quality of tube
material and the service conditions [56]. The main damage mechanism limiting the
tube life is the creep deformation driven by the internal pressure developed in the
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Fig. 2 The morphologies of M7C3 carbide: (a) alloy HWN, bar shape; (b) alloy LWN, cluster;
(c) alloy LW, dendritic [52]

normal service condition and the thermal stresses developed during the start-up and
shutdown cycles [57, 58]. It has been shown that the major load exerted on the tubes
is through wall thermal stress that reduces their life with cyclic creep relaxation in a
time scale controlled by the operational outline [58]. Thus, in order to extend the
tube life the operational considerations for reducing the thermal stresses in the tube
wall have been necessary [58]. This is because the thermal stresses are generated in
every start-up and shutdown of the plant. On the other hand, thermal stresses are the
problems occurring due to differential strains caused by the tube thermal expansion.
For example, the protective chromium oxide scale in the tube wall has a different
coefficient of thermal expansion than the base metal, thus, during the service it can
produce a thermal stress in the tube. However, the thermal stress promotes the creep
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deformation in the tube material [59, 60]. Overheating is another most common
failure cause of the reformer tubes, which occurs when the tube skin temperature
increases above 1000 °C. Macroscopically, overheating is generally accompanied
with longitudinal cracking and mechanical degradation of the tube and microscop-
ically with excessive coarsening and dissolution of secondary precipitates [61, 62].

Heat-resistant steel is well known for its excellent strength, high oxidation
resistance, and corrosion resistance under high temperature conditions, and it has
been widely used in the fields such as aerospace, shipping industry, and petrochem-
ical engineering [63, 64]. Rare earth has shown considerable effects on micro-
alloying and improving performance of the steel. For example, cerium could
decrease the content of oxygen and sulfur in spring steel. The Ce addition could
also capture the residual elements and suppress their precipitation behaviors in the
grain boundary [104]. The effect of rare earth on mechanical and microstructural
behavior of a duplex stainless steel during hot working condition was investigated
by Chen et al., and rare earths show evident microalloying properties in duplex
stainless steel [65]. Xing et al. proved that the corrosion resistance of the 304
stainless steel could be modified and improved by CeO, [66]. With continuously
developing technology, rare earth has been widely introduced in heat-resistant steel.
Taking 253MA steel as an example, it is a new generation of austenitic heat-resistant
steel mainly containing Fe, Cr, Ni and minor elements such as Ce, Mn, Si, and C.
Cerium combined with silicon improves the oxidation resistance, erosion corrosion
resistance, and oxide spallation resistance, and the target content of cerium is about
0.03-0.08 wt% in 253MA steel [67]. However, it should be added excessively in the
refining process due to the low yield rate of cerium, which is much higher than that in
the plain RE-treated steel. High contents of reactive cerium in the steel could induce
serious slag-metal interface reactions in the mold when using conventional mold
fluxes. The content of RE oxides in the mold fluxes increased, and the compositions
of the mold fluxes changed, which could lead to deteriorated properties such as
varying viscosity and surface tension during casting [68, 69]. What is worse, the
surface defects and sticking breakout may be initiated in severe cases.

Automotive Industries

Magnesium alloys, one of the most important structural materials with high specific
strength, are used widely in the automotive, communication, electronic, and aerial
industries [70]. Mg—Al series alloys such as AZ91D and AM60B are the most
widely used commercial heat-resistant magnesium alloys. However, the main
strengthening phase f-Mgl7Al112 exhibits low thermal stability owing to the low
melting temperature of 710 K. When the temperature rises, the microstructure will
become soft and coarse easily, and then the strength and creep resistance will
decrease significantly. Thus, the alloys cannot usually be fabricated to the parts
used under high temperature condition above 393 K for long time. Researchers often
enhance the elevated temperature performance through precipitating the phases with
high thermal stability such as Al,Ca, Al,Sr, Mg,Si, and AI-RE by adding alkaline
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earth metal [71-73], Si [74, 75], and rare earth (RE) [76-80, 99]. RE with unique
atomic electron and chemical property can purify the alloy melt, ameliorate the
microstructure, and then enhance the mechanical property and corrosion resistance.
Compared with other REs, the effects of cheaper Sm on the microstructure and
mechanical properties of Mg—Al series alloys have been rarely studied yet [77, 100].
Meanwhile, the addition of Bi can also enhance the elevated temperature perfor-
mance effectively through precipitating the Mg;Bi, phase with high thermal
stability.

3Cr20Nil0OW?2 is a representative austenitic heat-resisting alloy. This alloy is
usually adopted as the material of exhaust valves on diesel engine in the large marine
industry due to its high strength, superior creep strength, excellent oxidation resis-
tance, excellent heat resistance, and high corrosion resistance. It is difficult to
process such material due to its high strength and excellent heat resistance. There-
fore, a special plastic processing technology involving high heating efficiency and
isostatic loading, electric upsetting process is always used to form the exhaust valve
component with 3Cr20Ni10W?2 alloy. During hot forming process such as electric
upsetting process, the deformed material is liable to undergo work hardening (WH),
dynamic recovery (DRV), and dynamic recrystallization (DRX), three metallurgical
phenomena for controlling microstructures and mechanical properties [38, 81, 82,
101]. In austenitic steels such as 3Cr20NilOW2 alloy with higher deformation
resistance, the kinetics of DRV is lower, and DRX can be initiated at a critical
condition of stress accumulation [83]. The occurrence of DRX brings about grain
refinement and deformation resistance reduction, due to which the evaluation of the
rate and progress of DRX in terms of deformation conditions is important [102].
DRX kinetics describes the fact that the nucleation of DRX grains start at a critical
strain which is a function of initial microstructure and deformation conditions. Then,
the evolution of DRX microstructure can proceed further through the formation of a
necklace structure with increasing deformation degree [84]. Quan et al. [85]
performed a constitutive modeling for the dynamic recrystallization kinetics of as-
extruded 3Cr20NilOW2 heat-resistant alloy based on stress—strain data. It was
observed that the initial microstructure of 3Cr20Ni10W2 heat-resisting alloy con-
sists of rough equiaxed grains with a large quantity of twin boundaries as shown in
Fig. 3a, while Fig. 3b—f shows the typical microstructures of the specimens deformed
to a strain of — 0.91 at the strain rate of 0.01 s~' and at the temperatures of 1203 K,
1253 K, 1303 K, 1353 K, and 1403 K, respectively.

2xxx series Al alloys, such as 2219 (Al-Cu-Mn) and 2618 (Al-Cu-Mg-Fe-Ni), are
widely applied in aircraft industry because of their low density, high strength, and
excellent heat resistance [86—88]. With the development of aviation technology, the
aircraft flight velocity is further increased, and the strengthening and heat resistance
of the aircraft Al alloy must be enhanced correspondingly. Thus, the development of
new heat-resistant Al alloys is urgently needed. Al-Cu-Mg-Ag alloy, a new heat-
resistant Al alloy prepared by adding trace amounts of Ag to Al-Cu-Mg alloys with
high Cu:Mg ratios, has found to possess excellent mechanical properties at elevated
temperatures, such as higher tensile strength and improved creep resistance [89, 90,
105]. Moreover, these alloys are potential aero metals, attracting many investigations
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Fig. 3 Microstructures at a strain rate of 0.01 s_1 and temperatures of (a) as-received, (b) 1203 K,
() 1253 K, (d) 1303 K, (e) 1353 K, and (f) 1403 K [85]

on their microstructures and properties. Al-Cu-Mg-Ag was first reported [91]. They
demonstrated that trace addition of Ag (0.4 wt%) to traditional Al-Cu-Mg alloys
with high Cu:Mg ration resulted in an increase of the aging hardening response. The
Ag addition promoted the formation of a fine and uniform dispersion of plate-like
precipitation on {111}a planes at the expense of the precipitation q0 (Al,Cu) which
is usually observed in Al-Cu-Mg alloys. The new phase was designated as U,
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showing excellent thermal stability at elevated temperatures compared with q0
[92-94]. Hutchinson et al. [95] suggested that the high resistance to plate coarsening
exhibited by U plates was due to a prohibitively high barrier to ledge nucleation in
the strong vacancy field normal to the broad face of the plate. On the other hand, Ag
and Mg atoms are strongly segregated to the broad face monolayer interfaces of a/U
[96]. The large misfit that exists normal to the broad face of the plate is unlikely to
provide a driving force for the segregation of Ag and Mg [95]. Thus the growth of U
phases is restrained by the limited supplement of these atoms. Ringer et al. [97] and
Gable et al. [98] work demonstrated that the presence of the AI2CuMg (S) phase
could destabilize the desirable U plate precipitates. Gable et al. [98] suggested that
alloy design must account for this, and accurate representations of the aluminum-rich
portion of the Al-Cu-Mg-(Ag) phase diagram are essential.

Conclusions and Further Work

The types and properties of various heat-resistant alloys and their common areas of
applications were examined. Heat resistant alloys are materials characterized by
extreme high stability of their properties, which are not highly dependent on the
residence time at high temperatures, but depend on the purpose for which it will be
applied. Heat-resistant alloys are made with increased resistance to fatigue, erosion,
and low notch sensitivity, as well as with high thermal stability and short-term high-
load resistance. Heat-resistant alloys are made with increased resistance to fatigue,
erosion, and low notch sensitivity, as well as with high thermal stability and short-
term highload resistance. The areas of industrial applications such as in turbine
power plant, automobile industries and pressure vessels of heat resistant alloys
depend on its creep and mechanical properties. Further work to improve on the
creep and mechanical properties of heat resistant alloys will open up new
applications.
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