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Classification and microstructural stability of high generation 
single crystal nickel-based superalloys 

ABSTRACT 

This paper presents a brief review on various types of single crystal Ni-based superalloys 

designed over the recent years. The design principles to achieve required mechanical properties 

and microstructural stability over the long time exposure to high temperatures are emphasized. 

The main attention is given to alloys with a high content of refractory elements. In particular the 

formation of brittle phases, like topologically close packed (TCP) phases, degrading mechanical 

properties of the Ni-based superalloys is emphasized.    
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1. INTRODUCTION 

The development of advanced heat resistant 
alloys is one of the methods, besides cooling and 
coating systems, to improve thermal efficiency of 
aircraft engines. To achieve high temperature 
capabilities in terms of hot corrosion resistance and 
creep-rupture strength various series of nickel-
based superalloys are constantly developed. 
Superalloys are a group of nickel, iron-nickel, and 
cobalt based materials with excellent strength and 
surface stability. They have been employed for the 
hottest areas of aircraft and industrial gas turbine 
engines. In general, they can be divided into two 
groups: wrought and cast ones. Wrought alloys 
exhibit good fracture toughness and high strength 
up to around 870°C; they can be forged or rolled 
into sheets, rods, or turbine discs [1]. On the other 
hand, cast alloys possess outstanding creep 
strength at high temperatures up to 85% of their 
melting point [2]. Depending on casting process, 
three main types of cast superalloys can be 
distinguished: conventionally cast (CC), 
directionally solidified (DS) and single crystal (SC). 
Compared  to  CC and DS, the SC  ones  exhibit  
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enhanced high temperature mechanical properties, 
mainly due to elimination of grain boundaries as 
potential failure initiation sites. Modern SC 
superalloys contain high levels of refractory 
elements, such as Mo, W, Re in order to increase 
high temperature creep and rupture properties [3, 
4]. However, high content of these elements makes 
the alloys more susceptible to the formation of TCP 
phases during long-term service [5]. These phases 
were shown to have detrimental effect on 
mechanical properties of polycrystalline alloys [6]. 
Although the developers of high-strength single 
crystal superalloys try to avoid the precipitation of 
TCP phases, they are expected to appear in the 
microstructure after long exposure to high 
temperature. 

The relevant literature does not provide much 
information on the effect of TCP phases on 
mechanical properties in single crystal materials. It 
is therefore of practical interest to collect and 
review all available data. This paper provides an 
overview of modern single crystal Ni-based 
superalloy systems, as well as the main principles 
of the design procedures and estimation of the 
microstructural stability for the highest generation 
single crystal Ni-based superalloys. 

2. ALLOYING ELEMENTS AND MICROSTRUCTURE 

Ni-based superalloys typically contain up to 12 
alloying elements. The main element is Ni, which is 
used as the base material exhibiting an austenitic 
face-centered cubic (FCC) crystal lattice structure  

http://dx.doi.org/10.5937/ZasMat1404351O
http://www.idk.org.rs/journal
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[7]. Low cost, slow rates of thermally activated 
creep process, high temperature strength, good 
ductility and toughness are other positive aspects, 
which can be assigned to Ni presence. Depending 
on the type and content of other alloying elements, 
the overall strength, the type and morphology of 
individual phases, microstructure stability, corro-
sion and oxidation resistance can be designed and 
refined. In current commercial single crystal Ni-
based superalloys the elements commonly added 
are: aluminium (Al), boron (B), carbon (C), chro-
mium (Cr), cobalt (Co), hafnium (Hf), molybdenum 
(Mo), niobium (Nb), rhenium (Re), ruthenium (Ru), 
tantalum (Ta), titanium (Ti), vanadium (V), yttrium 
(Y), zirconium (Zr) and tungsten (W). Not all of 
them are however necessary in a single alloy. 
Some of them have only one task, whereas others 
serve multiple functions. The segregation of 
individual elements into different phases in Ni-
based superalloys is presented in Figure 1. 

 

Figure 1 -The effect of alloying elements on 
nickel-based superalloys [8] 

The alloying elements can be divided into 
different functional classes, in which a set of 
elements shows similar behavior. Elements such 
as Co, Cr, Ru, Re, Mo and W segregate to γ phase 
and stabilize it due to similar size of their atomic 
radii to Ni. On the other hand the γ’ phase is 
stabilized by Al, Ta and Ti, which have larger 
atomic radii. Furthermore, in polycrystalline Ni-
based superalloys elements such as B, C and Zr 

segregate to grain boundaries and reinforce them 
[9]. 

The aim of design procedures is to establish a 
given alloy composition, which will provide high 
tensile, creep and fatigue strength, long-term 
microstructural stability at high temperatures, and 
finally high resistance to oxidation and sulfidation. 
The specific roles of the alloying elements, their 
effects on mechanical and microstructural 
properties in Ni-based superalloys, and current 
design tendencies are described below. 

Elements such as Ti, Ta, Nb, Re, W, Mo, and 
Cr are solid solution strengtheners. Ta, Ti, and Nb 
strengthen the γ’ phase, while others called 
refractory elements strengthen the γ matrix. The 
latest trends in superalloys development show 
tendency to increase the overall content of 
refractory elements at the expense of Mo and V, 
which lower oxidation resistance. However the 
overall content of refractory elements must be 
controlled to avoid formation of brittle phases, like 
topologically close packed (TCP) ones, which are 
detrimental to mechanical properties during high 
temperature exposure [10, 11, 12]. The significant 
issue for any Ni-based superalloy is good 
environmental stability. The addition of Mo, W or 
Re provides high strength, however they can 
significantly decrease microstructural stability. In 
order to prevent this, other elements like Al, Cr and 
Ru [13] are added as well. Al and Cr help to form a 
protective Al2O3 or Cr2O3 oxide layer on the alloy 
surface. Cr is more effective in preventing hot 
corrosion and sulfidation, while Al is more stable at 
higher temperatures and gives better oxidation 
resistance. To obtain a good level of surface 
degradation resistance, high quantities of Cr or Al 
are therefore required. 

A crucial element for consideration in Ni-based 
superalloys design is Re, which becomes 
increasingly popular in new generations of single 
crystalline superalloys. Under stress conditions at 
increased temperature, the alloy microstructure 
starts to evolve and raft. It was reported that rafting 
reduces the creep resistance under intermediate-
temperature/intermediate-stress condition [14, 15, 
16] however the formation of stable raft structure at 
temperatures higher than 1000°C can successfully 
extend the creep rupture life [17]. Therefore, 
modern superalloys have been developed with the 
addition of Re to improve creep properties [18, 19]. 
Re in combination with Mo changes lattice misfit 
towards larger negative values, which creates 
dense interfacial networks of misfit dislocation [20]. 
As more dislocations settle at the interface, the 
mesh spacing gets smaller and will further prevent 
dislocations from entering and shearing the γ’ 
precipitates [21]. A clear relationship between 
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mean dislocation network spacing at the γ/γ’ 
interfaces and the minimum creep rate was shown 
in the work of Koizumi et al. [22]. As the spacing 
becomes finer, the creep rate drastically 
decreases. The opposite effect to Mo and Re was 
observed for Ta and Nb, which tend to bring lattice 
misfit between γ and γ’ phases closer to zero. In 
consequence, the dislocation network becomes 
coarser and creep deformation by dislocation 
cutting is easier to occur [22]. Another element, 
which improves creep properties, is Co. It reduces 
the stacking fault energy and makes dislocation 
cross slip around γ’ particles more difficult [23, 24]. 
Furthermore, Co and Ru were found to suppress 

TCP formation at high temperature exposure [25, 
26]. 

The typical Ni-based superalloy microstructure 
consists of two main phases: 

1. The γ phase, i.e. the matrix phase with a 
disordered face centered cubic (FCC) crystal lattice 
structure, Figure 2 (a), which contains mainly solid-
solution elements such as Co, Cr, Re, W.  

2. The γ’ phase, i.e. the precipitate phase, 
which enhances the material overall strength at 
elevated temperatures. It is composed mostly of Ni, 
Al which constitute an L12 ordered structure like 
Ni3Al, having Ni atoms at unit cell face centers and 
Al atoms at the corners Figure 2 (a), (b). 

 

(a)      (b) 

Figure 2 - Crystal structure of (a) γ phase with all unit cell corners occupied by Ni atoms (grey) and (b) 
Ni3Al γ’ phase with Al atoms (black) at corners and Ni atoms (grey) at the face centers [27] 

The γ’ phase is coherent with the γ matrix and 
forms finely dispersed particles. From the 
thermodynamic point of view the γ/γ’ microstructure 
is usually in metastable state. Depending on the 
chemical composition and the applied heat 
treatment, γ’ particles can change their 
arrangement, shape (spherical, cuboidal) and size 
[28, 29, 30]. The typical commercial Ni-based 
superalloys contain around 65 vol. % fraction of γ’ 
phase, which is stated as the optimal value to 
ensure the best creep rupture properties at high 
temperatures [33]. However, the γ’ fraction should 
not be treated as the only factor imparting high 
mechanical properties. The other factor is the 
chemical composition that affects the chemistry of 
precipitates and consequently the lattice mismatch. 
Both the chemistry and the mismatch indeed can 
extensively influence the mechanical properties.  

3. CLASSIFICATION 

The presented classification focuses on single 

crystal Ni-based superalloys. This group of alloys is 

patented by the US Patent 5366695 [32] and can 

be classified into different generations. Until today 

there are six generations of Ni-based SC crystal 

superalloys. A simple method to assign most of 

them to an appropriate generation was presented 

in Figure 3. This figure presents the differences in 

Re and Ru content for generations from 1 to 5.  

 

Figure 3 - Ru and Re content for different 
generation of single crystal nickel-based 

superalloys [33] 

Except generation number 6, which is not inclu-
ded in this plot, they can be easily distinguished by 
the content of Re and Ru. In the first generation 
alloy these elements were not added. In order to 
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improve the strength and fatigue life, Re is added 
up to approximately 3 wt. % and 6 wt. % in the 
second and third generation respectively. The main 
difference in fourth generation is the Ru content of 
about 3 wt. % to achieve better microstructural 
stability. Compared to previous generations, the 

latter one exhibits improved creep behavior at high 
temperatures, which is attributed to the finer 
interfacial dislocation network [34]. The fifth 
generation has the same level of Re content as the 
fourth one, however the Ru content is increased to 
5 wt. %. 

Table 1 - Chemical composition of single crystal nickel-based superalloys classified from the first to sixth 
generation [1, 35] 

 Cr Co Mo W Al Ti Ta V Nb Hf Re Ru 

1
st
 generation 

AM1 8 6 2 6 5.2 1.2 9 - - - - - 

AM3 8 6 2 5 6 2 4 - - - - - 

AF56 12 8 2 4 3.4 4.2 5 - - - - - 

CMSX-2 8 5 0.6 8 5.6 1 6 - - - - - 

CMSX-3 8 5 0.6 8 5.6 1 6 - - 0.1 - - 

CMSX-6 10 5 3 - 4.8 4.7 2 - - 0.1 - - 

PWA1480 10 5 - 4 5 1.5 12 - - - - - 

Rene’ N4 9 8 2 6 3.7 4.2 4 - 0.5 - - - 

RR2000 10 15 3 - 5.5 4  1 - - - - 

SRR99 8 5 - 10 5.5 2.2 3 - - - - - 

2
nd

 generation 

CMSX-4 7 9 0.6 6 5.6 1 7 - - 0.1 3 - 

PWA1484 5 10 2 6 5.6 - 9 - - 0.1 3 - 

Rene’ N5 7 8 2 5 6.2 - 7 - - 0.2 3 - 

SC180 5 10 2 5 5.2 1 9 - - 0.1 3 - 

3
rd

 generation 

CMSX-10 2 3 0.4 5 5.7 0.2 8 - - 0.03 6 - 

Rene’ N6 4.2 12.5 1.4 6 5.75 - 7.2 - 0.1 0.15 5.4 - 

TMS-75 3 12 2 6 6 - 6 - - 0.1 5 - 

TMS-113 2.9 11.9 2 6 6.6 - 6 - - 0.1 6 - 

TMS-121 3 6 3 6 6 - 6 - - 0.1 5 - 

4
th

 generation 

MC-NG 4 - 1 5 6 0.5 5 - - 0.1 4 4 

PWA1497 2 16.5 2 6 5.6 - 8.3 - - 0.15 6 3 

TMS-138 3.2 5.8 2.9 5.9 5.8 - 5.6 - - 0.1 5 2 

TMS-138+ 3.2 5.8 2.9 5.6 5.7 - 5.6 - - 0.1 5.8 3.6 

5
th

 generation 

TMS-162 3 5.8 3.9 5.8 5.8 - 5.6 - - 0.1 4.9 6 

TMS-173 3 5.6 2.8 5.6 5.6 - 5.6 - - 0.1 6.9 5 

TMS-196 4.6 5.6 2.4 5 5.6 - 5.6 - - 0.1 6.4 5 

6
th

 generation 

TMS-238 4.6 6.5 1.1 4 5.9 - 7.6 - - 0.1 6.4 5 

 
Table 1 presents examples of chemical 

compositions of superalloys belonging to different 
generations. The newest single crystal superalloys 
from the 4

th
, 5

th
, and 6

th
 generation were mainly 

developed by the National Institute of Material 
Science (NIMS) in Japan. According to the NIMS 
Alloy Design software (NIMS-ADP) [36] material 
parameters including phase composition and 
volume fractions, alloy density, phase stability, 
lattice misfit, creep strengths were taken into 

account [22, 35]. To improve the oxidation 
resistance, Cr content was increased in the highest 
generation alloys to 4,6 wt. %. The fine adjustment 
of Mo, W, Re and Ru concentration allow to keep 
the γ’ volume fraction constant, and maintain the 
microstructural stability and lattice misfit on 
acceptable levels. The 5

th
 generation superalloys 

exhibit not only superior high temperature creep 
and thermo-mechanical fatigue resistance by 
incorporating higher content of Re, but also good 
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microstructural stability due to higher Ru content 
than in the 4

th
 one [37]. However, it has been 

proven by Walston and Kawagishi [25, 38] that 4
th
 

and 5
th
 generations are likely to have lower 

oxidation resistance than previous ones due to 
higher content of refractory elements. TMS-238 
alloy (6

th
 generation) was thus designed to have 

similar mechanical properties to 5
th
 generation 

superalloys, but improved oxidation and hot-
corrosion resistance. The composition of TMS-196 
(5

th
 generation) was used as a reference. The Mo 

and W contents were reduced, while Co and Ta 
contents were increased. The comparison of 
mechanical and oxidation properties for different 
generations of superalloys was presented in 
Kawagishi’s work [39]. His results are shown in 
Figure 4 and Figure 5, where the Larson-Miller 
diagram of creep properties and the oxidation tests 
are displayed, respectively. The creep rupture life 
of TMS-238 is comparable to other alloys, while the 
oxidation test shows significant improvement in 
surface stability over the 4

th
 and 5

th
 generation 

alloys. 

 

Figure 4 - Larson-Miller diagram of creep 
properties for different generations of Ni-based 

superalloys [39] 

 

Figure 5 - Cyclic oxidation tests performed at 
1100°C for different generations of Ni-based 

superalloys [39] 

4. MICROSTRUCTURE STABILITY 
AT HIGH TEMPERATURE 

High content of refractory elements in modern 
single crystal superalloys may cause extensive 
formation of TCP phases during long-term 
exposure to high temperatures. The region in which 
TCPs precipitates, strongly depends on the 
material microstructure. In case of single crystal 
alloys they usually form in dendrite core areas, 
Figure 6, while for alloys having a granular 
structure, the TCP phases can precipitate at grain 
boundaries in form of cellular colonies, Figure 7. 
TCP phases are composed mainly of Ni, Cr, Mo, 
Co, W and Re, however the content of individual 
elements can vary significantly and depends on 
TCP type and alloy composition. Table 2 presents 
four main types of TCP phases, which can be 
distinguished in the available literature. They form 
in an extensive plate-like morphology. The close-
packed layers have a high degree of coherency 
with the four {111} planes of the γ and γ’ phases, 
which results in characteristic needle-like structure, 
when sectioned in the {100} plane. 

Table 2 - Crystallography of the TCP phases [12, 42] 

Type of 
TCP phase 

System 
Space 
Group 

Space 
group No. 

Atoms per 
Unit Cell 

Lattice Parameter α 

σ Tetragonal P42/mnm 136 30 
a = b = 0.878 nm,  

c = 0.454 nm 
90° 

P Orthorhombic Pnma 62 56 
a = 1.698 nm, b = 0.475 nm,  

c = 0.907 nm 
90° 

μ 
Rhombohedral 

Hexagonal 
R-3m 166 

13 

(hex. 39) 

a = b = c = 0.904 nm 

a = b = 0.476 nm,  

c = 2.583 nm 

30.5° 

120° 

R Rhombohedral R-3 148 53 
a = b =1.093 nm,  

c = 1.934 nm 
120° 
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Figure 6 - SEM image of TCP phase formation in 
dendritic region of nickel-based superalloys.[40] 

 
Figure 7 - SEM images (backscattered electron 

mode) of TCP precipitates within cellular colonies 
at high angle subgrain boundaries in Ni-based 

superalloy: as heat treated (a); aged for 200 hours 
at 950°C (b); 1050°C (c) and 1100°C (d) [41] 

Research on high generation single crystal Ni-
based superalloys showed that thermal conditions 
expected during the service may be dangerous 
with respect to TCP formation, particularly in the 
temperature range between 900°C and 1100°C. 
However, the exact temperature range at which the 
TCPs start to precipitate depends not only on 
temperature and time, but also on the chemical 
composition and segregation level. To investigate 
these aspects the chemical composition of various 
alloys was analyzed with focus on the tendency of 
TCP formation. Based on compositions and Time-
Temperature-Transformation (TTT) diagrams for 3

rd
 

and 4
th
 generation superalloys, Figure 8 a)  and b), 

rough estimation of microstructural stability of 5
th
 

and 6
th
 generation superalloys was performed. It 

was experimentally proven that the 4
th
 generation 

has superior microstructural stability than the 3
rd

 
generation. These diagrams indicate the 
temperature window between 1000°C and 1200°C 
as the most critical temperature range, where TCP 
phase precipitation is the most extensive. Based on 
already collected information about the effect of 
alloying elements on microstructural stability, it can 

be concluded that the 5
th
 and 6

th
 generation alloys 

have compositions for which TCP phases are 
difficult to form. Besides the fact that Re content 
was slightly increased (from 5.8 to 6.4%), all other 
changes, such as higher Ru and Co as well as 
lower W, Mo contents bring positive effect on TCP 
formation. 

Considering microstructural stability of a mate-
rial, not only the chemical composition must be 
addressed, but also the heat treatment. In terms of 
TCP formation the important aspect is material 
homogenization. Due to different diffusion coeffi-
cients of each element, too short homogenization 
heat treatments result in differences in chemical 
composition for dendritic and interdendritic areas. 
In such a type of structure, TCP phase precipitation 
is easy to occur in dendrite cores due to higher 
local content of refractory elements. For this reason 
long homogenization heat treatment at high 
temperature should be performed. 
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Figure 8 - TTT diagrams for TMS-121 (a) as a 3
rd

 
generation and TMS-138+ (b) as a 4

th
 generation 

Ni-based superalloys [43] 

TCP phases are generally brittle and 
detrimental to mechanical properties. Their 
precipitation during the service depletes the matrix 
from refractory elements and reduces the solid 
solution effect. Moreover the TCP phases are often 
associated with the formation of voids at high 
temperatures, which may act as an initiation sites 
for fracture [44]. However, there is conflicting data 
whether they are responsible for failure and 
fracture of single crystal alloys [45, 46]. Most of the 
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papers describe the detrimental effect of TCP 
phases on creep properties. However, to elucidate 
it, the effect of γ’ coarsening on alloy strength must 
be separated from the effect due to the formation of 
TCP. 

Such investigation was performed by Volek 
[40], who used different solidification conditions to 
obtain two different sets of samples: one with 
coarse and a second with fine dendrite structure. It 
was confirmed in this work that TCP formation is 
occurs more likely in the material with coarser 
dendrite structure. This methodology allowed to 
compare the influence of TCP phases on 
mechanical properties for the same alloy 
composition, i.e. without aging impact on the γ’ 
phase. Unfortunately, the analyzed samples 
demonstrated significant changes in casting 
porosity. Finer dendrite structure contained a high 
number of small pores, while coarser dendrite 
structure exhibited an opposite effect with a low 
number of large pores. Therefore, the results 
obtained by this author in fact are due to combined 
effect of various degree of TCP precipitation and 
pore size distribution. 

5. CONCLUSIONS 

Single crystal Ni-based superalloys are 
developed especially for the most critical elements 
applied in high temperatures and load conditions. 
They exhibit excellent creep, oxidation and 
corrosion resistance and for these reasons are 
mostly used in aerospace and nuclear industry. 

The aim of the design procedures is to 
establish a given alloy composition, which will 
provide high tensile, creep and fatigue strength, 
long-term microstructural stability at high tempe-
ratures, and finally high resistance to oxidation and 
sulfidation. The latest trends show tendency to 
increase the overall content of refractory elements. 
However this may cause extensive formation of 
detrimental to mechanical properties TCP phases 
in superalloys microstructure after long term 
exposure. An interesting issue for future 
experiments would be the determination only of the 
effect of TCP phases on mechanical properties 
with focus on creep and fatigue properties. 
Nevertheless correct understanding of the 
precipitation process and finding the correlation 
with alloying elements allows diminishing this effect 
in newly developed materials. 
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IZVOD 

KLASIFIKACIJA I MIKROSKOPSKA STABILNOST VISOKE GENERACIJE 
MONO KRISTALA SUPERLEGURE NA BAZI NIKLA 

U ovom radu dat je kratak pregled različitih tipova mono-kristalnih super-legura na bazi Ni koje su 
dizajnirane u novije vreme. Naglašeni su principi dizajniranja ovih legura sa ciljem da se postignu 
zahtevane mehaničke osobine i mikrostukturna stabilnost za vreme dugotrajnog izlaganja visokim 
temperaturama. Glavna pažnja je posvećena legurama sa visokim sadržajem vatrostalnih 
materijala. Posebno je naglašeno formiranje krtih faza, kao što su topološki blisko upakovane 
faze, koje negativno utiču na mehaničke osobine mono-kristalnih super-legura na bazi Ni. 
Ključne reči: mono-kristalne super-legure na bazi Ni, topološki blisko upakovane faze, ,  ' 
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