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By high-allowing metal physical and heat physical techniques complex means lanthanum, prazeodim and neodim separate 
influence on deformable high-heat resisting Ni-Co-Cr-Al-Ti-W-Mo-Nb alloying system nickel base alloy structure forming 
features are investigated. Three model material compositions structural and phase conditions were studied after heat treatment. 
It is shown that lanthanum, prazeodim and neodim individual influence on quantity of phases, grain and interphase boundaries 
structure change and material heat physical characteristics variously. These alloys class structure represents γ'- solid solution 
grains with primary γ'-phase particles, evenly distributed on grain boundaries. The alloy contains niobium and titanium 
based carbides MC, being formed at material crystallization stage during melting. Solid solution in grains is strengthened 
by secondary γ'-phase particles. Grain boundaries are strengthened by γ'-phase, chrome and molybdenum based carbides 
and borides particles. At introduction in the material rare earth elements (RZE) complicated structure different sizes and 
morphology nickel and RZE based intermetallid phases, which are evenly distributed in material volume, are formed. They 
also allocated on grain and γ/γ' interphase boundaries, in addition strengthening them. Material structure change distinctions 
are revealed: maximum quantity grain and γ/γ' interphase boundaries secondary carbides, borides and intermetallid phases 
with RZE after heat treatment are containing at composition with the prazeodim; composition with the neodim differs by the 
maximum nanodimensional γ'-phase quantity and the minimum secondary intermetallid phase with RZE quantity. Con-
taining lanthanum, prazeodim and neodim compositions differ with temperature and total warmth of endothermic effect of 
carbide, boride and intermetallic phases dissolution.
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1. Introduction

Microalloying is one of the tools to increase the quality of high-
temperature Ni-based alloys without changing significantly 
the chemical and phase equilibrium composition, and it 
is developed from the perspective of optimization of the 
concentration inhomogeneity of an actual structure [1–3]. 
The notion of microalloying, i.e. alloying with very small (on 
the order of one tenth to one hundredth of percent) doses 
of components, is true only for a concentration averaged in 
the whole volume of a metal. Normally, the elements used 
for microalloying get distributed inhomogeneously in a 
material’s structure, and their concentration in separate local 
zones may be one or even two orders of magnitude higher 
than the average concentration and, consequently, it now 
becomes comparable with the content of alloying elements 
[4-6]. For the selection of microalloying, it is required to 
study in detail the structure of the alloys and the state of 
their interior interfaces (grain and subgrain boundaries, 
interphase boundaries, matrix-particle boundaries), where, 
as a rule, both harmful impurities and useful surface-
active microadditions are segregated, their confrontation 
determining to a great extent the properties of alloys [6]. 
Therefore, the optimum content of microadditions cannot 
be independent of either the quantity and distribution of 
harmful impurities or the structural features of an alloy.

The experience in the investigation and application of 
microalloying demonstrates that, despite the fact that the 
effect of micro-components may vary from one addition to 
another, and from one alloy to another, there are still common 
regularities in the complex mechanism of microalloying. 
Owing to a high chemical activity and peculiar physical 
properties of rare earth elements (RZE), boron, carbon and 
other microadditions, they influence very effectively the 
kinetic and thermodynamic characteristics of interfaces (the 
interphase energy decreases, which leads to refinement of 
phase precipitates; interfacial diffusion slows down; cohesion 
increases and, as a consequence, crack propagation and pore 
nucleation are hindered) and enhance the homogeneity 
of the structure and the structural stability of alloys [5]. 
Microadditions play a very important role in neutralizing 
harmful impurities: they bind them into stable chemical 
compounds with a favorable morphology or expel them from 
interfaces.

The modern approach to microalloying, based on the 
generalization and analysis of a large amount of experimental 
data, consists in a joint introduction into an alloy of several 
elements in the strictly optimum quantity, exceeding which 
may lead to a sharp decline in the characteristics, sometimes 
even to a level below the values of the initial material [4, 5].

At the present time, for the microalloying of high-
temperature deformable nickel alloys such elements are used 
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as Mg, Sc, Zr, B, as well as the rare earth elements Y, La, Ce 
[7-11].

Microalloying with RZE has a significant effect on the 
properties and structure of high-temperature nickel alloys 
[8, 9]. From the 14 lanthanides belonging to group IIIb of 
Mendeleev’s periodic table of elements, it is lanthanum and 
cerium that are mostly used for the microalloying of nickel 
high-temperature deformable alloys [12-14]. Taking into 
account the fact that lanthanides have similar physical and 
chemical properties, it is interesting to study the possibility 
of using microalloying with praseodymium, neodymium 
and other elements of this group [9, 15, 16]. In spite of 
the similarity in the physical and chemical properties of 
lanthanides, they have different electronic structures, atomic 
radii, valencies. 

The aim of the present investigation is to study the 
features of the separate effect of lanthanum, praseodymium, 
neodymium on structure formation in a deformable high-
temperature nickel alloy of the VZh175 type (the Ni–Co–Cr–
Al–Ti–W–Mo–Nb alloying system).

2. Materials and experimental techniques

Using a set of high-resolution metal-physical and 
thermophysical techniques [17], including electron 
microscopy (scanning electron microscopy and transmission 
electron microscopy using foils), electron backscatter 
diffraction, electron microprobe analysis (using polished 
sections with a locality of 1 μm2 and foils with a locality of 
20 nm) and differential scanning calorimetry, the structural 
and phase state of a high-temperature nickel alloy belonging 
to the VZh175 type, of three model compositions, melted 
from the material of a single basic heat (composition, mass 
%: bas. Ni-14.8Co-10.2Cr-3.9Al-2.5Ti-3.1W-4.4Mo-4.2Nb), 
was investigated. 

From the material of the basic heat, 3 electrodes with 
a weight of 10 kg each were produced, then remelted in a 
vacuum-induction furnace in a 10 kg crucible and cast into 
ingots. RZE (lanthanum, praseodymium and neodymium) 
were introduced into the melt. According to the results of 
chemical analysis, the residual content of RZE in the material 
amounted to: composition 1 - La 0.03 mass %; composition 2 - 
Nd 0.03 mass %; composition 3 - Pr 0.04 wt. %. The produced 
ingots were deformed by upsetting on a hydraulic press and 
heat-treated according to the standard regime for alloys of 
this class, in particular: quenching from the temperature of 
complete dissolution of the strengthening γ'-phase and two-
step aging to ensure the most complete precipitation of the 
secondary γ'-phase [4].

The material’s structure and phase composition were 
investigated in the heat-treated condition. The microstructure 
and the grain boundary misorientations were studied by 
scanning electron microscopy in secondary and back-
scattered electron imaging modes on a JSM-6490LV scanning 
electron microscope (SEM) with attachments for electron 
microprobe analysis INCA 450 and for electron back-scatter 
diffraction analysis INCA HKL. The local phase composition 
was studied using polished sections with a locality of 1 μm2 by 
electron microprobe analysis (EMPA) on a JCMA-733 facility. 

The dislocation structure, microstructure and composition 
with a locality of 20 nm were studied using foils on a 
JEM200CX transmission electron microscope (TEM) with 
an Inca Energy 250TEM energy-dispersive microanalysis 
system. The phase transformations in the material with 
different RZE contents were studied by differential scanning 
calorimetry (DSC) on a 404 F1 NETZSCH differential 
scanning calorimeter during heating with a rate of 20 K/min 
in helium medium in a temperature range of 20 to 1260°С. 

3. Results and discussion

The structure of the alloys of this class represents grains 
of the γ-solid solution with primary particles of the 
γ'-phase, uniformly distributed at grain boundaries.  The 
alloy contains niobium- and titanium-based MC carbides 
forming at the stage of material crystallization during 
melting. Solid solution inside the grains is strengthened by 
particles of the secondary γ'-phase, including nano-sized 
ones. Grain boundaries are strengthened by particles of the 
grain-boundary γ'-phase, chromium- and molybdenum-
based carbides and borides [8, 15]. Study of the material of 
three model compositions has shown that their structure is 
identical: g-solid solution grains having a size of 20–30 μm 
with primary particles of the γ'-phase having a size of 2.0–5.0 
μm, uniformly distributed at grain boundaries. In the alloy 
there is a small quantity of primary Nb- and Ti-based MC 
carbides and uniformly distributed in the material’s volume 
intermetallic phases with a complex composition, based 
on nickel and RZE (RZE = La for composition 1; Nd for 
composition 2; Pr for composition 3), having a size of 3.0–
7.0 μm (fig. 1). The RZE content in such phases is variable 
and varies in a range of 10 to 14 % mass1. Also, these phases 
include almost all of the alloy’s elements. In the material 
without RZE, such phases are absent. Intermetallic phases 
containing RZE form at the stage of material crystallization 
during melting, and partially dissolve during subsequent 
processing operations (homogenization, die forging, heat 
treatment). Solid solution inside the grains is strengthened 
by fine particles of the secondary γ'-phase (particle size 
0.1–0.3 μm) and the nano-sized γ'-phase (particle size 50–70 
nm). Grain boundaries are strengthened by particles of the 
grain-boundary γ'-phase and secondary intermetallic phases 
containing RZE, as well as carbides and borides based on Mo 
(fig. 2). Intermetallic phases containing RZE also precipitate 
at boundaries of the primary particles of the γ'-phase 
(interphase boundaries). In the material of all compositions, 
there are observed complex non-metallic inclusions having a 
size of 1–3 μm and a globular shape, containing RZE, sulfur, 
phosphorus, oxygen.

It has been established that there are differences in the 
quantity of secondary intermetallic phases containing RZE 
and of the nano-sized γ'-phase between the compositions 
containing La, Pr, Nd. The largest quantity of secondary 
intermetallic phases is observed in composition 3 with 
praseodymium; and the smallest content – in composition 

1	 The composition of the intermetallic phase particles was determined 
using the EMPA method, with at least 25 particles analyzed for each 
model composition.
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2 with neodymium. The nano-sized γ'-phase precipitates 
predominantly at grain boundaries and interphase 
boundaries. In composition 1 with lanthanum, its quantity is 
the smallest (fig. 2, а), and in composition 2 with neodymium 
its quantity is the largest (fig. 2, c).

The method of electron backscatter diffraction was 
employed to study the following: grain size distribution, 
the misorientation of grains with respect to each other, the 
presence of boundaries of a special type, including twin 
boundaries. Analysis of the crystallographic orientation 
and grain size has revealed that in all the studied samples 
a homogeneous fine-grained microstructure with a grain 
size of 20–30 μm is observed, and texture is absent in the 
samples. The distribution of grain boundaries in terms 
of misorientation angles is very close for all the samples: 
mainly 40–60° (high-angle) boundaries prevail, there is a 
small quantity of low-angle (up to 15°) boundaries. In the 
grains there is a large quantity of twin boundaries (annealing 
twins). Analysis of the spectrum of special boundaries (grain 
boundaries with a high density of coincidence of lattice sites 
(Σ is the reciprocal density of coincidence sites), having 
an ordered structure with a specific period and a reduced 
energy) has shown that alongside with twin boundaries Σ3 
(misorientation angle 60°, twinning plane (111)), in the 
structure of the samples there are also special boundaries Σ5, 
Σ9, Σ11 and others, although their fraction is much smaller 
than that of Σ3 boundaries. Comparison has shown that 
the set of special boundaries is identical in all the samples. 
However, in the case of microalloying with praseodymium, 
there are observed more boundaries of the Σ11 type (35°10', 
(210)) than in other samples (fig. 3)2.

Using differential scanning calorimetry3, the effect of 
microalloying with La, Pr, Nd on the temperatures of the 
change in the phase composition of the deformable high-
temperature Ni alloy was studied. Taking into account the 

2	 Fig. 3а shows the spectrum of special boundaries of composition 1 
(La), and the spectrum of special boundaries of composition 2 (Nd) is 
completely identical to it.

3	 The DSC studies were performed in cooperation with Yu.V. Loschinin.

Fig. 1. Typical structure of the high-temperature Ni alloy with 
microalloying additions La, Pr, Nd (using as an example the material 
of composition 3, containing Nd).

а

b

c

Fig. 2. Structure of grain boundaries and interphase boundaries:  
а – composition 1 (La), b –composition 3 (Pr), c –composition 2 
(Nd).

b

a

Fig. 3. Spectra of special boundaries, obtained by electron backscatter 
diffraction: a – composition 1 (La); b –composition 3 (Pr). X-axis 
shows the reciprocal density of coincidence sites, and the Y-axis 
shows the quantity of special boundaries.
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measurement error (±3°С), no significant changes in the 
temperature ranges of phase transformations are observed: 
the temperature of the dissolution start of the γ'-phase (765–
770°С), the temperature of complete dissolution (Тcd) of the 
γ'-phase (1157–1158°С), the solidus temperature Тs (1210-
1212°С). There is observed a variation in the temperature 
and total heat value ∆Н of the endothermic effect of carbide, 
boride and intermetallic phases dissolution depending on 
microalloying (table 1). The dissolution starts with secondary 
phases having a size of 1-2 μm that precipitated at grain 
boundaries and interphase boundaries during the material’s 
heat treatment, and ends with the dissolution of the primary 
phases that formed during the alloy’s crystallization in 
the process of melting at temperatures close to the solidus 
temperature of the alloys. The maximum heat value ∆Н is 
found in composition 3 containing praseodymium, in which 
the largest quantity of secondary intermetallics containing 
RZE is observed. The minimum heat value ∆Н is recorded 
in the material of composition 2 containing neodymium, in 
which the quantity of secondary intermetallics containing 
RZE is minimum. This material also has the highest 
temperature of carbide, boride and intermetallic phases 
dissolution. 

Studies of the structure of the samples containing the 
microalloying additions La, Pr, Nd, by TEM4 using foils, 
have shown that in all the studied compositions, at grain 
boundaries and at boundaries of large γ'-phase inclusions, 
there are observed particles of phases containing REE, which 
consist of fragments representing plates with a thickness of 
below 10 nm. In the vicinity of grain boundaries and large 
inclusions there are observed γ'-phase particles with a size 
of below 100 nm. There are micro-twins present in the 
structure of the alloys. The twinning plane corresponds to 
crystallographic planes of the type (111). The largest quantity 
of micro-twins is found in composition 3 with praseodymium 
(fig. 4). In the structure of the samples with composition 3 
(Pr), on the surface of the particles of the secondary γ'-phase 
there are observed lamellar-shaped stacking faults (fig. 4, c). 
These stacking faults are observed only in the material of 
composition 3 (Pr) and may represent thin (with a thickness 
of 1-2 atomic layers) plates of a new phase. 

4. Conclusions

Analysis of the data obtained when studying the structure 
of the high-temperature nickel alloy containing the 
microalloying additions La, Pr, Nd after a complete 
heat treatment, has shown that the introduction of the 
microalloying additions into the alloy leads to the formation 
of additional intermetallic phases containing RZE, having 
different sizes and morphology, located in the materials’ 
volume, at grain boundaries and interphase boundaries. 

The effects of La, Pr, Nd on the change in the structure 
of grain boundaries and interphase boundaries are different. 
The composition with praseodymium differs from the 
compositions with lanthanum and neodymium by a large 
quantity of secondary carbides, borides and intermetallic 
phases containing RZE, present at grain boundaries 
4	 The TEM studies were performed in cooperation with D.V. Zaitsev.

c

a

b

Fig. 4. Structure of the sample with composition 3 (Pr): a – γ´-phase 
and the γ/γ´ interphase boundary, b – lamellar intermetallic phase 
at a grain boundary, c – stacking faults at an interphase boundary.

Table 1. Temperature and total heat of the endothermic effect of 
carbide, boride and intermetallic phases dissolution

Composi-
tion 1 (La)

Composi-
tion 2 (Nd)

Composi-
tion 3 (Pr)

Total heat of 
carbide, boride 
and intermetallic
 phases 
dissolution ∆Н, 
J/g

1.46 0.96 1.82

Temperature of 
the maximum 
dissolution of 
carbide, boride 
and intermetallic 
phases Т, °С

1188 1193 1186
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and at γ/γ' interphase boundaries after heat treatment; a 
large quantity of twins and special boundaries of the Σ11 
type (35°10', (210)); the presence, on the surface of the 
γ'-phase particles, of lamellar-shaped stacking faults. The 
composition with neodymium differs from the compositions 
with praseodymium and lanthanum by a large quantity 
of the nano-sized g¢-phase and the minimum quantity of 
the secondary intermetallic phase containing REE. The 
compositions with La, Pr, Nd differ in the temperature and 
total heat of the endothermic effect of carbide, boride and 
intermetallic phases dissolution. 

The obtained data concerning the effect of the additions 
La, Pr, Nd on the structure of deformable high-temperature 
nickel alloys can be used to develop the scientific fundamentals 
for controlling the processes of formation of the prescribed 
structure in the materials (in the first place, in interior 
interfaces) while designing new materials and improving the 
available ones. 
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