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1. Introduction

Heat-resistant nickel alloys (HNA) are the main struc-
tural material in gas turbine engineering. The efficiency 

of gas turbines depends significantly on the temperature 
of the gas before the turbine. Therefore, the working tem-
perature of HNA continuously increases. From 1970 to 
2000, the efficiency of engines of different generations in-
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One of the most promising structural 
materials in gas turbine engineering is the 
alloys based on an intermetallide, the type 
of Ni3Al, with an equiaxial and directional 
columnar structure. These materials make 
it possible to increase the working tem-
perature of blades to 1,220 °C. The blades 
are made by the method of precise casting 
in a vacuum; in this case, it is necessary 
to technologically join the nozzle blades 
into blocks, to fix the signal holes in cooled 
blades, to correct casting defects.

Welding by melting intermetallide 
materials, as well as other cast heat-re-
sistant nickel alloys (HNA), does not yield 
positive results. Therefore, various brazing 
techniques are used such as TLP-Bonding 
(Transient Liquid Phase Bonding). Filler 
metals’ melting point is lower than that of 
the main metal. The key issue related to the 
technology of brazing HNA, including the 
design of appropriate filler metals, is the 
improvement of the physical-mechanical 
and operational properties of brazed joints.

This paper reports the established 
rational doping of a filler metal base, as 
well as depressants, the critical tempera-
tures and surface properties of filler metals, 
their chemical composition, the structure 
and properties of brazed joints, the mode 
parameters, and brazing technology. To 
improve the stability of the structure and 
the high-temperature strength of the brazed 
joints, the filler metal was alloyed with rhe-
nium and tantalum. Mechanical tests of 
brazed joints at 900 °C were conducted in 
Ukraine; at a temperature of 1,100 °C ‒ in 
the People’s Republic of China. The test 
results showed that the short-term strength 
of alloy compounds with an equiaxial struc-
ture based on the Ni3Al-type intermetal-
lide at 1,100 °C is 0.98 of the strength of the 
main metal. The long-lasting strength at the 
same temperature meets the requirements 
for the strength of the main metal

Keywords: brazed joints, microstruc-
ture of joints, chemical composition, short-
term and long-lasting strength, brazing 
technology, tantalum, rhenium, boron

UDC 621.791.3
DOI: 10.15587/1729-4061.2020.217819

Received date 22.10.2020

Accepted date 25.11.2020

Published date 22.12.2020



Materials science

7

creased. The maximum gas temperature at the inlet to the 
turbine increased from 1,027‒1,177 °C (third generation) to 
1,527‒1,677 °C (fifth generation) [1, 2]. The most thermally 
loaded are the nozzle and working blades made by the meth-
od of precise casting in a vacuum. To reduce the temperature, 
the blades have a complex cooling system; to increase heat 
resistance, they are made in a monocrystalline fashion or 
with directed crystallization. New alloys with more complex 
doping have been designed, involving the use of computer 
calculations, for example, PHACOMP, the software package 
for computing the physical-chemical and mechanical prop-
erties of alloys, JMatPro, the software suite for simulating 
the properties of alloys, and others. Scientists considered 
the possibility of creating both the targeted crystallized 
compositional materials and alloys with a polycrystalline 
structure based on the intermetallide Ni3Al, whose working 
temperatures could be raised to 1,220 °C [2, 3]. Intermetal-
lide alloys are the most promising for the next-generation 
aircraft gas turbines.

2. Literature review and problem statement

The Ni3Al intermetallide-based alloys are used in Chi-
na (89JG 4010 (IC10)), Russia (VKNA type), the United 
States, and other countries [4, 5]. The mechanical and opera-
tional properties of some alloys are described in works [6, 7].

The widespread use of new materials to create high-per-
formance gas turbines is largely determined by the ability to 
join these materials. For example, it is required to combine 
nozzle blades into blocks, to patch holes in the cast blanks 
of cooled blades. The holes designed to fix a ceramic rod in 
the ceramic mold should be brazed. Surface casting defects 
and operational defects of blades must also be corrected. The 
difficulties of welding by HNA melting are associated with 
the low resistance of joints against crystallization and sub-
solidus cracks, cracking during thermal treatment, as well as 
ensuring their heat resistance and thermal stability. These 
issues are predetermined by the melting and overheating of 
the main metal, as well as the reduction of plasticity in the 
temperature interval of fragility to zero [8‒10]. When melt-
ing alloys made by the directional crystallization, they lose 
their original structure. Therefore, modern high-tempera-
ture casting alloys are almost not welded by melting.

More promising are techniques of welding in a solid 
state, such as diffusion welding with intermediate layers, 
including melting [11], friction welding [12], as well as braz-
ing [13]. Brazing is the most universal process that is widely 
used in gas turbine engineering. It helps avoid the overheat-
ing of alloys but has certain limitations.

The main issue related to the technologies of brazing the 
new generation of heat-resistant alloys, including the design 
of appropriate filler metals, is the improvement of the phys-
ical-mechanical and operational properties of brazed joints, 
close to the properties of the main metal. The relevance of 
advancements increases when brazing the new generation 
materials based on the Ni3Al intermetallide, which have a 
high melting temperature and demonstrate thermal stability 
of the structure up to the melting point.

Diffusion welding and brazing, brazing under pressure, 
brazing with a compositional filler metal, etc. are used to 
resolve this issue [14]. The international literature adopted 
the term TLP-connection (Transient Liquid Phase Bond-
ing) [4, 15, 16]. The term first appeared in the “Welding 

Journal” in the late 1950s. In diffusion welding with a melt-
ing intermediate layer, the liquid phase is pushed out of the 
joint. Its remnants in the form of a very thin layer (up to a 
few µm) are dissolved, due to linear diffusion, perpendicular 
to the joint. In the TLP-joint, there is the isothermal crys-
tallization of a filler metal due to the volumetric processes 
of dissolution of the main metal and diffusion. At the same 
time, the temperature of the brazing, the size of the clear-
ance, and the time of brazing play a big role. The choice of 
alloying elements, depressant elements, as well as their inter-
action with the main metal, are important.

Currently, there are many filler metals for high-tempera-
ture applications. However, each brazed material requires 
an individual approach when choosing the composition of 
filler metal, due to its structural features, specific operating 
conditions, and the required mechanical properties of brazed 
joints. Therefore, much attention is paid to the research that 
determines the choice of the chemical composition of the 
filler metal and the parameters of the technological regime 
of brazing. The use of filler metals, similar in chemical com-
position to the brazed material, owing to the phase trans-
formations, occurring under unbalanced conditions during 
brazing and subsequent heat treatment, makes it possible 
to obtain the structure of a brazed seam, close to the micro-
structure of the main metal.

Filler metals for HNA are designed on the basis of 
nickel, which is doped with elements that provide for the 
thermal stability and heat-resistance of the alloy. To reduce 
the melting temperature of the alloy and filler metal, the 
depressants are added [16, 17]. Paper [4] reports the results 
of studying the brazed joints of the alloy IC10 using the 
filler metal BH2. The filler metal contains (% by weight) 
2.4 B and 2.6 Hf, which is also included in the alloy IC10 
(1.0‒2.0 % by weight). A state diagram of the Hf-Ni system is 
given in work [17]. The concentration of other elements was 
(5.4‒5.5) Al; (7.1–7.3) Cr; (12.1–12.3) Co; (1.5–1.6) Mo; 
(6.7–6.9) Ta; (4.9–5.2) W; to 0.1 C; Ni is the rest. The braz-
ing was performed at a temperature of 1,250‒1,270 °C in a 
high-vacuum furnace. The time required for the isothermal 
seam hardening is 2.66, 3.55, and 4.72 hours at temperatures 
of 1,250, 1,260, and 1,270 °C, respectively, that is, increasing 
the temperature of brazing increases the time [4]. The me-
chanical properties of the brazed joints were not investigated 
in the cited work but, given the seam structure, the high 
concentration of boron in the filler metal, and the presence 
of eutectics, they would not be high.

To braze the alloy VKNA-4U based on Ni3Al with the 
alloy EP975, the authors of works [18, 19] used the complex 
alloyed filler metals VPr24, VPr27, VPr47, VPr48, VPr36, 
to connect the disc to the blades. All filler metals demon-
strated good wetting and filling of clearances but, except 
for the filler metal VPr36, they formed solid eutectic layers, 
dramatically reducing the strength of joints at working tem-
peratures. At the same time, the chosen joint does not make 
it possible to compare its strength with the strength of the 
main metal.

In paper [20], in order to increase the strength of the 
brazed joints of the alloy VZhL12U, the authors used a 
boron-containing filler metal with a silicon additive. The 
mechanical properties of such joints involving the alloy 
ZhS26VY are described in [21[. To increase the strength of 
joints involving the alloy ZhS6U, the authors of [22] used a 
VPr36-based composite filler metal; a mixture of the filler 
metal VPr36 and the silicon-containing filler metal NS-12 
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was used in works [23, 24]. The use of silicon-containing 
filler metals is not logical for a Ni3Al-based alloy as in these 
alloys a silicon content is strictly limited (to 0.2 %).

Studies [25, 26] investigated the filler metals VPr37 
and VPr44 for brazing the heat-resistant alloys ZhS36 and 
ZhS32. These filler metals, as well as the filler metal VPr36, 
were recommended by the All-Russian Institute of Aviation 
Materials (VIAM) for brazing heat-resistant alloys based on 
the Ni3Al intermetallide.

Papers [27, 28] reported studies into the multicomponent 
filler metals of the Ni-Cr-Ti-Nb-Al-(Me)-Zr system. The re-
sults helped select two filler metals containing 2.0 and 1.0 % 
of Zr. The temperature of the liquidus and solidus is 1,231 and 
1,101 °C, respectively, for the filler metal with 2.0 % of Zr, and 
1,259 and 1,141 °C ‒ for the filler metal with 1.0 % of Zr. Using 
the received filler metals, the authors brazed the samples made 
from the alloy ZhS6U at the liquidus temperature of each 
filler metal over 5 minutes, followed by thermal treatment 
at 1,220 °C over 4 hours. The durability of the samples was 
determined at the joints of flat samples at 975 °C and under 
a stress of 140 MPa. The destruction of the brazed samples 
occurred within 18...19 hours with the filler metal containing 
2.0 % of Zr, and 41...60 hours with the filler metal containing 
1.0 % of Zr, which is much lower than that of the main metal.

All this allows us to suggest that it is appropriate to con-
duct a study aiming at improving the long-lasting strength 
of a brazed joint.

3. The aim and objectives of the study

The aim of this study is to design a filler metal and a 
brazing technology for the alloy IC10 based on the Ni3Al 
intermetallide, which would ensure the short-term and 
long-lasting strength at stretching of the cylindrical joint 
samples with an interlayer thickness of 0.08 mm not less 
than 80 % of the strength of the main metal, at a test tem-
perature of 1,100 °C lasting over 100 hours.

To accomplish the aim, the following tasks have been set:
‒ to determine the rational alloying of the filler metal 

base relative to the IC10 alloy;
‒ to choose a depressant for the filler metal; 
‒ to investigate the surface properties of filler metals and 

their interaction with the IC10 alloy; 
‒ to investigate the structure, chemical composition, and 

properties of brazed joints; 
‒ to devise the IC10 alloy brazing technology.

4. The materials, equipment, and research methods to 
study the structure, composition, and properties of the 

filler metal and brazed joints

The filler metal design was based on the obvious axiom. If 
one strives to make a brazing joint, close to the main metal by 
mechanical properties, it is necessary that the joint composi-
tion should be close to the composition of the main metal. The 
brazing process implies that the filler metal temperature should 
be lower than the melting point of the main metal. To this end, 
depressants are introduced into the filler metal. Therefore, the 
first stage involves the selection of the filler metal base close in 
its composition to the main metal; it is additionally supplement-
ed with more efficient hardeners. That employs computer soft-
ware for the calculation of heat-resistant alloys. In the second 

stage, the depressant and its amount are chosen based on the 
results from experimental studies of interaction between the 
base of the filler metal and a heat-resistant alloy.

We used the alloy based on Ni3Al 89IG4010 (IC10) 
manufactured in the People’s Republic of China, designed 
to produce nozzle blades with directional crystallization 
for aircraft gas turbines. The alloy contains (% by weight): 
(0.07–0.12) C; (6.5–7.5) Cr; (11.5–12.5) Co; (4.7–5.2) W; 
(1.0–2.0) Mo; (5.6–6.2) Al; (6.5–7.5) Ta; (1.0–2.0) Hf; Ni is 
the rest. There are also (0.01‒0.02) B in the alloy; to 0.1 Zr; 
to 0.2 Si; to 0.2 Mn; to 0.01 S; to 0.015 P. Cylindrical samples 
with a diameter of 20 mm and a height of 40 mm were used 
for research, which were exposed to a full standard thermal 
treatment. The main metal was melted in an induction vac-
uum furnace. It was used to cast the samples into a mold at 
1,480‒1,550 °C in a vacuum furnace with directional crys-
tallization at an extraction rate of 2.5 to 7.0 mm/min.

Due to the limited number of samples supplied by the 
customer, the IC10 alloy analog was smelted. The concen-
tration of alloying elements in the analog was within the 
interval of the rated concentrations of the IC10 alloy. At 
the same time, one of the analogs was additionally doped 
with titanium. The comparative chemical composition of the 
IC10 alloy, smelted in China, as well as its analogs, is given 
in Table 1.

Table 1

Concentration of elements in the IC10 alloy and its M1 and 
M2 analogs

Alloy 
type

Chemical composition, % by weight

C Cr Co W Mo Al Ta Hf Ti Ni

IC10 0.09 7.0 12.0 5.0 1.5 5.9 7.3 1.4 – bas.

Analog 
(М1)

0.06 7.19 11.83 5.10 1.67 5.74 6.86 1.46 2.0 bas.

Analog 
(М2)

0.085 6.6 11.63 4.67 1.40 5.61 7.44 1.6 – bas.

The standard thermal treatment of the IC10 alloy in-
volves homogenization with heating up to 1,180 °C with a 
2-hours aging, followed by heating to 1,265 °C with a 2-hour 
aging and cooling in the air, then heating up to 1,050 °C with 
a 4-hour aging and cooling in the air. 

The 80-g experimental filler metals were smelted in a lab-
oratory electric arc furnace with a non-consumable tungsten 
electrode on a cooled copper pod by six-fold melt in the environ-
ment of purified argon containing 0.003 % O2, 0.03 g/m3 H2O.

The brazing of cylindrical samples was performed at 
the installation UDSV-DT in a vacuum of 10-2 Pa, at the 
ultrahigh vacuum manufacturing complex VVU-1D (a vac-
uum of 10-4 Pa), and in the vacuum furnace SNV-1.3.1/20I1  
(a vacuum of 5·10-3 Pa). The VVU-1D installation is equipped 
with a gas launch system to control the composition of the 
residual atmosphere using two mass-spectrometers MH7304, 
upgraded by the manufacturer. The installation uses high-fre-
quency current heating with a capacity of 100 kW. The oil-free 
vacuum 10-4 Pa is created by an electric arc vacuum pump.

Structural studies were carried out using optical metal-
lography and raster electron microscopy, as well as X-ray 
structural analysis. 

Light microscopy was performed at the microscopes Neo-
fote-21 (Germany) and Versamet-2 (USA). The structure of 
alloys was defined by chemical etching in a solution consisting 
of 10 grams of chlorine iron, 30 ml of hydrochloric acid, and 
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120 ml of alcohol. To differentiate carbides and a sigma phase, 
we used a reactive by Murakami: 10 grams of red blood salt, 
10 grams of caustic potassium, or 7 grams of caustic sodium.

Raster electron microscopy and a local X-ray spectrom-
eter microanalysis were carried out at REMMA 102-02 
(Ukraine) and JSM-840 (Japan) installations equipped with 
wave and energy-dispersion spectrometers. 

X-ray structure analysis was carried out at the DRON-
4M1 diffractometer (Russia).

Differential thermal analysis was carried out at the VD-
TA-8M thermoanalyzer (Ukraine). The heating and cooling 
rates were automatically maintained at 0.8 °C/s. The sam-
ples weighing one gram were placed in the crucibles made 
from Y2O3 yttrium oxide. High-purity helium was used to 
protect the samples. 

The short-term and long-lasting strength of the brazed 
samples at 1,100 °C was determined in China (China Elec-
tronic Product Reliability and Environmental Testing Re-
search Institute (CEPREI) at the GWT-2105 installation.

5. Results of studying the structure, composition, and 
properties of the filler metal and brazed joints 

5. 1. Determining the rational alloying of the filler 
metal base relative to the IC10 alloy

According to electron microscopy, the structure of the 
directed crystallized alloy IC10 (a slice across the axis) and 
its polycrystalline analog M2, as well as their chemical com-
position (Fig. 1), are identical.

Our analysis of the differential thermal curves for the 
alloy IC-10 produced in the PRC (Fig. 2, a) and its analog 
M2 (Fig. 2, b) established that the temperatures of phase 
transformations during melting and crystallization coincide 
within the margin of a measurement error.

The comparative studies of wetting and interaction 
involving the experimental filler metals and the alloy IC10 
and its analog produced almost identical results. Therefore, 
preliminary studies were conducted on the analog to IC10 
(M2). The M1 analog was smelted to estimate the titanium 
distribution by phase.

The task of determining the rational alloying of the filler 
metal base is related to the chemical composition of the IC10 
alloy. It was assumed that, in order to make joints with the 
properties close to the properties of the main metal, their 
compositions must also be close, taking into consideration 
the alloy features. However, the IC10 alloy lacks the most 
effective element in terms of increasing a hardening capaci-
ty ‒ rhenium [1–3, 29–31].

Rhenium, which has the maximum elasticity module 
(ЕRe=463 GPa, Ew=411 GPa, EMo=329 GPa, ETa=186 GPa), 
is responsible for the greatest contribution to the consolida-
tion of solid solution [29]. It increases the solubility of the 
interstitial additives; under its influence, most of tungsten 
enters the intermetallide γ′-phase [30]. Alloying by rhenium 
reduces the diffusion mobility of atoms characterized by the 
nickel self-diffusion factor, which increases the long-lasting 
strength of alloys [31].

However, the alloying of the filler metal base by rhenium, 
in addition to increasing the stability of the structure and 
the high-temperature strength of the brazed joints, leads to 
an increase in the melting temperature, and the number of 
electronic vacancies in the alloy, which determine the risk of 
alloy embrittlement [8]. 

Fig. 1. The microstructure (a, b, c) and chemical composition 
(d): a ‒ alloy IC10 along the axis; b ‒ alloy IC10 across the axis; 
c ‒ analog M2 to alloy IC10; d ‒ analog M2 to alloy IC10 by area; 

«Напряжение (кВ)» – Voltage (kV); «Сумма формульных 
коэффициентов» – Sum of formula coefficients;  
«Сумма %» – Sum %; «Элемент» – Element;  

«Инт.» – Intensity; «Атом. %» – At. %

a

b

c

d
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To assess the effect of rhenium on the IC10 alloy thermal 
characteristics, three ingots were melted at this stage of our 
research; they contained 1.0; 2.5; and 4.0 % by weight of Re. 
Data from the differential thermal analysis confirmed a sig-
nificant increase in the liquidus temperature of alloys (~5 °C 
per 1 % by weight of Re). For the alloy containing 4.0 % by 
weight of Re, the melting point reaches 1,405 °C (Fig. 3).

To reduce the temperature of liquidus and solidus, as well 
as to form the γ′-phase, the alloy IC10 was introduced with 
Ti in the amount of 4.5‒5.5 % by weight, which is used in the 
HNA filler metals, together or instead of Nb [13, 18, 19, 32].

The embrittlement of HNA is caused by the formation of 
topologically densely packed (TDP) phases. Of the known 
triple and quadruple state diagrams, the γ-phase is adjacent 
to one of the following two-phase regions: γ+σ, γ+µ, γ+R, 
γ+P, where σ, µ, R, P are the TDP phases. They bind a sig-
nificant amount of base alloying refractory metals and lean 
the γ-phase with them. Their evolution in the form of plates 
(Fig. 4) occurs at temperatures 1,150‒1,200 °C during ther-
mal treatment or during operation.

Taking into consideration the danger of the evolution of 
TDP phases, the PHACOMP software computed the com-
positions of 36 alloys for the filler metal base, 18 of which 
were subjected to differential thermal analysis. The main 
estimation parameters were the amount of γ′-phase, the dis-

tribution of elements for the γ- and γ′-phases, the difference 
in the parameters of the lattices of the γ- and γ′-phases (mis-
fit), the number of vacancies in the alloy, the temperatures of 
liquidus, solidus, and solvus.

The calculations confirmed the hardening of the solid 
solution by the Cr, Co, Mo, W, Re elements, and the disper-
sion strengthening ‒ by Al, Ti, Ta, Hf. The distribution ratios 
of the alloying elements between the γ′- and γ-phases is less 
than unity for all the elements stabilizing the γ-phase, and 
exceeds unity for those stabilizing the γ′-phase. In all alloys, 
KRe does not exceed 0.12. The amount of the γ′-phase varied 
from 61.3 to 71.4 %, depending on alloying.

In addition, our calculations showed the excessive alloy-
ing of some alloys with Cr, Mo, W, Re, which increase the 
number of electron vacancies in the alloy. The largest num-
ber of electron vacancies is demonstrated by W ‒ 4.66 (for 
Re, 3.66), so its concentration at the filler metal base was 
reduced to 1.5‒3.5 % by weight compared to the IC10 alloy. 
The Cr concentration was increased by 3 % by weight as the 
tests of the experimental samples of the filler metal revealed 
an increased rate of high-temperature corrosion. Taking into 
consideration the influence of rhenium on HNA strength, 
its concentration at the filler metal base was accepted to be 
2.0‒4.0 % by weight. The concentrations of the rest of the 
elements are close to the composition of the IC10 alloy.

By comparing the calculation results, the data from 
VDTA, as well as the recommendations given in [29‒31], 
we optimized the chemical composition of the filler metal 
base (% by weight): (10.5–12.5) Cr; (7.0–10.0) Co; (3.0–5.) 
Al; (2.0–4.0) Ta; (2.0–4.0) Re; (1.5–3.0) W; (1.0–2.0) Mo; 
(1.0–2.0) Hf; (4.5–5.5) Ti; Ni is the rest; it was termed 
SBM-3.

5. 2. Choosing a depressant for the filler metal SBM�3
The successful use of zirconium as a filler metal depressant 

for the IC10 alloy was noted by the authors of paper [33]. Using 
the system Ni(alloyed)-Hf-Zr, they performed a diffusion welding 
involving a liquid eutectic layer, which was easily removed 
from the joint under pressure on activating the joined surfaces. 
However, when the clearance increased to 0.08‒0.1 mm, it was 
not possible to get rid of the eutectic layer in the seam even 
though the depressant concentration was reduced to 2.0 % [15]. 
It should also be noted that the use of zirconium in the amount 
exceeding 5.0 % requires strict control over the inflow into the 
vacuum chamber to avoid the oxidation of zirconium, which 
forms a black oxide film at the surface of the filler metal.

Fig. 2. Thermograms after thermal treatment:  
a ‒ alloy IC10 (PRC); b ‒ smelted analog M2

a b

Fig. 3. Thermogram of the IC10 alloy doped with Re in the 
amount of 4.0 % by weight

Fig. 4. Evolution of topologically densely packed 
intermetallide phases
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The application of silicon as a depressant when brazing 
the alloy IC10 is also impractical as its content in the alloy 
IC10 is limited to 0.2 % by weight Palladium alloying and its 
effect on the structure and properties of heat-resistant alloys 
have not been studied in detail.

The most studied and described in the scientific liter-
ature are the filler metals that involved boron as a depres-
sant [13, 18, 19, 22, 32].

A positive feature of boron is its high diffusion mobility 
and the formation of highly-dispersed borides. It should be 
noted that the filler metals with boron wet well the alloy 
IC10 while filling almost zero clearances at which the eu-
tectic layer at the top of the corner is absent. The joint is not 
detected at a clearance of up to 0.02‒0.025 mm. In terms 
of the microstructure it is similar to the joint in diffusion 
welding with a melting layer, although the pressure was not 
applied to the samples.

The disadvantage of boron as a depressant is the possi-
bility of the formation of fusible boride eutectics, which are 
located in the central part of the seam.

Summing up the above, it is advisable to use boron as 
a depressant for the filler metal SBM-3. The IC10 alloy, 
doped with rhenium, was used as the filler metal base. 
Smelting the filler metal involved the NB1 ligature, con-
taining boron in the amount of 10.5 % by weight, and not 
more than 0.005 S; 0.009 P; 0.05 Si; 0.05 Al; 0.08 C. The 
amount of the ligature introduced was calculated depend-
ing on the content of boron in the alloy being melted. The 
boron content was experimentally determined by a method 
of atomic emission spectral analysis. Initially, the filler 
metal samples containing boron in the amount of 0.7; 1.0; 
1.5; 2.0; and 2.5 % by weight were smelted. The analysis 
of data from electron microscopy and differential thermal 
analysis allowed us to narrow the interval of boron concen-
tration from 0.7 to 1.5 % by weight

The base of MC carbides is tantalum, titanium, and haf-
nium. The М23С6-type carbides are formed on the basis of 
chromium, molybdenum, and tungsten.

It was proven in [34] that various elements of the alloy-
ing complex exert an ambiguous effect on the temperature 
of phase transformations in complexly-doped heat-resistant 
nickel alloys. Thus, it was experimentally established that 
Ti, Al, Ta, Hf, Zr, W, Mo positively affect Тγ′, that is, in-
crease the thermal stability of the γ′-phase and the alloy in 
general, while So, Cr, V, and C reduce Тγ′. Some difference 
in the temperature values of phase transformations in our 
study and in that reported in [34] could be explained by the 
mismatch between the ratios of the content of the elements 
of the alloying complex; however, the order of melting and 
phase crystallization holds.

Boron significantly reduces the thermal stability of the 
γ′-phase and the alloy in general. In addition, the alloys form 
the γ+Ni3B eutectics with a rather narrow crystallization 
interval. Temperatures of the beginning of melting and the 
beginning of crystallization of these eutectics, regardless of 
the amount of boron injected into the alloy, are almost iden-
tical within the error margin of the method (the eutectics 
temperature in the Ni-B system is 1,093 °C [35]).

Regardless of the amount of boron injected into the alloy, 
the temperature of the unbalanced solidus (or the local melt-
ing of the eutectic phase Тγ′+γ) does not change. As the boron 
content increases, the temperature of melting completion is 
also significantly reduced.

The SBM-3 alloy in its original state is characterized 
by a homogeneous dispersed (γ+γ′)-structure with a high 
volume share of the hardening γ′-phase (68÷70 % by vol-
ume). The particles of the γ′-phase have a characteristic 
cube-type shape, the size of 0.3÷0.4 µm (Fig. 5, a). Doping 
the alloy with boron has led to a significant change in its 
structure (Fig. 5, b). In the cross-section, metallographic 
thin sections clearly demonstrate a dendritic structure 
with the formation of large eutectic precipitates (γ+γ′) in 
the inter-dendrite regions.

It is known from [34, 36] that in HNA with multi-com-
ponent alloying there is  a significant change in the mor-
phology and composition of carbide phases whose number 
increases dramatically with the introduction of hafnium 
and boron [37]. Carbide phases can coexist in HNA with 
an equiaxial dendritic structure: based on the monocarbides 
of titanium, niobium, tantalum, and hafnium (MS); based 
on chromium carbides (М23С6); complex carbides based on 
refractory metals W, Mo, and nickel (М6С).

Carbide phases of the М23С6 type are formed mainly on 
the periphery of the dendrites’ branches and grains’ bound-
aries, reaching the sizes of 200‒300 µm2. Their surrounding 
with the plastic g′�phase prevents the embrittlement of alloys 
and increases the resistance to the grain-boundary slip.

The М3В boride phases (where M ‒ Mo, W, Ti, Cr, Ni, 
So) in the form of grain-boundary secretions could grow 
from the border deep into the grain. Located in the joints of 
lattices of different orientations, they increase the resistance 
to deformation creep [35, 38].

5. 3. Studying the surface properties of filler metals 
and their interaction with the IC10 alloy

The next step in optimizing the depressant composition 
for SBM-3 filler metal was to study the formation of a brazed 
joint at temperatures of 1,250 and 1,260 °C on wedge sam-
ples with a constant clearance at a certain time of brazing. 
The brazing temperatures were selected according to the 
data from differential thermal analysis. We used the filler 

Fig. 5. Structure of the alloy SBM-3: a ‒ in its original state; 
b ‒ doped with 1.1 % B

50 μm 50 μm

a

50 μm 50 μm

b
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metals containing rhenium in the amount of 2.0‒4.0 % by 
weight. The criterion for the most favorable concentration of 
boron was the absence of the eutectic layer in the middle of 
the seam at a clearance of 0.08‒0.1 mm.

The formation of the brazed joint and its structure is 
largely determined by the magnitude of the maximum and 
minimum clearances. The clearance in the wedge samples 
was made with the help of tungsten wire with a diameter of 
0.3 or 0.6 mm (Fig. 6, a, b).

The wire was installed on one side between the con-
nected plates. On the other side, at the top of the corner 
(Fig. 6, c), a joint between the filler metal and the chemical 
composition of the main metal is formed. With a changing 
clearance of 0.08‒0.12 mm (Fig. 6, d), the amount of filler 
metal is sufficient for the volume interaction with the main 
metal and its dissolution.

The melted filler metals were experimentally examined 
for wetting the IC10 alloy and flowing in a vacuum no worse 
than 5×10-3 Pa. The inflow magnitude provided did not 
exceed 3×10-5 Pa×m3s-1, which warrants the activation of 
the surface of the heat-resistant alloy at temperatures above 
1,150 °C [12]. The brazing temperature aging time in all 
cases was 20 minutes. 

We studied the impact exerted by the technique to pre-
pare the IC10 alloy surfaces to brazing. We used mechanical 
sanding at the machine and polishing by hand on a fine 
emery cloth H-0. It was established that at a temperature of 
1,260 °C the specific area of filler metal spread that contains 
Re in the amount of 2.5 % is 15‒20 % larger at machining 
than that at manual treatment (Fig. 7, a, b).

Further studies were carried out using samples of the 
IC10 alloy with a mechanically polished surface (Fig. 8). 
The specific area of the spread was determined for filler met-
als containing Re in the amount of 2.5 and 4.0 % by weight, 
at temperatures 1,235, 1,250, and 1,260 °C.

At 1,250 °C, Sspec. is approximately 2.0 mm2/mg at a 
rhenium content of 2.5 % by weight, and 1.7‒1.9 mm2/mg 
at its content of 4.0 % by weight (Fig. 7, c, d), which does 
not affect the quality of the brazing. At 1,260 °C, there is no 
difference in the spread. At 1,235 °C, the brazing spread area 
is much smaller (Fig. 7, d).

The wetting ability of the filler metal, characterized by the 
contact angle of wetting, determines its spread on the surface 
of the main metal, the work of the adhesion of the melt, and 
depends on the energy of surface tension. The value of surface 
energy (surface tension) was determined by a method of the 
underlying drop [13]. This method usually involves a ceramic 
substrate, which is not wetted by melt. Since the melted filler 
metals wet ceramics well, we used boron carbonitride boron 
as a substrate. The contact angles of wetting were determined 
by the macro-sections obtained after cutting the plates by the 
diameter of the spread drop (Fig. 9).

The contact angles of wetting the IC10 alloy with 
the filler metal containing Re in the amount of 4.0 %, 
at 1,250 and 1,260 °C, are 7.0‒8.0° and 5.0‒6.0°, 
respectively. Values for the filler metal containing 
2.5 % of Re are similar, within the measurement ac-
curacy, to those for the filler metal containing Re in 
the amount of 4.0 %.

Fig. 6. Wedge samples (a, b), filling the clearance (c) with the filler 
metal, and the microstructure of the IC10 alloy joint when brazing 
using SBM-3 filler metal (d): a ‒ with a wire diameter of 0.6 mm;  

b ‒ with a wire diameter of 0.3 mm; c ‒ at the top of the corner, x100; 
d ‒ with a changing clearance of 0.085‒0.122 mm, x250
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Fig. 7. The spread of the IC10 alloy batch at 1,250 °C:  
a ‒50 mg, containing Re in the amount of 2.5 %, on the 

polished surface; b ‒ 50 mg, containing Re in the amount of  
2.5 %, on the surface treated by the emery cloth H-0; 
 c ‒ 100 mg, containing Re in the amount of  2.5 %;  
d ‒ 100 mg, containing Re in the amount of 4.0 %

a b

c d

Fig. 8. The specific area of the SBM-3 filler metal 
spread at temperatures 1,260, 1,250, 1,235 °C: 1 ‒ on 
a polished surface; 2, 3, 4, 5 ‒ on the surface treated 

by the emery cloth H-0
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5. 4. Studying the structure, chemical composition, 
and properties of brazed joints

The dissolution of the main metal depends on a series of 
factors [13]. It was established that regardless of the content 
of boron (up to 1.3 % by weight), at brazing temperatures 
above 1,270 °C, the depth of dissolution of the IC10 alloy 
increases intensively, which does not make it possible to 
control the width of the seam. Therefore, the brazing tem-
perature should not exceed 1,260 °C (the temperature of 
homogenization of the alloy IC10). In this case, the depth of 
dissolution of the main metal does not exceed 0.1 mm, and, 
in the fusion zone, during the brazing, there form common 
grains between the main metal and the seam (Fig. 10). 

When using a filler metal containing boron in the amount 
of 0.8‒1.2 % by weight, the structure of the main metal and 
the seam is identical. After brazing and thermal treatment, 
there is no boride eutectic in the joint. The high diffusion 
mobility of boron atoms contributes to the isothermal crys-
tallization of filler metal, as well as the release of dispersed 
borides in the transition area. Carbide and boride inclusions 
are characterized by high concentrations of active elements to 
carbon and boron, which are clearly highlighted on spectra. 
All such inclusions have a low concentration of aluminum. In 
some phases, the concentration of Ta, W, and Ti is high.

It has been established that after thermal treatment the 
main metal and the brazed seam have a homogeneous dis-
persed structure (γ+γ′-phase). The volume of the hardening 
γ′-phase is 70 %, its particles have a characteristic cuboid 
shape of 0.3‒0.4 µm (Fig. 11).

The brazed seam has a width of about 0.08 mm. Its struc-
ture is almost no different from the original structure of the 
alloy IC10. The section of the brazed seam is cut out of a 
sample that collapsed beyond the joint during the high-tem-
perature tests for strength.

Fig. 12 shows the microstructure of the brazed joint, which 
has the marked points of the chemical analysis of the main 
metal (1, 8, 10) and the metal of the brazed seam (the rest). The 

concentrations of elements at the analysis 
points are given in Table 2.

There are several characteristic 
points in the microstructure, such as 
point 9, with the high Cr, Re, Mo, W, 
and low Ni content. At points 7 and 3, 
there is a high concentration of Ta, W, 
Ti, and low Cr, Co, without Re. In the 
filler metal matrix, the concentration 
of Re varies from 0.24 to 3.24 %. Some 
phases could be distinguished by col-
oration in chemical etching; however, 
identifying them requires a thorough 
X-ray structure analysis.

In brazed joints, the chemical composition of the metal 
was determined, both at individual points and by areas of 
the brazed seam at different magnification. An increase in 
the magnification leads to a decrease in the area scanned on 
the sample under study and its localization. Fig. 13 shows the 
spectrogram and Fig. 14 the results from the analysis by area 
at their various magnification.

The average concentration of elements across the three 
zones is (% by weight): 3.44 Al; 5.5 Ti; 10.6 Cr; 6.55 Co; 63.3 Ni; 
0.95 Mo; 1.66 Hf; 2.8 Ta; 2.8 W; 1.6 Re; B and C ‒ not defined. 
All elements are in the concentrations that correspond to their 
interval change in the SBM-3 filler metal. The lower concentra-
tion of rhenium is due to its increased concentration in carbides 
containing chromium, tungsten, and molybdenum.

Fig. 9. Contact angles of wetting the IC10 alloy with the filler metal containing Re in 
the amount of 4.0 %: a ‒ at 1,250 °C; b ‒ at 1,260 °C

a b

Fig. 10. Formation of a transition zone between the main 
metal and the seam when brazing the alloy IC10 with the filler 

metal SBM-3; ×250

Fig. 11. Microstructure of the joint when brazing the alloy 
IC10 with the filler metal SBM-3

Fig. 12. The microstructure of the joint when brazing the 
alloy IC10 with the filler metal SBM-3 showing the points of 

local X-ray spectral microanalysis
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Mechanical tests of the brazed IC10 alloy samples were 
conducted in PRC at the installation GWT-2105 (CE-
PREI). The short-term and long-lasting strength of cylin-

drical samples for stretching was determined at 1,100 °C. 
The long-lasting strength was tested over 100 hours. The 
test results are given in Table 3, 4.

Table 2

The chemical composition of metal when brazing the alloy IC10 with the filler metal SBM-3  
at the points of local X-ray spectral microanalysis

Point No.
Element concentration (% by weight)

Al Ti Cr Co Ni Mo Hf Ta W Re

1* 4.99 0.22 6.87 9.37 65.6 0.65 1.68 4.55 4.03 –

2 6.14 1.60 6.15 9.21 66.46 0.65 1.21 1.61 3.69 2.40

3 0.75 6.53 1.88 2.70 22.4 0.35 1.62 51.56 10.03 –

4 4.20 2.52 5.51 8.62 61.2 0.89 1.56 7.37 2.75 3.24

5 3.64 2.12 8.82 9.43 65.1 1.0 2.50 4.16 1.49 0.24

6 5.36 2.0 6.22 8.75 65.6 1.24 0.99 4.15 2.96 1.14

7 0.60 6.05 2.22 2.54 20.25 0.71 1.50 56.56 9.06 –

8* 5.55 0.27 5.04 9.17 64.9 1.18 1.30 8.11 3.25 –

9 1.65 2.14 19.67 6.79 34.1 9.29 1.99 6.61 12.92 4.19

10* 5.21 0.24 6.51 12.3 64.5 1.81 0.54 3.09 3.81 –

Note: * – base metal

Fig. 13. Distribution spectrum of the SBM-3 filler metal elements when brazing the alloy IC 10

Fig. 14. Distribution of the SBM-3 filler metal elements when brazing the alloy IC 10: a ‒ the concentration of elements  
at ×300; b ‒ the concentration of elements at ×100; c ‒ the concentration of elements at ×40;  

«Сумма %» – Sum %; «Элемент» – Element; «Инт.» – Intencity; «Атом. %» – At. %

a b c
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5. 5. Development of the IC10 alloy brazing technology
The process technology consists of a sequence of certain 

operations during the preparation of joined surfaces, techno-
logical materials, assembly, brazing, and the finishing of an 
article or sample. The technological materials, in this case, 
include a filler metal in the form of powder and acrylic resin 
that fixes the filler metal at the edge of the clearance. The 
size of the clearance is provided by the tungsten thread of 
the required diameter, which is fixed by capacitor welding. 
The joint surface prior to brazing is treated by polishing in 
the direction of the filler metal inflow. Before assembly, the 
joined surfaces are wiped with alcohol. No other means of 
additional surface cleaning or activation are used.

The brazing is performed in a vacuum no worse than 
5·10-3 Pa under careful control over the inflow amount. The 
brazing temperature is 1,250‒1,260 °C with an aging of 
20 minutes. This technology was used to fabricate the sam-
ples for the mechanical testing of the joints.

The mechanical tests of the brazed joints were carried out 
after a thermal treatment. The thermal treatment mode was 
determined by the dissolution curves of the γ′-phase, the car-
bide and boride phases, built by the software JMatPro: aging 
at 1,180 °C ‒ 2.5 hours; 1,065 °C ‒ 2.5 hours. The tests of the 
IC10 alloy joints using the SBM-3 filler metal, at a clearance 
of 0.08 mm, were conducted in the PRC (CEPREI).

6. Discussion of results of studying the structure, 
composition, and properties of the filler metal and 

brazed joints

Modern heat-resistant nickel alloys are complex multi-el-
ement systems whose properties are determined by a set of 
thermodynamic processes. Introducing new elements or 
changing the content of existing ones could lead to the trans-
formation of the existing or the formation of new undesirable 
phases. For example, high concentrations of elements that 
harden a solid solution (W, Mo, Cr, Re, and others) could 
give rise to topologically densely-packed (TDP) phases. 
These are the electron intermetallide compounds. The possi-
bility of their formation is determined by the number of elec-

tron vacancies nv in the solid solution. Alloys contain a series 
of elements with a high affinity for carbon, boron, forming 
carbides and borides, which affect the intermetallides’ hard-
ening (forming the g′-phase) and several other processes. To 
evaluate these processes, the РНАСОМР software identifies 
dozens of parameters. These parameters include the number 
and the grid parameters of the γ and g′-phases. The software 
determines the efficiency of alloy hardening, the number of 
electron vacancies nv, the critical value nvcr, the quantity 
of carbides, borides, the distribution of elements in a solid 
solution and in the g′-phase. It computes the temperatures 
of liquidus, solidus, and solvus, the concentration of each al-
loying element in the γ and g′-phases, the temperature factor 
of linear expansion, density, creep rate, the corrosion rate in 
fuel combustion products. The JMatPro software builds a 
graphical image of the change in the number of alloy phases 
depending on the temperature.

Modern alloys are over-doped. For example, if one takes 
the IC10 alloy as a base and adds Re in the amount of 4.0 %, 
then the corresponding nv window would show: “Attention! 
TCP ‒ Dangerous!”, which that warns of the occurrence of 
the σ-phase (Fig. 4). In this case, one needs to reduce the 
content of the element with a high number of electron vacan-
cies. This element is tungsten. Therefore, part of tungsten is 
replaced with rhenium, which is a more effective hardener. 
Similarly, other parameters are used to ensure optimal alloy-
ing, for example, to reduce creep and corrosion rates.

In our work, we estimated 36 possible options for alloy-
ing the base of a filler metal; it is very labor-consuming to ex-
perimentally investigate them. Based on the calculations and 
experimental studies, we have chosen the following chemical 
composition (% by weight): 10.5–12.5) Cr; (7.0–10.0) Со; 
(3.0–5.0) Al; (2.0–4.0) Та; (2.0‒4.0) Re; (1.5–3.0) W; 
(1.0‒2.0) Mo; (4.5–5.5) Ti; the rest is nickel. Choosing a 
filler metal depressant by computer simulation is not cur-
rently possible as the required volume of statistical data is 
not available. Taking into consideration our experimental 
studies, the results reported in the cited works, as well as the 
features of the IC10 alloy, we have non-alternatively chosen 
boron as a depressant. It was noted above that a series of ex-
periments was carried out to determine the optimal amount 

Table 3

The strength limit 0
Bσ  of the alloy IC10 and the brazed joints 0

Bσ
 
at stretching the cylindrical samples  

at a temperature of 1,100 °C

No. of entry Material
Strength limit, MPa

0

c
B

B

σ
σAlloy IC10, 0

Bσ Joint, с
Bσ

1 Base metal, IC10 275 – –

2 Filler metal BH-3#, clearance 0.08 mm – 169 0.62

3 Filler metal BH-3#, clearance 0.03 mm – 252 0.92

4 Filler metal SBM-3, clearance 0.08 mm – 268 0.98

Table 4

The durability of the IC10 alloy and the brazed joints when testing cylindrical samples for stretching at 1,100 °C

No. of entry Material Tension, MPa
Durability, h

Required Actual

1 Base metal, IC10

36

≥100 102

2 Filler metal BH-3#, clearance 0.08 mm ≥100 18.97

3 Filler metal BH-3#, clearance 0.03 mm ≥100 66.17

4 Filler metal SBM-3, clearance 0.08 mm ≥100 102
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of boron, from 0.7 to 2.5 % by weight. As well as multilateral 
studies in a concentration interval of 0.7 to 1.5 %. The study 
results have shown that the filler metal containing boron in 
the amount of up to 1.3 % has no eutectic layer when filling 
wedge clearances in the center of the brazed seam (Fig. 6). 
The filler metal wets well and spreads across the surface of 
the IC10 alloy (Fig. 7‒9). The microstructure of the brazed 
joint is homogeneous in both the seam and the transition 
zone (Fig. 10‒12). After thermal treatment, the main metal 
and the brazed seam have a highly-dispersed structure and a 
similar chemical composition (Table 2, Fig. 14). The thermo-
gram of the filler metal, termed SBM-3, is shown in Fig. 15.

A special feature of the proposed method of filler metal 
design is the selection of two stages. In the first stage, the 
filler metal base is chosen, which makes it possible to use 
the achievements of the metal science of heat-resistant alloys 
and their doping. This employs computer methods for calcu-
lating the resulting phases, their composition, critical tem-
peratures, and other characteristics, including physical and 
mechanical ones. In the first stage, the IC10 alloy containing 
2.4 % of tantalum was selected as the base of the filler metal. 
It is known [30] that rhenium is more effective at strength-
ening the γ-phase than tungsten; tantalum participates in 
dispersion hardening. The concentration of 2.0‒4.0 % of 
rhenium is due to that at high concentrations the alloy may 
be prone to the formation of unstable releases of the γ′-phase. 
For a balanced alloying of the filler metal base with refrac-
tory metals, one reduces the concentration of tantalum, to 
ensure the ratio of Ta to W to be close to unity [1, 30, 39]. 
Since the number of rhenium electron vacancies (3.66) is less 
than that of tungsten (4.66), the resistance of the alloy of the 
filler metal base to embrittlement increases.

To enhance the casting properties, the IC10 alloy con-
tains 1.0‒2.0 of hafnium, which could also affect the tem-
perature of the filler metal’s liquidus. Since hafnium has a 
high affinity for carbon and boron, forming the refractory 
carbides and borides, it has no significant effect on the re-
duction of the liquidus temperature. The formation of HfC 
carbide when brazing the alloy IC10 with the filler metal 
BH2 was also established in work [4].

In the second stage, a depressant is selected, based on the 
experimental methods for studying its interaction with the 
filler metal base and the main metal. The SBM-3 filler metal 
contains boron in the amount of 0.8‒1.2 % by weight.

The alloying of the filler metal base by boron leads to a 
significant change in temperatures, both melting and crystal-
lization. In alloys, the γ+Ni3B eutectics form with a narrow 

crystallization interval. The temperatures of the beginning of 
melting and the beginning of crystallization of the eutectics are 
almost identical regardless of the amount of boron introduced; 
the solidus temperature does not change either. The emergence 
of the boride eutectics also affects the melting of the carbide 
eutectics. For the original alloy, the heat thermogram clearly 
distinguishes the effects of melting the γ-dendrites and carbide 
eutectics. In the thermogram of the alloy containing boron in 
the amount of 1.0 % by weight, these temperatures are almost 
the same. With the increase in the boron content to 1.3 %, the 
γ+MC melting interval is narrowed; both effects merge, respec-
tively, the melting completion temperature decreases.

Primary carbides of the MC type (volume share, 
6.0‒10.0 %) form at crystallization in the form of large 
(15‒40 µm) randomly located particles of cubic or skeletal 
morphology. There is a preferred order for the formation 
of these carbides corresponding to the affinity of metals to 
carbon: Ti, Hf, Zr, Ta, Nb [38]. Molybdenum and tungsten 
could partially replace metals in these carbides, forming the 
phases of type (Ti, Mo, W) C; (Ti, Hf, Mo, W) C, and oth-
ers. Given the presence of titanium, hafnium, and tantalum 
in the IC10 alloy and the SBM-3 filler metal, it is possible to 
assume the formation of their primary carbides in the seam, 
which confirms the presence of inclusions with a high con-
centration of these elements in it.

The MC carbides, formed from the melt during an alloy 
crystallization, may undergo transformation into other types 
of carbides in accordance with the following solid-phase reac-
tions: МС+γМ23С6+g′; МС+γМ6С+g′. The M23C6 carbides 
are stable up to temperatures of 750‒790 °C. More stable are 
double carbides of the М6С type, which are formed in heat-re-
sistant alloys with a high content of refractory metals and are 
characterized by the wide ranges of compositions within the 
М3С – М13С limits. Typical double carbide compositions are 
(Ni, Co)3Mo3C, (Ni, Co)2W4C, and Ni3(W, Mo)3C.

The main task to be solved in this work was to make 
the brazed joints of the IC10 alloy, which would possess the 
short-term and long-lasting strength of at least 80 % of the 
strength of the main metal at a clearance of 0.08 mm. The 
tests of the brazed joints in the PRC showed that the set task 
was solved (Tables 4, 5). At CEPREI, they simultaneously 
tested the main metal, the best filler metal BH-3# (PRC) at 
a clearance of 0.08 mm and 0.03 mm, as well as the SBM-3 
filler metal at a clearance of 0.08 mm. As noted above, a 
0.03 mm clearance forms a joint similar to that in the dif-
fusion welding with a melting layer. Homogenization of the 
joint with a micron layer occurs due to diffusion. At the 
limited amount of the diffusing substance, the diffusion 
equation takes the following form [13]:
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and the concentration in the center of the layer, where the 
concentration of the depressant is maximum, is determined 
from the following equation

0
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C h
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⋅
=

⋅ π ⋅ ⋅
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where С(x,t) and С(0,t) is the concentration of a depressant at any 
point with coordinate x over time t and in the center of the layer 
respectively; D is a diffusion factor; С0 is the initial concentra-
tion of a diffusing substance; h is the thickness of the layer. 

Fig. 15. Thermogram of the filler metal SBM-3 containing B in 
the amount of 1.1 %: 1 ‒ heating; 2 ‒ cooling
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The necessary data for specific calculations of boron dif-
fusion (the energy of diffusion activation and the diffusion 
ratios) are given in paper [4].

Equations (1), (2) show that the thicker the layer, the 
longer it takes to absorb the depressant by diffusion. This 
time is proportional to the square of the thickness of the 
layer. At capillary brazing (0.05‒0.10 mm), the time of ho-
mogenization, depending on the permissible concentration 
of a depressant in the center of the layer, is several days. At 
a diffusion welding with a melting layer, due to the pressure, 
this time is minutes, as the residual magnitude of the layer 
after the compression pressure application is a fraction of the 
micron. Therefore, to achieve mechanical properties close to 
the properties of the main metal, one requires a minimum 
concentration of the depressant, the development of special 
filler metals and technologies. At TLP-Bonding, there is an 
isothermal crystallization of the melt.

The results from Tables 3, 4 confirm the above statement. 
At a clearance of 0.08 mm, the filler metal BH-3# demonstrates 
a strength limit of 169 MPa, and at a clearance of 0.03 mm ‒ 
252 MPa. Such a pattern is also confirmed by its durability. 

The SBM-3 filler metal ensures the mechanical properties 
of joints close to the properties of the main metal at 1,100 °C. 
The tensile strength of the joints is 98 % of the strength of the 
base metal and meets the requirements for durability at the 
level of requirements for the base metal (102 hours).

The SBM-3 filler metal is designed for brazing the cast 
nozzle blades made from the IC10 alloy with a directional or 
monocrystalline structure. It could be used for brazing other 
similar alloys of the same type. The brazing is performed at 
a temperature of 1,250‒1,260 °C in a vacuum no worse than 
5·10-3 Pa in furnaces with a heating of up to 1,500 °C. The 
aging time at the brazing temperature is 20 minutes.

The filler metal could be used to braze the blades into a 
package, to correct surface casting defects, to braze the holes 
in cooled blades for fixing ceramic rods.

The SBM-3 filler metal could also be used for brazing 
the casting nickel heat-resistant alloys that allow heating to 
a temperature of 1,250‒1,260 °C. 

The advantage of SBM-3 filler metal is ensuring the 
strength of joints close to the main metal at a clearance of 
0.08 mm, which is required for assembling parts with a slid-
ing landing. 

The prospects for the developments outlined in this paper 
are confirmed by the creation of a new filler metal SBM-4 
(based on the SBM-3 filler metal) for brazing heat-resistant 
alloys in the next generation of marine gas turbines.

7. Conclusions

1. This work proposes a procedure for designing filler 
metals in two stages. The first stage is the choice of the 
filler metal base, which should be close in composition to 
the brazed alloy, taking into consideration its features. This 
stage involves computer software, which makes it possible to 
significantly reduce the amount of experimental work (esti-
mation stage). The second stage is to study the interaction 
between the filler metal with introduced depressants and the 
main metal (experimental stage) and to accumulate statisti-
cal data for software processing.

2 The chosen base of the SBM-3 filler metal is the 
following system, % by weight: (10.5–12.5) Cr; (7.0–
10.0) Со; (3.0–5.0) Al; (2.0–4.0) Та; (2.0‒4.0) Re; (1.5–
3.0) W; (1.0‒2.0) Mo; (4.5–5.5) Ti; the rest is nickel. 
Boron (0.8‒1.2 % by weight) was selected as a depressant.

3. It has been established that at brazing temperature the 
filler metal SBM-3 demonstrates high technological proper-
ties. The specific area of the spread is 1.9‒2.0 mm2/mg, the 
contact angles of wetting are 5.0‒8.0°.

4. Following thermal treatment, the main metal and 
the brazed joint possess a homogeneous, highly-dispersed 
structure, and close chemical composition. The volume of the 
hardening γ′-phase is 70 %. The seam’s metal demonstrates 
the high resistance to the embrittlement and high-tempera-
ture corrosion in fuel combustion products. Our studies have 
shown that the filler metal developed provides mechanical 
properties close to the properties of the main metal. The 
tensile strength of joints with the SBM-3 filler metal is 98 % 
(268 MPa) of the strength of the base metal, and meets the 
durability requirements at the level of requirements for the 
base metal (102 hours) at a test temperature of 1,100 ° C.

5. We have devised a technology for brazing heat-resis-
tant alloys based on Ni3Al, specifically alloy IC10 with di-
rectional crystallization. The SBM-3 filler metal is made in a 
powder form. The brazing is performed in a vacuum no worse 
than 5·10-3 Pa. The brazing temperature is 1,250‒1,260 °C at 
an aging of 20 minutes.
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