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ABSTRACT
The joint of the heat-resistant nickel-based alloy ChS70VI, obtained by the method of reaction-diffusion bonding during the 
formation of a weld by the melt of the heat-resistant nickel-based alloy with zirconium as a depressant is considered. The 
microstructures and concentration distribution of all chemical elements through the joint zone (with a gap width of ~20 μm 
and 50 μm) after the formation of the weld and subsequent heat treatment were analyzed. It is shown that the selected mode of 
heat treatment allows significantly reducing the amount of zirconium-rich eutectic phases (they are more easily melted, with a 
melting temperature of 960 °С), which increases the heat resistance of the joint. During heat treatment, the process of diffusion 
takes place, and the concentration of chemical elements in the weld is close to corresponding concentrations in the base alloy. 
Mechanical tests showed sufficiently high strength properties of the joint at temperatures up to 1100 °C. It was established that 
at the test temperature of 750°С, the strength of the joint is at the level of 95‒98 % of ultimate strength of the base alloy.

KEYWORDS: heat-resistant nickel-based alloys, microstructure, mechanical properties, reaction-diffusion bonding, ChS70VI 
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INTRODUCTION
At present heat-resistant nickel-based alloys are an 
integral part in the field of construction of gas-turbine 
engines and power gas-turbine units. The good pros-
pects and scope of application of these alloys directly 
depend on the possibilities of manufacturing concrete 
parts and structures of a complex shape that, in its 
turn, is due to the ability to join the respective alloys 
by permanent joints. A feature of heat-resistant nick-
el-based alloys is their extremely limited joinability 
by the traditional fusion welding methods. Such neg-
ative factors as higher sensitivity of the welded joints 
to hot cracking and local fracture in the overheating 
zone, lead to a considerable lowering of the welded 
joint properties [1]. Fusion welding, diffusion bond-
ing and brazing are known as the main methods of 
repair and/or joining of the heat-resistant nickel-based 
alloys [2]. Each of these methods has certain limita-
tions, so that the studies performed in this area both 
by local scientists and abroad remain to be relevant.

The method of reaction-diffusion bonding (RDB) 
in vacuum allows producing joints without autono-
mous melting of the base metal, eliminating the risk 
of macro- and microcrack formation, preserving the 
initial structure and avoiding the negative influence of 
the thermal cycle on physico-mechanical characteris-
tics of the material being joined [3].

RDB method is based on formation of a liquid 
phase saturated with depressant (for Ni‒Cr‒Co sys-
tem) and its penetration into a fixed gap between the 

planes being joined with its further crystallization 
and diffusion dissolution during heat treatment. The 
phenomenon of contact-reactive fusion of dissimilar 
metals is used to produce the liquid phase [4]. The liq-
uid phase forms beyond the limits or directly near the 
gap between the parts being joined, as a result of con-
tact-reactive fusion of the heat-resistant nickel-based 
alloy and depressant, and at certain bonding tempera-
ture it feels the gap under the action of the capillary 
forces. Zirconium in the form of foil was used as the 
depressant. In this capacity zirconium was studied 
and used in filler materials for brazing heat-resistant 
nickel alloys [5, 6].

THE OBJECTIVE OF THE WORK
is testing the method of reaction-diffusion bonding 
of heat-resistant nickel-based alloy ChS70-VI with a 
considerable area of weld edges, metallographic stud-
ies and assessment of mechanical characteristics of 
the produced joints.

INVESTIGATION MATERIALS 
AND METHODS
Investigations were conducted on joints of ChS70-
VI alloy, which is the representative of the class of 
heat-resistant nickel-based cast alloys, and has been 
used for a long time already for manufacturing the 
hot section parts in power gas-turbine units. Blanks of 
55×30×12 mm dimensions, cut out of one blank from 
ChS70-VI alloy were used to make the joints (Fig-
ure  1). Chemical composition of Chs70-VI alloy is 
given in Table 1. The gap of overall area of 660 mm2 
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was filled with the liquid phase (based on Ni‒Cr‒Co 
system), saturated with zirconium. Before conducting 
RDB, the blanks were annealed at the temperature of 
1050 °C for 2 h in vacuum. The abutted surfaces of 
the specimen were ground, and then butt joints were 
made. The uniformity of the fixed gap along the entire 
length of the specimen was provided by cramps from 
nichrome alloy, which were welded on the specimen 
surface by resistance spot welding. The cubes with zir-
conium foil were placed on top above the weld. They 
were also attached by resistance spot welding. The 
process of RDB of the assembled specimen (Figure 2, 
a) was conducted in a vacuum furnace in the follow-
ing mode: heating up to the temperature of 1200 °C at 
the heating rate of 30–40 °C/min; soaking for 10 min, 
further cooling at the rate of 50–60 °C/min.

The appearance of the blank after RDB process 
showed complete wetting and filling of the gap along 
the entire length of the weld being made, with forma-
tion of grooves. Then, a piece of the joint was cut out 

of the blank to conduct metallographic studies (Fig-
ure 2, b), and the rest of the specimen was subjected 
to diffusion annealing by the following mode: 1100 
°C, soaking for 1 h; 1150 °C, soaking for 5 h. After 
that, part of the specimens were cut out for mechani-
cal testing, and the rest of the joint metal was subject-
ed to heat treatment by the following mode: 1050 °C, 
soaking for 3.5 h; aging at 860 °C, soaking for 17 h.

Microstructural investigations were conducted, 
using microhardness meter PMT-3 with 50 g load. 
Mechanical properties of the produced joints and base 
metal of ChS70-VI alloy were studied using MTS-
810 servohydraulic machine (Figure 3). It consists 
of the following components: MTS 661.20F-02 dy-
namometer with axial load of up to 50 kN with the 
resolution of up to 0.1 N; MTS 632.53F-11 exten-
someter for operation with higher and high tempera-
tures with 25 mm base and measurement resolution of 
0.00001 %; MTS 653 Furnace with maximal tempera-
ture of specimen heating at testing of up to 1100 °C 
and three-zone monitoring with up to 5 °C tempera-

Figure 1. Scheme of assembly of a butt joint of ChS70-VI alloy

Table 1. Chemical composition of ChS70-VI alloy (Tu 1-809-
1040‒96)

Weight fraction of elements, %

C Cr Co W Mo Al Ti Nb Ni

0.06 
0.12

15.0 
16.7

10.0 
11.5

4.5 
6.0

1.5 
2.5

2.4 
3.2

4.2 
5.0

0.1 
0.3 Base

Figure 2. Specimen of a butt joint of ChS70-VI alloy before (a) and after joint formation at the temperature of 1200 °C for 10 min (b)

Figure 3. General view of MTS-810 testing machine
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ture gradient. Testing for short-term strength of the 
base metal and butt welded joints was conducted on 
flat specimens (Figure 4). Geometrical dimensions 
of the working length relative to the cross-sectional 
area and the initial length correspond to DSTU [7, 8] 
for room and higher temperatures, respectively. The 
strain rate during testing was equal to 0.00067 s‒1, 
which corresponds to the standards.

To conduct metallographic examinations the spec-
imens were cut out normal to the weld. Polishing was 
performed using diamond paste and chromium oxide 
(III). Oxidation in air at the temperature of 350–400 °C 
was conducted to study the microsections in Neo-
phot-32 optical microscope. The distribution of chem-
ical elements was investigated by the method of local 
microX-ray spectral analysis, using energy-dispersive 
spectrometer Oxford Instruments X-max (80  mm2), 
under the guidance of INCA software. The locality of 

the measurements was not greater than 1 μm. Shooting 
of the microstructures was conducted using scanning 
electron microscope TescanMira 3 LMU in backscat-
tered electrons (BES), which allows examination of the 
microsections without chemical etching.

RESULTS AND DISCUSSION

METALLOGRAPHIC INVESTIGATIONS
Figure 5 shows the joint microstructures in the con-
dition after the gap filling with the liquid phase and 
after diffusion annealing. Microhardness distribution 
across the weld before and after diffusion annealing 
(Figure 6) shows that the hardness of weld metal af-
ter conducting the full heat treatment became close to 
base metal hardness of 423 HV 0.05. However, in some 
regions of the weld of 50 μm width phases with hard-
ness of both 480 HV 0.05 and 321 HV 0.05 remained 
after annealing. In the microstructures in Figure 5 one 

Figure 4. Specimen for short-time strength testing at room and high temperatures

Figure 5. Microstructure (×200) of a butt joint of ChS70-VI alloy with gap width of ~50 μm (a, b) and ~10 μm (c, d), filled with liquid 
phase saturated with zirconium in the condition after heating up to 1200 °C, soaking for 10 min (a, c) and heat treatment at the tem-
perature of 1100 °C, soaking for 1 h and 1150 °C, soaking for 5 h (b, d)
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Figure 6. Measurement of HV microhardness (P = 50 g) across the weld 50 μm (a, b) and 20 μm wide (c, d) of the joint of ChS70-BI 
alloy, filled with the liquid phase saturated with zirconium in the condition after heating up to 1200 °C, soaking for 10 min (a, c) and 
heat treatment at the temperature of 1100 °C, soaking for 1 h and 1150 °C, soaking for 5 h (b, d) (×500)

Figure 7. Chemical composition of the weld zone (50 μm wide) and near-weld zone of the joint of ChS70-VI alloy, produced with 
application of zirconium depressant in the condition after formation of the joint at the temperature of 1200 °C, soaking for 10 min (a) 
and after homogenizing annealing at the temperature of 1100 °C, soaking for 1 h and 1150 °C, soaking for 5 h (b)
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can clearly see that the applied heat treatment allows 
practically “resorbing” the weld 10–20 μm wide.

Figure 7 shows the structure and distribution of the 
concentration of all the elements through the zone of the 
joint ~ 50 μm wide in the condition after joint formation 
(1200 °C – 10 min) and after heat treatment (1100 °C ‒ 
1h + 1500 ‒ 5 h). Studies were performed on a specimen 
with weld width of ~ 50 μm. One can clearly see that 
during heat treatment at 1100 °C for 1 h + 5 h at 1150 °C 
(which is just homogenizing) the weld width is notice-
ably reduced, the chemical composition and structure of 
the weld zone become close to that of the base material. 
It was established that the overall concentration of zir-
conium in the weld changed from 1.79 to 1.24 wt.%, 
i.e. zirconium diffusion into the base metal took place. 
Complete diffusion of zirconium from the weld into the 
base metal at the considered weld width requires not 
less than 20 h of homogenizing heat treatment. The final 
structure of the joint and, consequently, the strength of 
the formed joint depend on completeness of running of 
the processes of equalizing diffusion.

Comparative analysis of chemical composition of 
phases in individual regions of the joint zone before 
(Figure 8) and after (Figure 9) heat treatment on the 
studied length of 100 μm shows that the quantity of 

zirconium-rich phases (~22–26 wt.%, white phase) 
is markedly reduced. This phase represents the re-
mains of the eutectic phase located between the com-
mon grains formed at RDB. Only small point islets 
of this phase remain after heat treatment. Here, the 
near-boundary zone of the weld has regions with zir-
conium content of 3–4 wt.% at 30–50 μm distance 
from the weld. (Ti + Zr) phase is observed in the weld 
and near-boundary zone both before and after heat 
treatment, with a high content of titanium (57.47 % 
Ti + 7.5 % Zr, 48.26 % Ti + 4.12 % Zr and 52.67 % 
Ti + 3.83 % Zr). Comparing the microstructures of the 
joint zone before and after vacuum annealing (Fig-
ures 8 and 9) one can come to the conclusion that a 
strengthening phase precipitated in the weld and its 
size is somewhat smaller than in the base metal. Judg-
ing from the nature of the results of X-ray spectral 
microanalysis (XSMA) phases enriched in W, Mo 
and Cr precipitate on the boundaries of crystallized 
grains. With the highest probability these are carbides 
of Me23C6 type [9, 10], precipitation of which is due to 
the alloy chemical composition during heat treatment.

Presence of Zr-rich phases in the weld (Fig-
ure  9) points to the completeness of running of 
Zr dissolution process in the alloy matrix, and the 

Figure 8. Chemical composition of individual phases of the weld and near-weld zone of the joint of ChS70-VI alloy, produced with 
application of zirconium in the condition after joint formation at the temperature of 1200 °C, soaking for 10 min
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Figure 9. Chemical composition of the weld and near-weld zone of the joint of ChS70-VI alloy produced using zirconium, in the con-
dition after homogenizing annealing in vacuum at the temperature of 1100 °C, soaking for 1 h and 1150 °C, soaking for 5 h

Table 2. Results of short-time strength testing of specimens of ChS70-VI alloy

Specimen Specimen number σt, MPa σ0.2, MPa δ, % Ttest, °C Fracture site

Base metal
1* 714.5 621.5 4.9 20 –
2* 727.2 565.9 2.7 750 –

Joint

3* 701.9 657.3 2.1 20 Base metal
4* 683.8 564.6 2.3 750

Weld
5** 696.7 633.2 1.3 20
6** 781.3 656.8 6.3 20

Base metal
7** 792.4 572.8 5.6 700
8** 729.6 575.2 2.7 800

Weld9** 526.1 383.3 12.7 900

10** 322.9 249.1 14.5 1000
11** 148.5 123.9 14 1100 Base metal

Base metal

32** 856.6 644.2 6.4 20 –
33** 780.8 543.9 4.5 700 –
34** 760.4 527.9 1.9 800 –
35** 541.2 531.1 1.5 900 –
36** 286.4 248.8 2.2 1000 –
37** 140.7 121.9 8.3 1100 –

*Heat treatment: 1100 °C – 1 h + 1150 °C – 5 h. 
**Heat treatment: 1100 °C – 1 h + 1150 °C – 5 h + 1050 °C – 3.5 h + 860 °C – 17 h.
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need to correct the joint gap width and the time of 
heat treatment duration.

MECHANICAL TESTING
Butt joints produced by RDB, before mechanical test-
ing, were subjected to homogenizing annealing by the 
mode of 1100 °C for 1 h + 1150 °C for 5 h. Part of 
the specimens was additionally treated by two-stage 
aging at 1050 °C for 3.5 h + aging at 860 °C for 17 h. 
Testing was conducted in air at the following tem-
peratures: 20, 750, 900, 1000, 1100 °C. The results 
are shown in Table 2. Specimens which additional-
ly passed two-stage aging demonstrated a slight im-
provement of short-term strength and higher ductility 
at mechanical testing. For clarity, the data are also 
presented in the form of temperature dependencies of 
σt and σ0.2 (Figure 10) and load diagrams (Figure 11).

Results of mechanical testing for short-term 
strength demonstrated a rather high level of weld 
strength, which is comparable with base metal level 
at the same heat treatment. Ultimate strength of RDB 
joints was equal to 91–100 % of that of the base met-
al, and the yield limit of RDB joints was equal to 95–
100 % of that of the base metal. Figure 12 shows the 
broken specimens after testing. On part of the speci-
mens with the joint the fracture ran through the base 
metal and not through the weld. This data indicate that 
homogenizing annealing at 1100 °C for 1 h + 1150 °C 
for 5 h led to dissolution of brittle intermetallics of 
zirconium, as well as diffusion of zirconium proper 
into the base metal, which is confirmed by metallo-
graphic examinations. The high strength and ductility 
(Figure 10, Figure 11) of RDB joints at test tempera-

Figure 11. Load diagrams derived during short-time tensile test-
ing of butt specimens from ChS70-VI alloy produced by RDB 
method with the following heat treatment: 1100 °C – 1 h + 
1150 °C – 5 h + 1050 °C – 3.5 h + 860 °C – 17 h

Figure 10. Temperature dependencies of ultimate strength σt and 
yield limit σ0.2 of the base metal and butt specimens from ChS70-
VI alloy produced by RDB method. Heat treatment is the same 
for all the specimens: 1100 °C ‒ 1 h + 1150 °C ‒ 5 h + 1050 °C ‒ 
3.5 h + 860 °C ‒ 17 h

Figure 12. Appearance of specimens after destruction. Numbers on the left correspond to specimens shown in Table 2
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tures of 1000 and 1100 °C (specimens 10 and 11), are 
also indicative (together with X-ray spectral chemical 
microanalysis) of the intensity of running of equal-
izing diffusion processes in the joint zone (weld and 
near-weld zone) and lowering of zirconium concen-
tration in the weld during heat treatment. The low-
est melting eutectic phases of intermetallics of Ni‒Zr 
system have melting temperature of 960 °C (NiZr2) 
and 1010 °C (NiZr) [11]. In the joints with weld width 
greater than 50 μm, the remains of such phases within 
the grain boundaries in the weld center can markedly 
lower their high-temperature strength.

Conclusions
A study was conducted with production of a butt joint 
of heat-resistant nickel-based ChS70-VI alloy by filling 
the gap with butt surface area of 660 mm2 with the liquid 
phase formed during contact fusion of sintered powder 
of heat-resistant austenitic nickel-chromium alloy and 
metal of zirconium foil depressant. It is shown that at the 
temperature of 1200 °C the liquid phase has sufficient 
flowability and completely fills the joint gap.

Analysis of the structures and distribution of 
chemical elements in the base metal, weld and near-
weld zone of the joint before and after homogenizing 
annealing revealed that the process of dissolution of 
some zirconium-rich intermetallic phases takes place, 
as well as carbide phase precipitation on the grain 
boundary. Concentrations of chemical elements in the 
weld are close to those in the base metal.

It is established that the strength properties of the 
joints at test temperatures of 750 °C correspond to 
95–98 % of base alloy ultimate strength. Relatively 
high heat resistance of RDB joint has been achieved 
right up to the temperature of 1100 °C (maximal tem-
perature of testing machine furnace).
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