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ABSTRACT
welded specimens of ni3al intermetallic are the main strengthening phase of heat-resistant nickel alloys were taken as an ex-
ample to define the main problems arising in fusion welding of this class of materials. Features of weld formation, structural 
and phase changes, and mechanical properties of the welded joints are considered. Conditions of crack initiation and methods 
to prevent them are determined. the effect of welding modes and heat treatment on the structure, strength and ductility charac-
teristics was studied. Mechanical properties of welded joints in the temperature range of 20‒1200 °C are assessed. Schemes and 
modes of welding and heat treatment are proposed, which allow preventing cracking and ensure an equal strength of welded 
joints and base metal at improvement of their ductility.

KEYWORDS: ni3al intermetallic, welded joints, structure, mechanical properties, crack resistance, welding and heat treat-
ment modes

INTRODUCTION
today, in the creation of high-temperature industrial 
structures, including parts of a hot path in gas turbine 
engines, installations, multicomponent heat-resistant 
nickel alloys (hna) based on the intermetallic ni3al 
compound remain the most widely used materials. 
the volume fraction of ni3al in the alloy can reach 
85‒90 % (for example, alloys of VKNA type), which 
provides its high serviceability and heat resistance of 
up to 1250 °С. The advantage of using intermetallics 
as a phase base of hna is provided by its unique ca-
pabilities, such as high values of strength and elas-
ticity, structural stability, that does not degrade when 
the temperature is increased, as well as limited rate 
of creep, recrystallization and corrosion [1‒4]. At the 
same time, some of the mentioned advantages and 
features of the physical and mechanical characteristics 
contribute to deterioration of the alloy manufactur-
ability, especially its weldability. thus, high strength 
and modulus of elasticity, low ductility close to high 
temperatures, high coefficient of thermal expansion, 
low thermal conductivity contribute to the formation 
of significant welding stresses and cracks arising.

Considering the wide use of hna in the aircraft, 
power, nuclear, metallurgical and other branches of 
industrial production, the problem of developing sci-
entific and technological fundamentals of welding of 
modern perspective high alloys is acute.

taking into account the predominant role of ni3al 
intermetallic as the main strengthening phase of 

hna, the study of structural-phase changes and me-
chanical properties as a result of thermodeformation 
effect during welding will help to establish the physi-
cal fundamentals of weldability and strength in order 
to reasonably approach the development of technolo-
gies of welding industrial hna.

RESEARCH METHODS
the studies were carried out with the use of plane 
specimens of ni3a1 intermetallic, produced by the 
method of rapid cooling from the liquid state by pour-
ing into a massive copper mold in a protective inert 
atmosphere.

In addition to the reasons mentioned above, the 
choice of the studied material — ni3a1 intermetallic 
is predetermined by the need in excluding excitation 
of crystallization processes and phase transformations 
due to alloying elements of typical hna. the need in 
a clear fixation of the intermetallic phase due to a high 
(~ 103 °С/s) cooling rate of the melt determined the 
method of producing specimens.

the experiments were performed by electron 
beam welding (eBw) in vacuum, taking into account 
the advantages of eBw, in particular, possibilities of 
a wide control of heat input and heat distribution in 
the welding pool.

The specimens with a thickness of 1.5‒2.0 mm and 
a size of 50×40 mm were welded. the specimens for 
welding and investigations were cut with the use of elec-
tric spark method and a subsequent grinding of cut plac-
es. the welding mode parameters were chosen from the 
standpoint of providing high-quality welds with a full 
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penetration, taking into account the possibility of con-
trolling thermal deformation processes in view of their 
effect on the tendency to crack formation.

the welding speed in the experiments varied in the 
range of 5‒60 m/h. In order to limit the formation of 
cracks, preheating of the specimens with a beam was 
used. the range of heating temperatures during the 
studies was 400‒800 °C.

the structure of the welded joints was detected 
by ion bombardment of the surface of the sections in 
an argon atmosphere with the further examination in 
the optical (neOphOt-32) and the electron scanning 
microscope (Jeol superprob 733) with an X-ray ana-
lyzer. the phase composition of the specimens was 
determined in the DrOn-umI diffractometer in a 
monochromatic CuKα-radiation. The degree of a dis-
tant order ƞ was evaluated from the ratio of integral 
intensities of diffraction peaks corresponding to the 
disordered face centered cubic lattice of a solid solu-
tion to the ordered one.

the mechanical characteristics were evaluated 
by the method of microindentation (“hot and cold”), 
testing of the plane specimens on three-point bend-
ing at room and elevated temperatures in the range of 
200‒1200 °C in the installation of the type INSTRON. 
The values of strength σt, yield σ0.2 and ductility δ were 
determined during the destruction of upper fibers on 
the plane specimens with a section of 4×1.5 mm at a 
distance between the supports of 18 mm [5].

microhardness at room temperature was determined 
using the pmt-3 hardness tester at a load of 2 n, at ele-
vated temperatures (200‒900 °C) in vacuum of 10–3 pa 
in a modernized BIm-1C installation [6].

RESEARCH RESULTS
the initial material under study — ni3al intermetallic 
produced by the method of hardening from the melt, 
is characterized by an equiaxial grain structure with 
a fine dendritic filling and the presence of separate 
metastable concentration configurations of a dendritic 
morphology (figure 1). the performed micro-X-ray 
spectral analysis revealed a nonuniform distribution 

of chemical components, which is most likely relat-
ed to the mismatch in the process of cast formation 
of a peritectic point of the equilibrium diagram (Ni‒
al) [7] with the region of the stoichiometric compo-
sition of ni3al. the presence of such formations is 
associated with structural, mechanical and chemical 
heterogeneity, a significant discrepancy of microhard-
ness values: from 2000‒2500 MPa for the matrix to 
3000‒4000 MPa for the formations; low ductility of 
the material.

the X-ray analysis showed that in the initial mate-
rial, both the presence of the ordered γ′-phase of Ni3al 
(Figure 2), as well as the disordered γ-phase, which was 
confirmed during fractographic examination of the spec-
imens after plastic bending deformation (figure 3).

low ductility and toughness of fracture of inter-
metallic at low temperatures in combination with cast 
and welding stresses, chemical and structural hetero-
geneity, which contributes to an increased tendency 
to crack formation, is a well-known disadvantage of 
intermetallic alloys of a structural type l12, which 
include the investigated ni3a1. In welding of ni3al 
specimens (as well as heat-resistant alloys on their 
base), the primary task is to prevent their arising.

One of the first methods of reducing the probabil-
ity of crack formation is a preliminary heat treatment 

Figure 1. microstructure of the initial material (ni3al intermetal-
lic), obtained by the method of hardening from the melt

Figure 2. X-ray pattern from the surface of the specimen of ni3al 
intermetallic in the initial state

Figure 3. sem-image of structure of ni3al intermetallic after 
plastic deformation
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of welded metal, aimed at improving its ductility. the 
studies of the effect of heat treatment on the structure 
and properties of ni3al showed that the optimal heat 
treatment (at 1150 °C during 2 h) led to an increase in 
the ductility due to an increase in the grain size (from 
7 to 17 μm), and also contributed to dissolution of con-
centration configuration formations in the structure. 
the method of X-ray structural analysis revealed that 
this heat treatment leads to the maximum increase in 
the degree of orderness of ni3al solid solution. thus, 
a satisfactory complex (optimal ratio of strength and 
ductility) of mechanical properties of intermetallic at 
room temperature (table 1) was obtained [8].

In [8] it is shown that when testing the specimens 
in a temperature range of 400–800 °C, the ductility 
δ is sharply reduced, almost to zero, which can be 
negatively manifested under unfavourable conditions, 
when the rise in welding stresses occur at the speci-
fied temperature interval, in maintaining or increasing 
the tendency to crack formation. thus, preliminary 
heat treatment does not radically solve the problem of 
preventing cracking in welding of ni3al intermetallic. 
The previous calculations [9] showed that in welding 
hna at a speed of about 55 m/h, namely in this tem-
perature range, a rise in welding stresses is observed.

the best result from the standpoint of preventing 
cracking is achieved as a result of control of the ther-
mal cycle of welding, the value and nature of heat 
input and rigidity of welded joint. technologically, 
this is performed by preheating, choosing the welding 
speed and concentration of welding beam energy as 
a result of its focusing and scanning. the thermom-
etering of welding process revealed that the rate of 
cooling of the weld metal in the temperature range of 
ductility failure (400‒800 °C) is mainly determined 
by the welding speed and is approximately 300 °C/s at 
12 m/h; 600 °C/s at 40 m/h; 155 °C/s at 53 m/h at the 
width of the weld, respectively 5.8; 4.6 and 2.8 mm.

the temperature and time parameters of cooling of 
the weld metal during crystallization and subsequent 
cooling vary throughout the cross-section and can 
reach approximately 105 °C/s depending on the con-
ditions and parameters of the welding mode, which is 
shown on the example of variation in the rate from 17 
to 53 m/h (table 2).

Depending on the size and a certain combination 
of the mentioned thermal characteristics, both main 
longitudinal as well as transverse cracks may arise in 
the weld metal. more typical transverse cracks (fig-
ure 4) arise at elevated (55‒90 m/h) welding speeds, 
high specific power of the heating source in the welds 
of a small width. a decrease in the tendency to their 
formation due to an increased width of the weld is 
limited by the occurrence of the burn-throughs and 
the formation of axial crystallization cracks.

there is a narrow range of mode parameters and 
welding conditions, at which a high quality formation 
of welds without defects and the absence of cracks of 
both types are provided.

for the considered specimens, the realization of 
such conditions is achieved at a preheating of up to 
600 °C, welding speed of 12‒17 m/h, focusing and cur-
rent of the welding beam, at which quality weld forma-

Table 1. mechanical properties during tests on bending of ni3al intermetallic in the initial state and after heat treatment

state of the material σ0.02, mpa σ0.2, mpa σt, mpa δ, % Нv, mpa

Initial 510 Brittle fracture 595 0,08 2450
heat treatment of 1150 °C, 2 h 243 270 394 1,75 2100

Table 2. temperature and time parameters of cooling of weld metal of hna with the content of ni3Al of more than 65 % for different 
welding speeds

vw, m/h
G×R, °С/s R, mm/s

fl weld axis fl weld axis

17 3·103 25 0,4 5

40 49·103 54 1 8

53 105 300 1,3 11

Note. R — rate of crystallization of weld pool metal; G×R — cooling rate; fl — area of the weld metal on the fusion line.

Figure 4. typical cracks in welding of alloys based on ni3al in-
termetallic
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tion with a through penetration of 2.8‒3.8 mm width is 
provided. Obviously, under such conditions, there is a 
low rate of increment, level and a uniform distribution 
of welding deformations and stresses, as well as the 
formation of a more homogeneous structure.

taken into account a rather low ductility of inter-
metallics, the stochasticity of the influence of EBW pa-
rameters on the interaction of beam and welded metal, 
formation of a temperature field, the obtained conclu-

sions require correcting regarding each case of thick-
ness, geometry of welded material, requirements to 
joint, etc. thus, in welding of ni3al intermetallic spec-
imens of 1.5 mm thickness with preheating at a weld 
width of about 4 mm, produced at a welding speed of 
12 m/h, longitudinal axial cracks and at 55 m/h, nu-
merous transverse cracks arise. at the same time, at a 
thickness of 2 mm, welding speed of 12 m/h and weld 
width of about 4 mm, cracks were not observed.

Figure 5. microstructure of welded joint and individual areas of ni3al intermetallic: a — weld metal (1); b — fusion zone (2); c — base 
metal (3); d — macrosection of welded joint

Figure 6. sem-image of the surface of the weld of ni3al: a — ВЕI (back electron image) mode and distribution of elements in the 
characteristic radiation of al (b), ni (c), fe (d) obtained during micro- X-ray spectral analysis
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the structure of the welded joint of 2 mm thick-
ness, produced maintaining the specified favourable 
conditions, is presented in figure 5.

the X-ray spectral analysis of the weld metal showed 
that in the initial state of the material, the weld represents 
mainly an ordered intermetallic phase of ni3al. the re-
sults of examinations by scanning electron microsco-
py with an X-ray microanalyzer showed that the main 
components and admixtures of the weld material are 
uniformly distributed (figure 6). the size of the matrix 
and morphology of the γʹ-phase are little different from 
the initial ones (figure 7). a characteristic feature of the 
structure of the weld metal are columnar dendrites of a 
variable size (see figure 5), orthogonally directed to the 
crystallization front of the welding pool, which in turn 
consist of small cellular elements. the difference in the 

crystallization rates (see table 2) and the temperature 
gradient over the cross-section of the welding pool leads 
to significant changes both in their sizes and morpholo-
gy. thus, near the fusion line, the distance between den-
drites λ is 3‒8, and near the axis of the weld is 5‒9 μm. 
the difference between the morphology and sizes of the 
elements of the structure of the weld and the initial met-
al is mainly determined by the direction and intensity 
of heat removal in the process of crystallization. when 
forming a cast (initial metal), the heat removal is direct-
ed perpendicularly to its thickness; in crystallization of 
the weld it is directed orthogonally to the isotherm of the 
welding pool crystallization in the plane of the speci-
men. an increased dispersion of the structure of the base 
metal is associated with a higher rate of crystallization, 
and a change in the dispersion over the cross-section 
of the weld is associated with a change in the crystal-
lization rate: from high near the fusion line to minimal, 
close to welding speed along the weld axis.

the considered peculiarities of the structure of 
welded joints are manifested in the certain way while 
determining the mechanical characteristics. thus, the 
bending tests at room temperature (tables 1, 3) indi-
cate some reduction in strength and ductility as com-
pared to intermetallic in the state of delivery.

the effect of the structural factor is also noticeable 
when evaluating the hardness of individual areas in 
the welded joint: base metal, heat-affected zone, ar-
eas of epitaxial growth, transitional area and near the 
weld axis (figure 8).

Figure 7. sem-image of initial metal of ni3al (a) and the surface of fracture of welded joint (b)

Table 3. Influence of heat treatment on mechanical properties (bending tests) of welded joints of Ni3al intermetallic. welding in as-de-
livery state

heat treatment σ0.02, mpa σ0,2, mpa σt, mpa δ, % Нv, mpa Е, mpa

without heat treatment 430 Brittle fracture 504 0,09 2500 2275
1100 °С, 2 h 323 same 395 0,07 2270 −
1150 °С, 2 h 310 –”– 385 0,17 2300 −
1200 °С, 2 h 160 –”– 164 0,1 − 1714

Note. E, Hv — for heat-treated welded joints were not determined, and for welded joints in the initial state, the modulus and hardness were 
determined by the measurements of instrumental hardness; σ0.02 is not a standard mechanical characteristics, that characterizes microduc-
tility and is determined by deformation of 0.02 % for comparing the materials subjected to brittle fracture; σ0.2 is a standard characteristics 
at deformation of 0.2 % — yield strength, which cannot be determined from the diagram of our intermetallics, because the specimens are 
subjected to brittle fracture.

Figure 8. Distribution of hardness of individual areas of welded 
joint of ni3al intermetallic
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at the same time, the methods of instrumental 
hardness showed that the integral values of ductility, 
hardness and young modulus for the mentioned zones 
are close to each other [10].

When the test temperature rises up to 900 °C, the 
hardness of the weld (2.1‒2.4 GPa) is much exceed-
ing the one for the base metal (1.6‒1.8 GPa). As well 
as for the initial metal, the growth of Hv is also ob-
served in the region of 600 °C (Figure 9).

thus, as a result of welding, a less dispersed struc-
ture is formed, that varies over the weld width, which 
is also manifested in the reduction of its mechanical 
characteristics; here, the ductility index remains at the 
same low level as in the initial metal (see tables 1, 3), 
i.e., the dispersion and morphology of the strucutre of 
the weld metal of ni3al intermetallic is not optimal.

In view of these results, when studying welding 
of ni3al intermetallic and alloys on its base, more at-
tention should be paid to local changes in the struc-
ture of the weld metal, especially when studying the 
mechanism of crack formation, which are also most 
frequently originated in the areas of the weld with 
high hardness and dispersion of the structure (see fig-
ure 5). the need in a separate consideration of the in-
fluence of structural changes in welding on the nature, 
mechanism of deformation and fracture of welded 
joints is also obvious.

In order to improve the indices of the structure, 
to obtain a satisfactory ratio of strength and ductil-
ity characteristics and to reduce residual stresses, a 
comprehensive study of the effect of heat treatment 
on the properties of welded joints was conducted. In 
this case, the heat treatment was carried out the same 
as for the initial metal in the temperature range of 
800‒1300 °C for 1‒10 h.

as is seen from the results of mechanical tests (see 
table 4, figure 10), a satisfactory combination of val-
ues of σt, σ0.2 and δ is achieved at annealing tempera-
tures of 1150 °C. the optimal duration of heat treat-
ment at the mentioned temperatures is 5 h (figure 10). 
an increase in the duration to 10 h leads to a further 
growth in the ductility, but the strength characteristics 
begin to decrease more significantly. A more signifi-
cant increase in the ductility of the welded joint as a 
result of heat treatment is achieved on the specimens, 

which were preliminary treated before welding on the 
mode of 1150 °C during 2 h (figure 10).

thus, the implementation of the research results 
and proposed technological solutions in welding ni3al 
intermetallic specimens allows preventing cracking 
and providing mechanical properties of welds at the 
level of the initial ones at a simultaneous increase in 
their ductility.

CONCLUSIONS
1. ni3al intermetallic, which is the base of most modern 
hna, is featured by an extremely low ductility and a 
high tendency to crack formation in fusion welding.

2. prevention of crack formation in eBw of ni3al 
intermetallic is achieved by combining the following 
technological means: heat treatment and preliminary 
heating of welded specimens, through penetration, 
reducing the rigidity of the joint, welding speed and 
heating concentrations. For specimens of 1.5‒2.5 mm 
thickness, this is achieved at a preliminary an-
nealing of 1150 °C during 2 h, preheating to about 
600 °C, welding speed of 12‒17 m/h and the welding 
beam current of ~ 15‒20 mA in its sharp focusing, 
which provides a uniform through penetration and a 
high-quality formation of welds of ~ 3.0 mm width.

Figure 9. Influence of test temperature on tensile strength σt and 
hardness Hv of the weld of ni3al intermetallic

Figure 10. Influence of annealing duration at 1150 °C on me-
chanical characteristics of welded joint of ni3al intermetallic. 
test temperature is 20 °C

Table 4. Influence of heat treatment after preliminary stabilizing 
annealing of 1150 °C, 2 h and welding on mechanical properties 
(bending tests) of welded joints of ni3al intermetallic

no. heat treatment σ0.02, mpa σ0.2, mpa σt, mpa δ, %

1* 1150 °С, 2 h 270 304 325 0.35
2 1150 °С, 5 h – 290 345 1.2
3* 1150 °С, 10 h 245 270 310 1.58

*material of other melting
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3. an increase in the ductility of welded joints 
while maintaining σt, σ0.2, Hv and E at the level of the 
initial material is provided while maintaining the met-
nioned technological means of preventing crack for-
mation, the use of postweld heat treatment of 1150 °C 
for 2 h. this provides the formation of the structure of 
15–17 μm, which is close to the equiaxial grain with 
ordered quasi-cubic particles of the γ′-phase with the 
size of about 0.5‒0.7 μm and the preservation of the 
stoichiometric composition of ni3al intermetallic.
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eQuipMent and technology
For high-speed hyBrid laser-plasMa welding

Hybrid laser-plasma welding implements the process of joint action of two heat sources (laser beam and 
plasma arc) into one weld pool, which increases the effi ciency of absorption of laser beam energy by the 
welded metal. The equipment is designed to produce welded joints from aluminum and magnesium alloys, 
titanium, nickel and copper and other alloys, as well as low-alloy and alloy steels without and with fi ller 
wire feed.


