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PROSPECTS OF DEVELOPMENT
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Heat-temperature nickel alloys with single-crystal structure are used in such branches of production as turbine manu-
facture, aerospace engineering and power engineering. However, their further mastering is restrained by complexity,
and sometimes impossibility of production of structure elements of large sizes and developed geometry. Production as
well as repair using traditional methods of single-crystal products with developed geometry such as, for example, long
or cooled gas turbine blades etc., represents a complex technological problem. Manufacture of assemblies, parts, struc-
tures of such type by means of their welding from separate elements or building-up often seems to be more reasonable
and allows developing products with single-crystal structure on virtually new basis. The aim of the presented work is
development of new approaches applicable to manufacture of the single-crystal welded structures of critical designa-
tion with increased mechanical characteristics and service parameters. The results of investigations and examples of
pilot welded structures of such type, produced at the E.O. Paton Electric Welding Institute of the NAS of Ukraine, are
presented. 30 Ref., 9 Figures.
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Development of aerospace, power-generating and oth-
ers branches of industry require application of mate-
rials, which can withstand a complex of high service
loads with increase of the terms and reliability of op-
eration. The particularly high requirements are made
to the materials of parts of a hot gas path of gas turbine
engines (GTE) and systems on heat resistance, ductil-
ity, high thermal and low-cycle fatigue as well as in-
creased resistance to effect of operating medium [1, 2].

To some extent, heat-temperature nickel alloys
(HNA) with poly- and single-crystal structure [3] meet
these requirements. However, substantial improvement
of mechanical and service characteristics due to mul-
ticomponent alloying and formation of single-crystal
structure result in deterioration of materials’ workabili-
ty, including to weldability reduction [4-8].

HNA has the widest application in manufacture of
the elements of GTE hot gas path, i.e. rotor and nozzle
turbine blades, to some extent combustion chambers,
vectoring nozzle petals and others. Particularly critical
and thermostressed of them are high-pressure turbine
blades. Application of HNA with single-crystal struc-
ture for their manufacture allows significant increase of
capability to keep the whole complex of loads, service
parameters of GTE, their workability and reliability. At
that, there is more than 15 % rise of main characteristic
of alloy, namely heat resistance [9, 10].

Regardless the successes of a technology of sin-
gle-crystal growing by investment casting, manufac-
ture of such products present itself not very simple
technical task. The problems of manufacture of such
products as cooled single-crystal blades with complex
system of inner channels and their reaching the sur-
face as well as long and different-thickness blades are
of particular importance. A technology of manufac-
ture of products of such type using the method of di-
rected crystallization is characterized with significant
complexity, labor and energy intensity, low percent of
product yield.

It becomes obvious that manufacture of such prod-
ucts by welding or building-up of their separate con-
stituents is more reasonable that allows developing
fundamentally new structures. Thus, for example, Rolls-
Royse Company produces hollow welded polycrystal
GTE titanium blades [12] that allows reducing weight of
the blade, increasing its aerodynamic characteristics and
thermodynamic efficiency of the turbine in whole.

Replacement of GTE rotors with lock retention
of the blades to all-welded of «blisk» type allows up
to 25 % reduction of structure weight from the initial
and increase of product life [13].

A problem is raised on development of a technol-
ogy for manufacture, growing and formation of com-
plex-geometry structures from HNA with single-crys-
tal structure using the methods of welding, surfacing,
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Figure 1. Structure of welded joints with different deviation of
crystallographic orientation of joint edge surface from {001}:
a— 20° (multiple formation of ROG); b — 5° (single ROG)
coating deposition as the most mastered in the tech-
nological sense.

However, up to the moment there are neither the-
oretical (formation and preservation of single-crystal
structure), nor practical (technology, structure) devel-
opments and recommendations on welded structures
of particular such type.

E.O. Paton Electric Welding Institute actively has
been carrying out the works in this direction [14-24].
The complex investigations of weldability of com-
mercial cast alloys ZhS26, ZhS32, ZhS36, TsNKS§
with single-crystal structure were performed.

The main criteria of assessment of welded joint
quality were:

e orientation homogeneity of weld metal and heat
affected zone with base metal;
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Figure 2. Deviation of orientation on weld section depending on
crystallographic orientation of joint edg: 1 — joint edge {111};
2 — {112}; 3 — {011}; 4 — {001}. Width of welds is approxi-
mately 3.5-3.8 mm
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e absence of cracks and defects of weld formation;

e absence of random orientation grains (ROG);

e level of mechanical properties of welded joints.

Evaluation of the main crystallization parameters at
a weld solidification front, namely temperature gradi-
ent (G) and front displacement rate (R), responsible for
perfection of the single-crystal structure, was carried
out using a procedure of local thermometry of weld
pool melt and analysis of thermokinetic curves [14].

Examination of peculiarities of structure of the
welded joints depending on temperature-time condi-
tions of weld formation was carried out using micro
X-ray spectrum analysis, metallography, X-ray dif-
fractometry and EBSD analysis.

Initial crystallographic parameters of the weld-
ed joint assembly were set by orienting using X-ray
method. Crystallographic orientation of the weld met-
al, presence and amount of ROG and their relative
area were judged following the analysis of pole fig-
ures. Dislocations’ density and their distribution were
evaluated on width, shape and homogeneity of inten-
sity distribution of X-ray reflections Iq T

As a result of complex investigations there were
determined the dependencies of formation of the sin-
gle-crystal structure in welding of HNA single-crys-
tals of 0.5-5.0 mm thickness. Effect of technological
factors on crystallographic and temperature-time pa-
rameters of process of the weld metal structure forma-
tion were examined. They determine perfection of the
single-crystal structure.

Figures 1-3 illustrate the results of effect of the
technological factors on the crystallographic parame-
ters of the process of weld metal structure formation.
Figure 1 shows formation of ROG and change of crys-
tallographic orientation of the weld metal (Figure 2) in
variance of the crystallographic orientation of welded
edges of high symmetry. It is determined that appear-
ance of up to 10 % of the random orientation grains
is possible even at strict conformance to the indicated
conditions of the weld symmetry. Such violations of
single-crystallinity of the weld can be related with the
fact that the weld pool has a curvature and, therefore,
direction of the maximum temperature gradient (G)
changes on the solidification front in relation to direc-
tion of primary growth of crystals <001> (Figure 3).
This leads to violation of one of the main conditions
of directed crystallization, namely, orientation effect
of a substrate on single-crystal growth. Violation of
the crystallographic orientation and single-crystal
structure is mainly concentrated in that areas of weld
metal, where the direction of maximum temperature
gradient at the weld pool solidification front deviates
from the orientation of primary growth by the angles
more than 15° (zone B) (Figure 3). This permitted to
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Figure 3. Microstructure (x100) and isointense lines of distribution Iq | of separate weld metal sections, corresponding to different devi-
ation of the maximum temperature gradient at weld pool solidification front: o. — angle of deviation of maximum temperature gradient

G on direction of primary crystallization

determine allowable disorientation, which provides
formation of the weld with single-crystal structure.

Figure 4 is a generalization of a complex of inves-
tigations of temperature-time conditions of the weld
metal structure formation. A calculation-experimental
way [14] was used to determine a dependence be-
tween the main temperature-time parameters of G/R
process at the liquid pool solidification front, nature
of forming structure and value of deviation of the
welded joint crystallographic orientation from the
crystal high symmetry. It is shown that formation of
directed cellular-dendritic and dendritic structure lim-
iting appearance of the grains of other orientation in
welding of HNA single-crystals is possible in devia-
tion of crystallographic orientation, exceeding the set
limits. The complexity of technical realization of such
approach lies in the need to limit the welding stress-
es, strains and fulfillment of the general requirements
made to the quality of formation of sound joints. This
is, in particular, obvious in welding of the complex
geometry structures.

Thus, it is shown that production of the welds with
perfect single-crystal structure and crystallograph-
ic orientation, corresponding to the initial metal is
reached due to:

e providing initial crystallographic orientation in
the joint area in the range of deviation from direction
of axes of single-crystal high symmetry for not more
than 5° (Figures 1, 2);
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e keeping the relationship of direction of maxi-
mum heat sink at the weld pool solidification front
and direction <100> (light increase) with deviation
for not more than 15° (Figure 3);

e development of temperature-time conditions
(G/R) of the directed crystallization according to Fig-
ure 4 for different initial crystallographic orientation
and welding modes. There is control of G — tempera-
ture gradient at the weld pool solidification front and
R — solidification rate.
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Figure 4. Calculation-experimental dependence of allowed de-
viations a of direction of maximum temperature gradient G on
orientation of crystal primary growth <100> at weld pool solidi-
fication front in EBW of ZhS26 alloy on G/R value: DC — area
of directed crystallization; IC — area of irregularity of directed
crystallization

85




PATON 100

Violation of one of these conditions promotes for-
mation of weld structural defect, i.e. random orienta-
tion grains (ROG) and, as a result, cracks. Figures 1-3
in general form demonstrate irregularity of perfection
of the single-crystal structure as a result of deviation
of each from indicated conditions in production of
common butt joints of small thickness plates.

Analysis of HNA industrial structures indicate that
transfer to their production from the single-crystal bil-
lets using welding will provoke problems with fulfill-
ment of indicated conditions, connected with different
geometry, random crystallographic orientation, alloys
of different kind and others.

Area of investigations necessary for development
of such structures was determined based on the anal-
ysis of structure peculiarities of products from HNA
single-crystals and experiments on welding of the ref-
erence samples as well as taking into account the main
theoretical and fundamental technological conditions
for the perfect single-crystal weld structure. Main of
them lied in investigation of effect of technological
factors on temperature-time and crystallographic-ori-
entation characteristics of weld formation process, and,
respectively, on quality of the single-crystal structure.
The method, scheme, modes and procedures of weld-
ing were selected based on the investigation results.

The main attention was given to power and tech-
nological peculiarities of welding. Taking into ac-
count high specific power, precision, mobility of
heat source, the most perspective in this sense are
such methods of welding as electron beam and laser.
Welding with electron beam in vacuum provides reli-
able protection of weld metal from contamination by
impurities, which not only provoke deterioration of
HNA main properties, but can initiate irregularity of
perfection of the single-crystal structure.

Realizing the set physical conditions of the sin-
gle-crystal structure formation and preservation of the
initial crystallographic orientation are carried out by
means of regulation of mode parameters, application
of corresponding schemes and welding procedures.
At that, regulation of the weld pool metal tempera-
ture and its gradient at the solidification front, rate of
crystallization and cooling, time of melt existence,
geometry of macrofront of the weld pool solidifica-
tion are performed. As a result the better indices of
HNA structure are obtained, namely refinement of
dendrites; y’-phase, carbides, eutectic size and other
phases, their chemical inhomogeneity decreases. This
promotes improvement of mechanical properties as
well as service characteristics [1, 3].

It should be noted that the problems of develop-
ment of complex geometry structures, including from
HNA using welding technologies in the recent years
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are actively solved by the methods of 3D printing
(3D) or additive manufacturing (AM) [25-29].

It is informed that Siemens Company has success-
fully carried out the bench tests of the GTE exper-
imental blades, produced on 3D printer. They were
tested in the engine under conditions of complete
loading at temperature more than 1250 °C. Blades
material is polycrystal nickel superalloy. General
Electric Company started using additive technologies
in manufacture of the elements of gas turbines [30]
from polycrystal HNA.

Regardless the advantages of the indicated tech-
nologies, it is necessary to pay attention on a series of
disadvantages, which complicate their application in
manufacture of the complex geometry single-crystal
structures from HNA.

First of all, production of the single-crystal prod-
uct requires presence of an initial single-crystal billet,
absence of which is one of the advantages of 3D-tech-
nology. Secondly, it is obvious, that during the whole
process it is difficult to keep the conditions necessary
for formation of single-crystal HNA structure, includ-
ing G/R relationship. The powders of corresponding
composition are necessary. They have very high re-
quirements on grain size and chemical composition,
yield, production and storage conditions. Even insig-
nificant deviations from AM technological process
result in change of object geometry, nonuniformity
of structure, including deterioration of single-crys-
tallinity, unsatisfactory surface quality, partial lack
of fusions and overlaps, that all together complicate
production of structures of complex geometry by 3D
printing method.

An alternative to the 3D printing method in man-
ufacture of the single-crystal structures of complex
geometry can be a technology based on discrete and
successive melting of billet of specific composition
by concentrated power source. Up to the moment the
technology is updated in a part of determination of
heat, deformation and orientation conditions and de-
pendencies of structure formation.

In development of the single-crystal complex ge-
ometry welded structures there were proposed and
tested the technological schemes based on:

e dosed heat input in welding of structure elements
of different thickness or different chemical composition,
realized due to discrete asymmetry scanning with regu-
lation of frequency, amplitude, time of beam delay;

e regulated heat input on depth of weld pool in
welding of structure elements up to 10 mm, per-
formed, mainly, due to discrete beam scanning in
combination with high welding rate;

e development of temperature range in the area of
successive local melting and quasistationary thermal
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loys in the joining zone due to optimum for each case
relationship of the welding mode parameters.

Figures 6-9 illustrate some of the results of appli-
cation of such schemes.

Figure 6 illustrates the possibility of development
of the coarse single-crystals and structures by means
of EBW of the billets, produced by directed solidifi-
cation method. Oriented cutting of the billets and their
assembly for welding provided symmetrical structure
of the joint with deviation of the crystallographic ori-
entation for not more than two degrees. Except for

Figure 5. Microstructure of weld metal with initial asymmetric
crystallographic orientation of welded joint produced with regu-
lation of temperature-rate parameters of weld pool solidification:
a— x30; b — x50
field, at which direct crystallization and formation of
single-crystal structure will take place;

e providing specific G/R relationship in joining
the elements of different crystallographic orientation
(Figure 5), thickness and various grades of welded al-

p.£12201 90 p.£12201 90
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Figure 6. Example of coarsening of single-crystal of billets from
ZhS32 alloy of 2 mm thickness using EBW. General view (a), Figure 7. Variant of welded single-crystal structure of ZhS32
microstrucutre (b — x50; ¢ — x100) and pole figures {220} of alloy billets made by EBW: a — initial single-crystal billets of
welded joint (b) 5 mm thickness; b — welded element; ¢ — joint microstructure
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Figure 8. Appearance (a) and structure (b — x100; ¢— x50) of single-crystal blade from ZhS32 alloy of high-pressure turbine in air-
craft GTE with leading edge repaired by singlepass (b) and multi-pass (C) electron beam surfacing

preserving the initial crystallographic orientation,
there were developed a technology eliminating warp-
ing of longitudinal welded joint.

Figure 7 shows a single-crystal hollow billet of
rectangular section, welded by electron beam of
5 mm thickness single-crystal plates. As it is shown
by X-ray and metallographic examinations of the
joints, absence of ROG, orientation homogeneity of
the weld metal and heat-affected zone with the base
metal, which does not exceed five degrees, describe
the single-crystal nature of welded structure in whole.
High crystallographic homogeneity of the joints is
reached due to set values and combinations of techno-
logical parameters, modes, EBW procedure and pro-
viding of crystallographic symmetry of butt joints in
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manufacture of the initial billets and their assembly.
At that, it is possible to ensure fulfillment of condi-
tions of directed crystallization, namely temperature
(G/R relationship approximately 600 s-°C/mm? at de-
viation of the joint edges from high symmetry up to
20°) and orientation (formation of macroflat solidifi-
cation front of pool in through penetration with the
parallel fusion edges).

Figure 8 demonstrates a variant of surfacing repair
of the most loaded leading edge of single-crystal blade
of high-pressure turbine of ZhS32 alloy. Deposit met-
al inherits the initial crystallographic orientation of
the blade substrate with deviation, not exceeding two
degree. Height of the one deposit layer was set in the
limits of 0.7—0.8 mm. In multipass surfacing the sum
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Figure 9. Prototype of all-welded single-crystal cooled blade of ZhS26 alloy (a) made by EBW of billets (b) with typical crystallo-

graphic structure, and microstructure (c, d) of joint metal

height can reach 3 mm and more. The filler material
corresponded to composition of the deposited blade.
Analysis of the results of X-ray examination on shape
and broadening of the isointense lines of | | distribu-
tion indicates homogeneity of dislocation distribution
and absence of ROG with formation of substructure
with low-angle disorientation.

Figure 9 presents the variant of complex structure
of cooled blade, produced by EBW. Such a solution
in addition to simplification of production technology
allows getting the optimum innovative geometry of
the inner channels at lower expenses. This provides
the maximum coefficient of inner blade cooling.

A basic scheme of welding technology was de-
velop based on the results of investigations. It allows
providing preservation of the single-crystal structure
with disorientation of structural constituents, which
does not exceed 5°, absence of cracks and random
orientation grains. Except for known technological
activities on repair of polycrystalline blades, the tech-
nology includes the following basic operations:

e determination of crystallographic orientation of
the defective zone;

e optimizing the weld pool shape;

e selection of parameters of mode and procedure of
electron beam welding, which provide the necessary
weld pool geometry and temperature-time parameters
at the solidification front.

The technology was realized in repair of blades
of ZhS26 and ZhS32 alloys. The experimental works
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on coarsening of single-crystal billets of 1.5-5.0 mm
thickness were carried out.

The level of mechanical properties of joints of sin-
gle-crystal alloy ZhS26 makes:

e short-term mechanical properties of welded joints
from alloy in 500-1000 °C temperature range not low-
er than the level of properties of initial single-crystal in
the whole investigated temperature range;

e long-term strength of welded joint on the basis
of 100 h at 900 °C reaches o, > 240 MPa that makes
approximately 75 % of the base metal.

Given results show the possibility of formation of
the welded joints of complex geometry and deposits
with single-crystal structure that potentially allows
using fusion welding in repair and production of the
single-crystal parts. Absence of grains in such a prod-
uct and, respectively, high-angle boundaries, makes
the grounds for high service parameters and working
capacity of the welded structures.

It is obvious that application of these technologies
allows:

e providing development of innovative products
based on new principles with improved mechanical
characteristics and service parameters.

e reduce laboriousness and production cost;

e decrease material consumption;

e provide energy saving;

e increase compatibility of the products on the in-
ternational market.

89




PATON 100

Naturally, that proposed solutions require further
development from point of view of design and tech-
nological improvement together with developers and
manufacturers of the products.

Taking into account outlined fundamental and ap-
plied developments it can be concluded that applica-
tion of welding technologies currently can be the most
reasonable, if not single in some cases, solution of the
problem of development of complex geometry prod-
ucts of HNA with the single-crystal structure.
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