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EFFECT OF ENERGY PARAMETERS
OF MICROPLASMA POWDER SURFACING MODES
ON SUSCEPTIBILITY OF NICKEL ALLOY ZhS32
TO CRACK FORMATION

K.A. YUSHCHENKO, A.V. YAROVITSYN and N.O. CHERVYAKOV
E.O. Paton Electric Welding Institute, NASU
11 Kazimir Malevich Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

Presented is a technological experience of the E.O. Paton Electric Welding Institute in area of development of surfacing
technologies for serial repair of blade flanges of aircraft GTE of nickel heat-resistant alloys ZhS26 and ZhS32 with
oriented crystallization based on microplasma powder surfacing. It is shown that heat input value in a single-layer
or multilayer surfacing using up to 40 A welding current can uniquely determine susceptibility to crack formation in
«base—deposited metal» joints. A range of values of total heat input was determined. They can be used to predict ab-
sence or presence of cracks (hot or reheating cracks) with high probability. 18 Ref., 7 Figures.

Keywords: nickel heat-resistant alloys, microplasma powder surfacing, weldability, crack formation susceptibility,

effective heat power of arc, heat input, total heat input

Nickel heat-resistant alloys ZhS26 and ZhS32 with ori-
ented and single-crystal structure, containing 60 vol.%
and more of strengthening y"-phase are used in a series
of current aircraft engines as a material of cast blades of
high- and middle-pressure turbines (HPT and MPT) [1,
2]. Their sealing and antivibration elements working
under more than 900 °C temperature wear and damage
in process of operation most of all. Due to significant
cost of the blades development of technology of their
flange repair has been very relevant for long period of
time [3-9] at extension of aircraft engine life.

Earlier these nickel heat-resistant alloys due to
high content of strengthening y”-phase were consid-
ered unweldable because of high susceptibility to
hot crack formation in application of filler material
similar on composition to base metal and level of
high-temperature strength.

Appearance of hot cracks in the deposited metal
and HAZ of the base metal with austenite structure is
caused by exceeding a level of deformations, develop-
ing in a welded joint at cooling or under outside effect,
and metal ductility in its specific zone [10]. Young’s
elasticity modulus in alloy ZhS32 at T = 20-1100 °C
reduces from 140 to 90 GPa and thermal coefficient of
linear expansion a rises in (1.1-2.4)-10° 1/°C interval
[11]. Due to known proportionality of solid body de-
formation in process of heating to EaT product [12]
it can be assumed that the high values of rate of ten-
sile deformations growth in cooling of welded joint

including ZhS32 alloy are caused by respective com-
bination of indicated physical-mechanical properties
of this material at high temperature. It is considered
that one of the most efficient techniques for preven-
tion of crack appearance in fusion welding of nickel
heat-resistant alloys is reduction of heat input in the
product [13] that in most cases is reached by limita-
tion of welding current intensity.

E.O. Paton Electric Welding Institute has devel-
oped a process of microplasma powder surfacing of
ZhS32 alloy, which is currently used for serial repair
of the blades of alloys ZhS26 and ZhS32 [5-9].

Peculiarity of this process is on-line control of
welding current in 2-35 A range, surfacing rate in
0.2-3.0 m/h range and amount of filler powder in 0.5—
5.0 g/min range depending on thickness of deposited
blade flange and required bead section [5-9]. Neces-
sary section of the deposited bead is determined by
depth of wear or damage of blade flange (Figure 1)
and can be provided per one [5-7] or several [8, 9]
layers of repair surfacing.

In earlier published works [5—6] the main atten-
tion was paid on registration of separate modes of
microplasma surfacing, at which in alloys ZhS26 and
ZhS32 their susceptibility to crack formation in fu-
sion welding and further heat treatment didn’t appear.

Mastering of multilayer surfacing of alloy ZhS32
is very relevant in recent time due to expansion of a
range of repaired parts and increase of zone of service

© K.A. YUSHCHENKO, A.V. YAROVITSYN and N.O. CHERVYAKOYV, 2017
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Figure 1. Appearance of wear removed zone and damages on blade flanges of aircraft GTE (a, b) and scheme of distribution of base
and deposited metal in cross-sections of bead at their single-layer (h, <4 mm ) and multilayer (h, > 4 mm) repair surfacing (c) ( is the

thickness of blade flanges; h
height of deposited bead; B,, B, are the width of deposited bead
damages [8, 9]. In this connection, aim of the pres-
ent paper is evaluation of process ranges of modes of
microplasma powder surfacing from point of view of
crack formation resistance in «base—deposited metal»
welded joint of ZhS26-ZhS32 and ZhS32-ZhS32-sys-
tems. The cracks can be hot as a result of fusion weld-
ing as well as appearing at their further heat treatment.

Series of leading foreign researchers characterize
the welding processes on location of areas susceptible
and unsusceptible to crack formation in correspond-
ing welded joints of nickel heat-resistant alloys de-
pending on value of heat input and welding rate [14].
The attempts of such an analysis for investigated al-
loys and process of microplasma powder surfacing
have not been made yet.

In our case the following was taken as analyzed
total indices of its modes:

e effective heat power of arc g, . characterizing
specific power of heat flow of the microplasma arc in
anode per unit of time, and first of all, depending on
value of welding current intensity [5, 15];

e heat inputs in the product, characterizing aver-
age amount of heat introduced per 1 mm of length of
deposited bead and, in particular, caused by duration
of weld pool existence in molten state [16, 17].

In single-layer surfacing they correspond to heat
input g, /v (taking into account effective efficien-
cy of the product); and in multilayer surfacing they
are determined by sum of heat inputs in deposition of
each layer XQ /L.

The results were received in process of adjust-
ment and mastering of commercial technologies for
of microplasma powder surfacing repair of the flang-
es of blades of ZhS26 and ZhS32 alloys with up to
3-6 thou. h of running, in particular, in aircraft engine
DI18T [6, 7]. At that in this case of multilayer surfac-
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h,, are the depth of base metal penetration; H ; H, are the height of deposited bead; h,, h, are efficient

ing no intermediate heat treatments were used for
welding stresses relaxation after deposition of each
layer or due to technological requirements they were
limited by 1050 °C mode (2.5 h) [6, 7]. At that, solu-
bility of y'-phase in ZhS32 alloy does not exceed 50 %
[18] at such modes of heat treatment. Therefore, it is
assumed that they do not have significant relaxation
effect on accumulated welding stresses and deforma-
tions in contrasttoy + y* — y — y + y"-transformation
in process of homogenization of nickel heat-resistant
alloys ZhS26 and ZhS32.

Statistical data on the modes of microplasma pow-
der surfacing were collected in course of registration of
its electric parameters and their further treatment using
procedure of work [16]. Averaged energy indices of
surfacing modes [15, 16], namely effective heat pow-
erof arc g, . and heat input g, /v, were determined
in 5-40 A range. Used procedure through g, . . (1) de-
pendence allowed taking into account pulse modes of
welding current with different pulse shape and time of
pulse duration as well as level of constriction of micro-
plasma arc, caused by diameters of plasma and focus-
ing nozzle channels of the microplasmatron and com-
position of shielding gas in Ar + (0-10) % H, system.
At that, the analysis was made for the process of sur-
facing (Figure 2) of directly pilot and pilot-commercial
batches of GTE aircraft blades (Figure 3) or the process
of deposition of the samples in form of narrow sub-
strate [15] of up to 5 mm width, simulating real modes
of repair of blade flanges (Figure 4). In some cases (see
Figure 4, a) such samples were later on used for eval-
uation of level of heat resistance of «base—deposited
metal» welded joint of alloy ZhS32 [6].

Analyzed values of heat inputs in the product in
the studied welded joints were correlated with process
strength on criterion of crack formation susceptibility

3
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Figure 2. Fragments of registration of parameters of surfacing mode in flange surface of upper platform of MPT blade of ZhS26 alloy

Figure 3. Appearance of aircraft GTE blades, repaired with microplasma powder surfacing of ZhS32 alloy: a — HPT blade, alloy
ZhS32, engine D18T [6]; b — MPT blade, alloy ZhS26, engine D18T [7]; ¢ — shroudless HPT blade with inner gas-cooled cavity [8]

in «base—deposited metal» joint of nickel heat-resis-
tant ZhS26-7hS32 and ZhS32-ZhS32 alloy systems.
Failures of the process strength of respective joint did
not appear in process of fusion welding and their fur-
ther heat treatment (Figure 5) or under some conditions
appeared with high probability in form of macro- and
microcracks in fusion welding and/or further heat treat-

Figure 4. Appearance of samples of ZhS32 alloy simulating re-
pair surfacing of blade flanges of aircraft GTE: a — single-layer
surfacing on 3.5 mm narrow substrate width; b — five-layer sur-
facing on 2.5 mm narrow substrate width

4

ment of the deposited parts (Figure 6). Macrocracks
were detected visually or using penetrant testing, mi-
crocracks were found applying metallographic analysis
of longitudinal cross-sections of «base—deposited met-
al» joint at x50-200 magnification.

Statistical analysis showed that in microplasma
powder surfacing the value of effective heat power of
arc in a range less than 650 W and, respectively, the
value of welding current up to 30-40 A inclusively
can not be uniquely considered as a process parameter
completely determining crack formation susceptibili-

500 um

Figure 5. Example of sound microstructure of «base (1) — deposited
(2) metal» joint of ZhS32-ZhS32 system, area of fusion line, REM

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 2, 2017
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:[ 200 um

Figure 6. Examples of appearance of macro- and microcracks
(indicated by arrows) in «base (1) — deposited (2) metal» joint,
detected in process of adjustment of technology of microplasma
powder surfacing of MPT blade of aircraft engine D18T (alloy
ZhS26): a — at penetrant testing; b — at metallographic testing
(optical microscopy)

ty in «base—deposited metal» joints, made on narrow
substrate of 1-5 mm width. Failures of the process
strength in g, . = 150-450 W value range as well as
obtaining of respective welded joints without crack
formation at g, . = 600 W are possible.

At the same time, the value of total heat inputs
ZQ,/L (Figure 7) can sufficiently uniquely charac-
terize the possibility of crack formation in studied
«base—deposited metal» joints of ZhS26-ZhS32 and
ZhS32-7hS32 system. Boundary between the zones,
in which the process strength of corresponding joints
is provided with high probability or does not provided,
lies depending on narrow substrate width & = 1-5 mm
at £Q,/L = 3200-4200 J/mm. In future work, a lev-
el of maximum allowable heat inputs for serial repair
shall be additionally specified depending on a level of
effect of serial of the process factors, namely state of
the base metal; height of deposited bead and number of
its layers; initial temperature of the joint before deposi-
tion of the next layer and others.

It was experimentally determined that in cooling
the rate of tensile deformations growth in heat-af-
fected zone of the deposited bead, as a rule, does not
exceed the critical values of maximum allowable
deformation for alloys ZhS26 and ZhS32. The bead
is deposited using single-layer and multilayer mi-
croplasma powder surfacing on narrow substrate of
1-5 mm width in a process range of parameters char-
acterized by 1 <40 A, ¢, . <650 W and 2Q//L <
< 3000-4000 J/mm.

Thus, it is shown that the effective heat power of
arc and value of welding current in up to 40 A range
play smaller role, than it was supposed earlier, from
point of view of demonstration of susceptibility of
the studied nickel heat-resistant alloys with oriented

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 2, 2017
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Figure 7. Dependence of obviousness (1) and non-obviousness
(2) of susceptibility to crack formation in «base-deposited metal»
joint of ZhS26-ZhS32 and ZhS32-ZhS32 systems on value of to-
tal heat inputs Q_/L and width of narrow substrate &
crystallization to crack formation in fusion welding.
In particular, this fact is proved by the possibility of
performance of sound deposits at variation of welding
current intensity in 2—3 times in course of sufficient-
ly long period of time (see Figure 2). It is more rea-
sonable to assume that effect of current intensity and
effective heat power of arc develop indirectly via the
value of total heat inputs together with surfacing rate
and amount of deposited metal layers.

Conclusions

1. A process range of energy parameters of surfac-
ing modes, used for repair of blade flanges of aircraft
GTE and providing absence of hot cracks or reheating
cracks, was analyzed for conditions of microplasma
powder surfacing on narrow 1-5 mm substrate of nick-
el heat-resistant alloy ZhS32 of limited weldability.

2. For the first time, a boundary was set between
process ranges of surfacing modes, where absence or
presence of cracks, including hot ones in process of
fusion welding, is observed. Its position depending on
width of narrow substrate is characterized by value of
total heat input 3200-4200 J/mm.
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ARGON-ARC WELDING OF TITANIUM
AND ITSALLOYS USING FLUXES (REVIEW)
S.V. AKHONIN and V.Yu. BELOUS

E.O. Paton Electric Welding Institute, NASU
11 Kazimir Malevich Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

In 1950-1980 PWI laid the scientific foundations of development of fluxes for welding and melting titanium and its
alloys. Technology of automatic consumable electrode welding of titanium with application of oxygen-free fluxes was
developed. Processes of tungsten electrode argon-arc welding over a layer of flux (TIG-F) and tungsten electrode weld-
ing with application of titanium flux-cored wire (TIG-FW) were developed. These methods expand the technological
capabilities of tungsten electrode arc welding, provide high quality of titanium welded joints and guarantee absence of

pores in welds. 17 Ref., 4 Tables, 9 Figures.

Keywords: automatic arc welding, argon-arc welding,titanium alloys, consumable electrode, nonconsumable elec-

trode, oxygen-free fluxes, flux-cored wire

Complexity of technological processes of titanium weld-
ing is due, primarily, to its high reactivity. In welding,
titanium actively absorbs gases from the environment
leading to an essential lowering of ductile characteristics
of the weld. In addition, pores can form in the weld that
abruptly lowers fatigue characteristics of welded joints.

One of the founders of studies conducted at PWI to
solve the problems of welding titanium, as well as reac-
tive, refractory and non-ferrous metals, was Prof. S.M.
Gurevich. Many years of work of the research team led
by him, allowed solving for our country the problem
of producing sound welds of titanium and its alloys.
Owing to detailed investigations, performed under the
leadership of Prof. S.M. Gurevich, scientific funda-
mentals for development of oxygen-free fluxes were
laid, and fluxes for titanium welding were developed.
As a result, application of practically all the known
methods of fusion welding became possible at present
to produce titanium welded joints, including consum-
able electrode submerged-arc welding, tungsten elec-
trode welding, electroslag and electron beam welding,
as well as solid-phase welding.

Automatic consumable electrode welding of
titanium with application of oxygen-free fluxes.
Consumable electrode submerged-arc welding tak-
ing one of the leading positions in modern industry
by the scope and scale of commercial application, has
a number of significant features, compared to other
processes. First of all, this is the presence of a shell of
molten flux, covering the welding zone and protect-
ing it from harmful effect of atmospheric gases. Here
interaction of metal and flux-slag takes places, and
metallurgical reactions are running which may lead to
weld enrichment in impurities.

It is known that fluxes applied for welding steels,
have different oxidizing properties with respect to

© S.V. AKHONIN and V.Yu. BELOUS, 2017

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 2, 2017

iron. Investigations conducted in 1950s in our country
and abroad showed that in welding titanium even with
low-silicon fluxes, conditionally called basic, which
are characterized by the lowest oxidation ability, the
metal is intensively saturated with oxygen, leading to
a brittle joint [1].

As a result, in the initial period of industrial appli-
cation of titanium as a structural material, some foreign
researchers even denied the principal possibility of sub-
merged-arc welding application for titanium, as at that
time metallurgists failed to select a material that would
not react with it or contaminate it with oxygen [2].

Theoretical studies, confirmed by experimental
work conducted at PWI under the leadership of Prof.
S.M. Gurevich, allowed refuting this erroneous opin-
ion. Possibility of welding titanium using special re-
fractory fluxes was proved, principles of construction
were established and new systems of halogene oxy-
gen-free fluxes were created [3].

Analysis of metallurgical and technological fea-
tures of welding titanium allowed defining special
requirements, which should be met by the developed
flux systems. The main of them is complete absence of
oxides. It was established that presence of even such
stable oxides as ALO,, ZrO, and TiO, in the flux does
not prevent weld metal oxidation (Figure 1). Only
complete removal of oxides from the flux ensures ox-
ygen content below 0.1 % in the deposited metal.

Investigations, led by Prof. S.M. Gurevich, showed
that oxygen-free fluxes for welding titanium and its al-
loys, meeting the above requirements, can be created by
applying fluorides and chlorides of alkali and alkali-earth
metals as their components [4]. Interaction of weld pool
metal with the flux should be considered primarily as
one of the most important metallurgical features of sub-
merged-arc welding of titanium. Thermodynamic calcu-
lations, as well as results of some direct studies showed
that two types of reactions can run: titanium reaction
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Figure 1. Oxygen content in the deposited layer, depending on
concentration of some oxides in the flux: 1 — Al,O,; 2 — SiO,
with flux components and titanium oxide reaction with
the flux. Thermodynamic calculations, studies of the
slag crust and deposited metal allowed formulating re-
quirements to fluxes for welding titanium alloys:

e for a more complete interaction of flux with ti-
tanium and its oxides it is desirable for the flux com-
position to contain maximum amount of fluorides and
minimum amount of chlorides;

e the most suitable components for the flux are
fluorides, characterized by the greatest ability to react
with titanium oxides.

The best results were obtained when CaF, was used
as the flux base. An important property of this refrac-
tory fluoride is its ability to intensively interact with
water vapour with formation of hydrogen fluoride,
presence of which in the arc zone was established ex-
perimentally. Thermodynamic calculations show the
possibility of running of a reaction between CaF, and
water vapour at temperatures above 2000 °C. Ability to
remove absorbed moisture from the welding zone and
owing to that, protection of weld metal from saturation
with hydrogen and oxygen, is an important feature of
welding titanium using CaF,-based flux, that is one of
the causes of complete absence of porosity in welds
made with consumable electrode using fluoride fluxes.

Selection of optimum composition of CaF, based
fluxes is a complex task in connection with the fact
that numerous eutectics form with lower-melting flu-
orides, while regions of melt concentrations charac-
terized by sufficiently high melting temperature, are
extremely limited. PWI studies were the basis to de-
velop oxygen-free halogenide fluxes of ANT series,
such as ANT-1, ANT-3, and ANT-7, designed for con-
sumable electrode welding of titanium and its alloys
[3, 5]. During welding, the developed fluxes reliably
isolate the molten metal pool and cooling sections of

Table 1. Content of main impurities in the metal of welds in VT1-0

the weld and HAZ from harmful contact with atmo-
spheric gases, that is indicated by the results of analy-
sis of gas content in the metal of commercial titanium
weld (Table 1). To ensure impurity content in the weld
metal on the level of their concentration in BM, it is
necessary to apply flux with moisture content of not
more than 0.05 %. Particle size distribution in the flux
is from 0.3 up to 1.5 mm. Investigations showed that
welds made with flux application, have no pores, slag
inclusions, cracks or other defects.

Technological properties of fluxes of ANT series, de-
signed for automatic consumable electrode welding of
titanium (process stability, good weld formation, etc.),
largely depend on CaF, purity. It is established that the
cause for flux properties deterioration is CaO content
in the flux, the amount of which should not be higher
than 0.5 %. To ensure maximum purity of the fluxes,
primarily, for oxide content, chemically pure reagents
are used in their manufacture, application of minerals
and components of commercial purity is not allowed.

Development of welding consumables for sub-
merged-arc welding of titanium was also the basis for
development of fluxes and technology for electroslag
welding and melting of titanium [6].

Technology of automatic consumable electrode weld-
ing of titanium using oxygen-free fluxes was developed
at PWI under the leadership of Prof. S.M. Gurevich [7].
This method allows making all the main types of welds
on titanium, namely butt, fillet, tee and overlap welds at
3to 40 mm thickness of the elements being joined.

A quite essential feature of automatic sub-
merged-arc welding of titanium is the need to perform
the process at minimum admissible distance between
the surface of metal being welded and lower point of
the nozzle — dry extension of electrode wire. This
is due to the fact that titanium has very high specific
electric resistance and increase of dry extension leads
to excess heating of electrode wire, its saturation by
harmful gas impurities, violation of welding process
stability, and, consequently, deterioration of mechan-
ical properties and quality of weld formation. Weld-
ing is performed at reverse polarity direct current.
Welding at straight polarity and alternating current
markedly impairs weld formation. Welding wires of
2.5; 3.0; 4.0 and 5.0 mm can be applied. Application
of larger diameter wires is difficult, because of their
higher rigidity. Welding wire of VT1-00sv grades is
used for welding commercial titanium VT 1-00 and
VT 1-0 and low alloys OT4, OT4-0, OT4-1, VT-5,
VT5-1, and 4200. Wires of SPT2, VT20sv and other

0 titanium welded joints made with ANT-1 flux

. Content, % (BM/weld metal)
Metal thickness b, mm N, o, H, C
2.0 0.029/0.025 0.085/0.085 0.008/0.007 0.07/0.05
4.5 0.037/0.030 0.078/0.077 0.004/0.005 0.06/0.04
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grades are applied for welding medium and high al-
loys. It is recommended to perform welding of PT-3V,
PT-7M type alloys with 2V wire.

It is recommended to perform welding of longitudi-
nal welds on thin metal (3—6 mm), as well as multilayer
welds on metal of medium thickness at small current
using ANT-1 flux. ANT-3 flux is applied for making
circumferential welds on titanium of small thickness
and all single-pass welds on titanium of medium thick-
ness. ANT-5 and ANT-7 fluxes are designed for joining
thick metal in welding at currents exceeding 700 A.

Comparison of the results of testing the metal of
welds made by automatic submerged-arc welding
and nonconsumable tungsten electrode welding in
a chamber with argon atmosphere showed that the
strength and ductility characteristics are almost equal
in both the cases. However, toughness of welds made
by submerged-arc welding, even though it is at a suf-
ficiently high level, is inferior to the respective indi-
ces of welds, made with tungsten electrode in argon.
Thus, impact toughness KCU of the metal of weld on
VT5-1 alloy made by automatic submerged-arc weld-
ing, is equal to 48 J/cm?, here impact toughness of the
metal of weld made by tungsten electrode in argon,
has the value of KCU = 62 J/cm?.

A combined flux-gas method of weld pool shield-
ing during automatic consumable electrode welding
was developed for welding special-duty structures [8].
Its essence consists in that flux blowing with argon is
performed in a hopper of special design during flux
feeding into the welding zone. Nitrogen and oxygen
penetration into the weld pool is completely eliminat-
ed as a result of argon ousting the air present between
the flux granules. Mechanical properties of the metal
of weld, produced with consumable electrode flux-gas
shielding, and of the weld, made with tungsten elec-
trode in a chamber with inert atmosphere of argon,
were similar (Table 2). Flow rate of argon required for
blowing the flux in the hopper, is equal to 3—4 I/min.

Butt joints up to 10 mm thick can be welded with
success from one side. It is rational to perform butt
joints of 10—-16 mm thickness by welding from two
sides on a copper water-cooled backing with inert gas
shielding of the butt reverse side. For better penetra-
tion of the butt and quality of weld formation, it is
rational to apply X-shaped groove preparation of the
edges to be welded. Here, groove preparation with
90 deg bevel offers the greatest advantages from the
technological point of view. This provides a high sta-
bility of the welding process, good separability of the
slag crust, and improves the penetration depth. Exper-
imental data enables establishing the dependence of
welding current on electrode wire feed rate (Figure 2).

Automatic submerged-arc welding of titanium
items of more than 16-18 mm thickness was per-
formed with edge preparation by deposition of sever-
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Table 2. Mechanical properties of welded joints (VT1-0) made
with flux-gas shielding and with shielding in a chamber with con-
trolled atmosphere

Weld pool 0 0 5
shielding method G,, MPa| o, MPa | 3§,% v, % |a,Jlcm

Flux-gas 315 407 28.6 61.3 83

Inert gas 310 402 30.2 62.8 81

al layers. The surface of the previous weld should be
thoroughly scraped before welding of each next layer.
Number of weld scraping operations can be reduced
by application of welding by two arcs, positioned
one behind the other and shifted to a certain distance
across the weld axis. This method allows produc-
ing welds with greater coefficient of groove filling,
smooth transition from BM to weld reinforcement
and high values of strength and ductility (Table 3).
This method is also effective in welding fillet, tee and
overlap joints [1].

Tungsten electrode argon-arc welding of titani-
um with application of oxygen-free fluxes. As shown
by experience of application of automatic consumable
electrode welding with oxygen-free fluoride-chloride
fluxes, the produced welds are characterized by high
density and absence of porosity. This was noted by the
authors of works [9, 10], who studied the measures
to prevent porosity, forming in nonconsumable elec-
trode argon-arc welding of titanium. They showed
experimentally that positive influence of fluorides on
weld density is also preserved in welding in inert at-
mosphere. So, a radical method of prevention of weld
porosity by metallurgical measures, namely welding
with activating CaF, reagent, was proposed for the
first time for argon-arc welding of titanium. Later on,
more effective and adaptable-to-fabrication fluxes for
tungsten electrode welding of titanium and its alloys
were developed. More over, it turned out that halo-
genides of alkali and alkali-earth metals, when pene-
trating into the arc zone, constrict the arc and change
the nature of metal penetration and weld formation.
At arc movement along the butt at the moment of its
transition from the surface of metal not coated by flux,

Iy A

600 |-

500 |

400 |

300 1 1
150 200 250

Unon, m/h

Figure 2. Dependence of welding current value on electrode wire
feed rate in submerged-arc welding of titanium
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Figure 3. Schematic and photo of an arc without flux (a) and with
flux (b)
to a layer of halogenide, arc constriction and change
of'its colour is visually observed, the arc moves deep-
er into the metal and the weld becomes narrower.

PWI studied the influence of fluorides of alkali and
alkali-earth metals on the process of tungsten electrode
welding, such as, for instance, LiF, CaF,, StF,, BaF,,
KF, RbF, CsF, NaF, MgF,, etc., investigated binary
and ternary fluoride systems and as a result, devel-
oped ANT-17, ANT-32 and ANT-25 fluxes, designed
for automatic tungsten electrode argon-arc welding of
titanium. A method of argon-arc welding by tungsten
electrode over a layer of flux (TIG-F) [1, 11] and with
titanium flux-cored filler wire (TIG-FW) was devel-
oped [11, 12]. In both cases, the shielding role of the
flux is secondary. Its main function is enhancement of
technological capabilities of the arc. Deep penetration
of metal, narrow welds, short extent of the HAZ, rela-
tively low heat-input, and, consequently, reduction of
residual welding deformations are some of the advan-
tages of TIG-F welding process (Figure 3).

Flux addition to the arcing zone in argon-arc weld-
ing leads to a change of spatial characteristics and
electric parameters of the arc, in particular, to com-
pression of the arc column and increase of anode cur-
rent density (Figure 4), and consequently, it allows
controlling the parameters of welds, and, primarily,
increasing penetration depth [12, 13].

The observed physical phenomena in the arc, de-
pendent, primarily, on flux composition, determine
also the technological advantages of TIG-F and TIG-
FW welding, compared to TIG process. At unchanged
value of welding current and welding speed flux ap-
plication significantly increases penetration depth,

{

_—

7, A/mm?2

0 1 2 3

7, mm

Figure 4. Radial distribution of current density in the anode spot
in welding of titanium with different fluorides (I, = 100 A; v, =
=10 m/h)

reduces weld width, as well as lowers heat input
(Figure 5). However, at current increase above 200
A, the applied quantity of flux is no longer sufficient
and flux effectiveness drops markedly. Considering
such a feature of TIG-F welding, this welding pro-
cess is recommended to perform welds on metal of
0.8 to 6.0 mm thickness [14, 15]. ANT-23 flux is de-
signed for welding sheets of 0.8-3.0 mm thickness,
and ANT-25 flux is used for square edge welding of 3
to 6 mm thick sheets in a single pass. A small volume
of the weld pool allows application of single-pass au-
tomatic welding over a layer of ANT-25 flux to join
metal up to 6 mm thick on vertical plane.

Argon-arc tungsten electrode welding of titani-
um with application of flux-cored wires. As was al-
ready mentioned, at current increase above 200 A, the
quantity of flux preapplied on the edges being welded
is no longer sufficient and flux effectiveness decreases.
The quantity of flux, added to the arc, i.e. the applied
layer thickness, has the strongest effect on penetra-
tion depth, as greater penetration depth corresponds to
greater thickness of the flux layer. Therefore, a weld-
ing consumable, principally new for titanium appli-
cations, namely flux-cored filler wire (Figure 6), and
technology of tungsten electrode welding of titanium
with application of flux-cored wire (TIG-FW), were
developed for welding titanium of more than 6 mm
thickness. Flux-cored wire basically is a titanium foil
sheath, containing flux filler [14, 15]. Two types of

Table 3. Mechanical properties of welded joints made by automatic two-arc welding with ANT-7 flux”

Alloy grade b, mm G, MPa G, MPa S, % v, % a,, Jlem?
PT-3V 25 676/617 7271677 20.2/19.5 39.6/36.2 68/62
OT4 32 694/661 769/739 23.2/22.3 38.1/35.3 96/88
"VT1-0 electrode wire.

10
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g/v, kJlem

Metal thickness, mm

Figure 5. Dependence of heat input on metal thickness in welding
without flux (1) and over a layer of flux (2) (ANT-23 and ANT-
25A fluxes)

flux-cored wire were developed, namely PPT-1 and
PPT-2, differing both by chemical composition of
the filler, and by their design. Wire of PPT-1 grade is
used in those cases, when no weld reinforcement is
required by service conditions. Wire of PPT-2 grade
with solid titanium wire inside it, allows producing
welds with reinforcement.

Application of flux-cored filler wire allows in-
creasing the quantity of flux in the welding zone. Due
to that TIG-FW method (Figure 7) allows welding
titanium alloys 6.0—16.0 mm thick in a single pass
without edge reparation. Flux-cored wire can be ap-
plied with success for making not only butt, but also
tee joints. As an illustration, Figure 8 gives the mac-
rosections of welded joints of different types, made by
TIG-F and TIG-FW processes.

After welding, a layer of solidified slag remains
on the surface, which provides additional shielding
of solidifying metal. Its removal is performed as after
welding over a layer of flux. In addition to technolog-
ical advantages, application of fluxes and flux-cored
wires in argon-arc welding of titanium has an essen-
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Figure 6. Flux-cored wire cross-section: 1 — sheath; 2 — flux
filler; 3 — core
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Figure 7. Schematic of TIG welding with flux-cored wire

tial influence on metallurgical processes in the weld
pool, in particular, it prevents formation of pores in
welds. Porosity is known to be the main type of metal-
lurgical defects in titanium alloy welded joints, made
both by arc and beam welding processes. Presence of
pores in welds only slightly affects the properties of
welded joints at static loads, but significantly lowers
their performance under dynamic loads, markedly de-
creasing the fatigue limit.

Defects developing in the weld in the form of pores
significantly lower welded joint fatigue resistance. Now,
application of halogenide fluxes and flux-cored wires,
allows prevention of pore formation in welds (Table 4).

As is seen from the above data, volume fraction of
pores in the metal of welds made on commercial titani-
um by different fusion welding processes differs essen-
tially by its value. Maximum number of pores is found
in EBW welds and minimum number of pores is pres-
ent in welds made by ESW and TIG with application
of flux that is attributable to active metallurgical inter-
action of flux with molten metal of the weld pool [16].

Investigations showed that application of fluxes and
flux-cored wires in welding leads to hydrogen binding
by fluorine in the weld pool into hydrofluorides of TiF
H, type, which remain in weld metal as microscopic
slag inclusions, that, as shown by testing, have no es-

Figure 8. Macrosections of welded joints made over a layer of
flux ANT-25A (a, b); PPT-2 (c); PPT-1 (d)
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Table 4. Volume fraction of pores in titanium joints made by different welding processes

o, oy, MPa KCV, J/em?
500 o
°§_ i, MPa H, N2
00T Gy MPa KCV, Vem?
70 v, % - 140
300 F
50k - 100
200 3, %
30 = 60
100 |
10F - 20
oL

Figure 9. Mechanical characteristics of welded joint of unalloyed
titanium of Grade 2 (6 mm thickness): 1 — base metal; 2 — weld
metal

sential influence on mechanical properties of welded
joints (Figure 9), made with flux application.

Application of welding over a layer of flux allows
a significant improvement of technico-economic indi-
ces of welding [17]. So, for instance, in welding 5 mm
titanium sheet welding time, wire consumption and
argon flow rate are reduced by more than 60 %, and
power consumption decreases by more than 50 %.
Here, the cost of 1 m of weld (including additional
cost of flux), decreases almost two times.

Conclusions

1. PWI developed a series of oxygen-free fluxes and
technology of consumable electrode welding of titani-
um with application of the developed fluxes for weld-
ing titanium and alloys on its base.

2. Developed fluxes and method of tungsten elec-
trode welding of titanium over a layer of flux (TIG-F)
widen the technological capabilities of tungsten elec-
trode welding of titanium, provide greater penetra-
bility of the arc, absence of pores in welds, and high
quality of the produced joints.

3. Application of flux-cored wire and TIG-FW meth-
od of tungsten electrode welding of titanium allows per-
forming single-pass welding of up to 16 mm thick metal
with complete penetration and guarantees absence of
pores in welds and high quality of the produced joints.

12

10.

11

12.

13

14.

15.

16.

17

welding process Metal 'Volume fractloon of pores|
m,, %
Base metal 0
. Weld made with through penetration of the plate 0.82
Argon-arc welding (TIG) Weld made over a layer of ANT-17A flux 0.65
Weld made over a layer of ANT-25A flux 0.43
Base metal 0
Electron beam welding (EBW) Weld made with through penetration of the plate 1.40
Butt weld 1.34
. Base metal 0
Electroslag welding (ESW) Weld 046
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PRODUCING DISSIMILAR JOINTS
OF MOLYBDENUM-STAINLESS STEEL
USING VACUUM BRAZING
S.V. MAKSYMOVA, V.V. VORONOV, P.V. KOVALCHUK and A.V. LARIONOV

E.O. Paton Electric Welding Institute, NASU
11 Kazimir Malevich Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

In this work the possibility of using brazing alloys with the structure of a solid solution based on Cu—Mn—Ni system for
brazing dissimilar joints of molybdenum-stainless steel was shown, the results of micro X-ray spectrum examinations
and strength characteristics of brazed joints were presented. The micro X-ray spectrum examinations revealed that in
producing dissimilar joints of molybdenum-stainless steel using brazing alloys based on Cu—Mn—Ni system the central
zone of a brazed weld is composed of a solid solution on copper base. The diffusion zone of weld (on the side of mo-
lybdenum) is formed by the phase based on molybdenum, which is precipitated in the form of a continuous band along
the brazed weld. The application of brazing alloy based on Cu—Mn—Ni system with the structure of a solid solution pro-
vides formation of dense brazed welds without cracks. The shear strength is at the level of 200-210 MPa during fracture
in the brazed weld and at 300 MPa during fracture in the base metal (molybdenum). 9 Ref., 3 Tables, 10 Figures.

Keywords: dissimilar joints, vacuum brazing, brazing alloy, structure, solid solution, weld, mechanical properties

The optimum service properties of a number of struc-
tures can be provided by applying the composite com-
bined units of dissimilar metals. In this case, the ad-
vantages of each of them are most completely realized
and the expensive metals are saved [1]. The joints of
dissimilar materials produced using brazing, are in
demand in different branches of industry [2, 3].

In particular, the joints of molybdenum-stainless
steel are used in manufacturing parts operating for a
long time at a high temperature in the nozzles of rock-
ets and electric vacuum devices, in nuclear power in-
dustry in manufacture of nuclear reactors, in produc-
tion of round anodes of X-ray tubes, heat exchangers,
for manufacture of equipment operating in aggressive
environments and a number of other products [4, 5].
It was managed to reach the higher manufacturabili-
ty of many modern structures mainly due to the use
of the latest achievements in the field of brazing. The
selection and use of dissimilar metals as structural
materials are determined by the service requirements
specified for the structure and by economic indicators.

It is naturally, that the joining of dissimilar met-
als represents a more complicated problem than
joining of similar joints. This is due to the differ-
ence in chemical composition and physical and me-
chanical properties of materials being joined. Thus
in brazing dissimilar metals a big problem is to pro-
vide wetting of both materials and overcoming the
difference in the coefficients of thermal expansion,
which may lead to formation of brittle intermetal-

lic interlayers at the interface, occurrence of inner
stresses, appearance of cracks.

Each pair of the dissimilar materials being joined
requires an individual approach in choosing brazing
alloys and parameters of technological brazing pro-
cess [6]. The applied brazing alloys should provide
good wetting of both metals, the melting temperature
of brazing alloy should not exceed the solidus tem-
perature of a more low-melting base metal. The final
aim of the technological process of brazing is the for-
mation of serviceable joints with the specified service
characteristics.

In brazing of refractory, chemically active metals
(molybdenum, etc.) with corrosion-resistant steels it
is necessary to apply brazing alloys with the structure
of a solid solution or plastic brazing alloys based on
the copper-silver system, which will contribute to re-
laxation of stresses in the brazed joint and serve as a
damper between two metals being joined. However,
brazing alloys based on silver are characterized by a
low melting temperature and a low resistance under
the conditions of neutron radiation.

In this work the features of formation of brazed
joints of molybdenum-stainless steel using brazing
alloys with the structure of a solid solution based on
the copper-manganese system, and the results of mi-
cro X-ray spectrum examinations of brazed joints and
their strength characteristics are presented.

As the base metal, molybdenum, stainless steel
09Kh18NIOT and brazing alloys based on cop-
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Figure 1. Appearance of brazed specimens of molybdenum-steel
09Kh18N10T: a — straight; b — reverse fillet

per-manganese system were applied. The brazing
alloys were applied in the cast form and were pro-
duced by melting in the laboratory installation in
the shielding atmosphere of argon. The produced
ingots were overturned and remelted (up to 5 times)
in order to average the chemical composition and
provide a uniform distribution of elements. The
solidus and liquidus temperatures of cast brazing
alloys were determined using the installation of
high-temperature differential analysis in the shield-
ing atmosphere of helium at constant heating and
cooling rate (40 °C/min).

For metallographic examinations the overlapped
joints were brazed, the specimens were cut out per-
pendicular to the weld, the microsections were man-
ufactured according to the standard procedure and
examined using the scanning electron microscope
TescanMira 3 LMU. The distribution of chemical
elements was examined using the method of a local
micro X-ray spectrum analysis applying the energy
dispersion spectrometer Oxford Instruments X-max
(80 mm?) under the control of the software package
INCA. The locality of micro X-ray spectrum mea-
surements did not exceed 1um, the filming of micro-
structures was carried out in back-scattered electrons

800

600

400

200

0 30 G0 90 f, min

Figure 2. Thermogram of heating during brazing of molybdenum
with stainless steel applying brazing alloy No.1

14

Table 1. Applied brazing alloys and brazing modes

Number of | Basic alloying system of Brazing temperature,
brazing alloy brazing alloy °Cltime, min
1 Cu—Mn-Ni—Fe-Si 1050/3
2 Cu-Mn-Ni-Si 1100/5
3 Cu—Mn-Ni 1084/3

(BSE), which allowed examining the microsections
without chemical etching.

For mechanical tests the plane overlapped joints of
the 100x30x3 mm size were brazed and tested using
the installation MTS-810.

Among the peculiarities of molybdenum there is
a low resistance to oxidation at high temperatures.
Above 500 °C the sublimation of MoO, begins and at
600 °C it becomes more significant and at higher than
800 °C the MoO, is melting which leads to hyper-
active oxidation in the air atmosphere [7]. Therefore,
brazing of molybdenum was carried out in vacuum.
During assembly of specimens for brazing the brazing
alloy was placed near the brazing gap. During heat-
ing the brazing alloy was melted and due to capillary
forces it flowed into the gap.

The visual inspection of appearance of brazed
specimens showed that while using brazing alloys
(Table 1) a smooth straight complete fillet (Figure 1,
a) is formed. The inverse fillet differs from a straight
one by a smaller size (Figure 1, b).

In brazing of dissimilar joints of stainless steel-mo-
lybdenum applying brazing alloy No.1 at the mode,
shown in Figure 2, a wide brazed weld based on cop-
per is formed (Figure 3, a).

In the central area of the brazed weld the solid
solution based on copper (92.58 %) is crystallized
which except of the constituent elements of brazing
alloy contains also a small amount of iron, which is
2.87 %.

In some areas the brazing alloy penetrates into
stainless steel to the maximum depth of 20 um (Fig-
ure 3, a).

In the peripheral zone of brazed weld, which bor-
ders with molybdenum, two diffusion layers are ob-
served, which are distinguished in the form of nar-
row solid bands along the brazed weld. One of them,
based on molybdenum, (51.21 %) is enriched with
iron (31.71 %), silicon (up to 5.88 %) and located
closer to molybdenum (Figure 3, b). The second one
is based on iron (68.02 %) and does not contain mo-
lybdenum but also enriched with silicon and borders
with a solid solution based on copper. Their width is
variable, but it does not exceed 5 um for each one.
The common feature for these layers is the presence
of increased concentration of silicon from 4.83 to
5.88 % (Table 2).
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Figure 3. Microstructure (a) and examined regions of brazed joints (b), produced applying brazing alloy No.1
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Figure 4. Examined regions of weld of brazed joint, produced applying brazing alloy No.2

It is obvious that during brazing the silicon inter-
acts with iron and molybdenum, but during cooling of
brazed joints under non-equilibrium conditions (at the
drop of temperature and limited solubility of silicon)
the phases are formed enriched with the latter.

The presence of gradient of concentration of chem-
ical elements in these areas promotes the formation of
longitudinal cracks (Figure 3, a) along the weld on the
side of molybdenum over the diffusion layer based on
molybdenum (51.21-52.59 %), enriched with iron

(31.71-32.07 %) (Table 2, spectrum 1, 3). Such a for-
mation of brazed joints is caused by mutual diffusion
processes, occurring at the brazing alloy-stainless
steel interface.

In brazing applying the brazing alloy with a re-
duced (0.2 %) concentration of silicon (No.2) the for-
mation of fillet areas does not differ externally from
the previous specimen. The brazing alloy provides a
good wetting of base metals, it also penetrates into
the base metal (stainless steel) along the grain bound-

Table 2. Results of micro X-ray spectrum analysis of individual phases of brazed joint applying brazing alloy No.1

Number Chemical elements, wt.%

of spectrum 0] Si Cr Mn Fe Ni Cu Mo
1 - 5.88 7.08 0.77 31.71 2.54 0.81 51.21
2 - 4.83 16.79 2.23 68.02 4.46 3.67 -
3 - 5.65 6.56 0.86 32.07 2.27 0.00 52.59
4 - 4.92 16.50 2.48 66.79 4.63 4.68 -
5 1.74 - - - - - - 98.26
6 1.85 - - - — - - 98.15
7 — - 0.30 3.04 2.87 1.21 92.58 -
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Table 3. Chemical composition of investigated areas applying brazing alloy No.2

Number of Chemical elements, wt.%

spectrum Si Ti Cr Mn Fe Ni Cu Mo
1 0.92 0.00 8.41 0.69 23.55 2.52 0.49 63.41
2 0.09 0.00 0.98 4.93 4.65 2.22 87.13 0.00
3 0.08 0.11 0.00 0.00 0.17 0.00 0.00 99.65
4 0.69 0.qq 13.66 2.92 61.36 9.84 5.66 5.87
5 0.61 0.00 15.52 2.55 64.90 8.75 6.12 1.55
6 111 0.00 11.55 1.97 36.83 3.43 4.27 40.84

aries. The examination of structure of brazed welds
at high magnifications showed that between stainless
steel and molybdenum a diffusion layer is observed in
the form of a continuous band of 2.5 um width based
on molybdenum, which contains up to 23.55 % of
iron but the concentration of silicon in it is lower and
does not exceed 0.92 % (Figure 4, Table 3).

In accordance with the binary diagrams of metal
systems there are significant regions of solubility in
the molybdenum-iron system at high temperatures,
but these regions are reduced rapidly at lower tem-
peratures and at room temperature the mutual solubil-
ity is practically absent. Between the elements being
considered there is a number of intermetallic phases,
which can play a negative role, leading to the brittle-
ness of a brazed joint [8].

The obtained results of investigations show that in
some regions over the diffusion layer the microcracks
are observed (Figure 4, b), they are located perpendic-
ular to the plates being brazed, but they are absent in
the brazed weld.

In order to eliminate the formation of cracks the
brazing alloy No.3 was used in the brazed joints for
brazing, which contains no silicon. The ternary alloys
of Cu—Mn—Ni system are characterized by unlimited
solubility in the liquid and solid state (Figure 5).
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Figure 5. Ternary diagram of state Cu—Mn-Ni with adjacent bi-
nary systems [9]
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In the system Mn—Ni the ordering of solid solution
with the formation of phase Mn—Ni occurs at decrease
in temperature [8].

The application of brazing alloys with the struc-
ture of solid solution during brazing of dissimilar
joints with extended brazed welds allows reducing
the influence of difference in thermal expansion co-
efficients. The brazing alloy acts as a soft interlayer,
which provides relaxation of inner stresses occurring
during heating and cooling.

The results of high-temperature differential ther-
mal analysis are in good correlation with the diagrams
of state of metal systems. At the thermal curve of
heating a thermal effect was registered, which shows
the melting range and corresponds to the solidus and
liquidus temperature of the alloy (Figure 6).

The brazing mode applying the mentioned braz-
ing alloy corresponded to the temperature of 1084 °C,
however during investigation of brazed welds the
cracks were not detected but the dense brazed joints
are observed (Figure 7, ).

The use of a slight pressure during brazing has no
effect on formation and chemical composition of dif-
fusion layers, at the same time providing formation of
dense brazed welds without cracks (Figure 7, b).

After metallographic and micro X-ray spectrum
examinations the parameters of technological process
of brazing were optimized and plane specimens of
overlapped joints (three specimens for each brazing
alloy) were manufactured for mechanical tensile tests
at room temperature (Figure 8, a, b).
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Figure 6. Temperature intervals of melting alloy of Cu—-Mn-Ni
system
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Figure 9. Shear strength of brazed joints of molybdenum-stain-
less steel

The carried out tests showed that the application
of brazing alloy based on the system Cu—Mn—Ni,
containing silicon (1 %), can not provide the shear
strength higher than 110 MPa (Figure 9).

The reduction in concentration of silicon in the
brazing alloy No.2 provided increase in shear strength.
The application of brazing alloy based on the system
Cu-Mn-Ni (No.3) with the structure of solid solution,

bR T ‘ 2 20 um
Figure 7. Microstructure of brazed joint, produced in brazing
without (a) and with pressure (b) applying brazing alloy No.3

Figure 10. Brazed specimens after mechanical test