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ABSTRACT

The paper studies the influence of arc welding technological processes on the resistance of welded joints of sparcely-alloyed
weathering 06G2BDP steel to cold and hot cracking and brittle and fatigue fracture. With the help of the Implant method and
using the technological Tekken sample, the conditions for cold cracking were evaluated and the methods of their elimination
were recommended. It is shown that with the use of mechanized welding in shielding gases, solid-section and flux-cored wires
provide high technological strength of welded joints in terms of hot cracking in a wide range of welding modes. On the other
hand, when using coated electrodes, this range is narrowed, and at V, . > 20 mm/min, joints are prone to the formation of this
defect. The results of studies on the evaluation of welded joint resistance to brittle fracture indicate high values of the stress
intensity factor K 0 for both the weld and HAZ metal. The endurance limit of T-joints when tested by cyclic loading was deter-
mined, which is [6] | = 35 MPa.

KEYWORDS: weathering steel, welded joints, cold cracks, hot cracks, brittle fracture, cyclic loading, fatigue fracture

INTRODUCTION

Publications of recent years indicate an increase in
the use of weathering sparcely-alloyed steels in met-
al structures of bridges and other building structures
[1-3]. Such trends are characteristic of developed
countries, such as the USA, Japan, Italy and Great
Britain [4-7]. In view of the interest of domestic
bridge builders in the use of weathering rolled steel
for span structures of bridges in Ukraine, sparcely-al-
loyed weathering 06G2BDP steel with an increased
phosphorus content of up to 0.05 % is proposed [3].
The conducted studies of the impact of thermal weld-
ing cycles on the change in the structure and mechan-
ical properties of the HAZ metal of welded joints of
the mentioned steel made it possible to establish a
range of optimal cooling rates, at which static strength
and impact toughness grow due to the formation of a
bainitic-martensitic structure in this area of a joint [3,
8]. In [9], based on the carried out studies of the in-
fluence of mechanized arc welding in shielding gases
and automatic submerged arc welding methods on the
mechanical properties and structure of welded joints
of 06G2BDP steel of C390 and C500 strength classes,
welding consumables are proposed that provide the
required set of mechanical properties of the weld met-
al at the level of the base metal of the abovementioned

Copyright © The Author(s)

strength classes. At the same time, it is known that an
increased content of phosphorus in steel can deterio-
rate its weldability.

The main difficulties in welding low-carbon steels
are related to the need in preventing the probability of
cold cracking in the HAZ and weld metal, as well as
structures that sharply reduce the resistance of weld-
ed joints to brittle and fatigue fracture. Hardening
structures in the HAZ and weld metal, hydrogen in
these areas of a welded joint and stresses of the first
kind caused by the welding process and the rigidity of
joint fixation have a decisive impact on cold cracking
[10-14].

The most common defects in welded joints, in
addition to cold cracks, include intercrystalline frac-
ture — hot cracking. Hot cracks are one of the types
of high-temperature fracture. They can arise with an
unfavorable combination of factors associated with a
deterioration in the deformation capacity of the met-
al due to the appearance of low-melting eutectics,
defects in the crystalline structure, precipitations of
brittle phases in the structure, as well as under the
effect of external and internal stresses. Hot, or crys-
tallization cracks represent micro- and macroscopic
discontinuities originating in the crystallization inter-
val of the metal. The temperature at which they are
formed depends on the chemical composition of the
weld metal. In welding of carbon steels, hot cracks are

3
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formed, as a rule, in the temperature range from 1200
to 1350 °C. Hot cracks are an unacceptable defect of
a welded joint, which can be the cause of fracture of
structures during manufacture or operation.

The ability of weld metal to perceive elastic-plas-
tic deformations at high temperatures in the welding
process without hot cracks determines its technologi-
cal strength. The high probability of defects in welded
joints of metal structures made it necessary to assess
the probability of brittle fracturing of welded struc-
tures depending on their load conditions, location of
a defect, its shape and size in order to ensure the reli-
ability of their operation. It became possible to solve
this problem due to the use of criteria and methods of
fracture mechanics. They are based on tests of spec-
imens with artificial defects, the sizes of which are
stable during manufacture and are subjected to analyt-
ical interpretation, in contrast to natural technological
defects, the stable sizes of which are very difficult to
predict.

Therefore, the aim of the work was to study the
influence of welding technological processes on the
resistance of welded joints of 06G2BDP steel to de-
layed, intercrystalline, brittle and fatigue fracture. To
achieve the set aim, the following research tasks were
solved in the work based on the use of specialized re-
search methods:

e the influence of the technological parameters of
arc welding (preheating temperature, welding input
energy, etc.) and the content of diffusible hydrogen in
the deposited metal on the resistance of welded joints
of 06G2BDP steel to cold cracking (delayed fracture)
was determined;

e the resistance of welded joints of the studied
steel to hot cracking (intercrystalline fracture) was
evaluated;
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Figure 1. Influence of preheating temperature on cooling rate of
specimens in the temperature range of 600-500 °C (a) and their
period of stay in the temperature range of 800—100 °C ()
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e the influence of arc welding parameters on the
resistance of welded joints to brittle and fatigue frac-
ture under the cyclic load was studied.

RESEARCH PROCEDURE

Studies of the tendency of the HAZ metal of welded
joints of 06G2BDP steel to delayed fracture depend-
ing on the content of diffusible hydrogen in the weld
metal and the value of critical stresses were carried
out using the Implant method [10]. Cylindrical speci-
mens-inserts manufactured of 13 mm thick 06G2BDP
steel with the following chemical composition in %:
0.07 C; 1.36 Mn; 0.08 Si; 0.3 Cr; 0.03 Nb; 0.47 Cu;
0.011 S; 0.053 P were subjected to tests. The same
steel was used in manufacturing technological plates
of 300250 mm, into which specimens-inserts were
inserted.

Manual arc welding was performed with ANP-10
electrodes of 4.0 mm diameter, which provided the in-
dices of yield strength of the weld metal approximate-
ly at the level of this steel and were 539-550 MPa.
The following mode was used for welding: [ =
160-180 A, U, = 26-27 V, V_= 7.5 m/h. The cool-
ing rate of the HAZ metal was regulated due to pre-
heating. At the same time, the initial temperature of
the plates varied from 20 to 90 °C, and the cooling
rate of welded joints in the temperature interval of
600-500 °C (w, ) varied in the range from 21 to 14
°C/s. Dependencies characterizing the effect of the
preheating temperature on the cooling rate of the
specimens and the period of their stay in the tempera-
ture range of 800-100 °C () are shown in Figure
1 [11]. The content of diffusible hydrogen in the de-
posited metal, which was determined by the method
of pencil samples using a mixture of glycerin and dis-
tilled water in a ratio of 1:4 as a blocking substance,
was changed due to electrodes with different coating
humidity. For this purpose, the electrodes were moist-
ened or calcinated at different temperatures.

Resistance to cold cracking of welded joints was
evaluated using the well-known Tekken technological
sample [12].

The presence of cold cracks in it was detected
within 24 h after welding by an external inspection
of the weld surface and on the macrosections, if they
occurred in depth without exit to the surface of a
joint. The critical cooling rate of welded joints or the
concentration of diffusible hydrogen in the deposited
metal was used as a test criterion, at which the total
length of cracks in the root, on the surface, and in the
weld or HAZ section did not exceed 50 %.

Manual arc welding of Tekken technological sam-
ples was performed with coated ANP-10 electrodes
of 4.0 mm diameter in the same mode as in weld-
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ing by the Implant method. Mechanized welding in
shielding gases was performed with the solid-section
NiMol1-IG wire and the flux-cored Filarc PZ 6114S
wire of 1.2 mm diameter. Welding with the flux-cored
wire was performed in CO,, and with the solid-section
wire — in shielding gases 82 % Ar + 18 % CO,. The
modes of mechanized welding were the following:
I, =180-200 A, U =26-28V, V_=14-16 m/h. Both
manual arc and mechanized welding were performed
without preheating.

The succeptibility of the weld metal to hot crack-
ing was evaluated by the method of tests during static
bending of welded joints in the process of their weld-
ing. At the same time, the critical deformation rate
V..» Which leads to hot cracking, was determined. The
welding modes are indicated above, only the welding
speed was a variable. In manual arc welding, it was
changed in the range of 9.5-12 m/h and in mecha-
nized welding — in the range of 15-20 m/h.

Standard specimens of 120x20x10 mm were used
to evaluate the resistance of welded joints to brittle
fracture, which were tested in three-point bending ac-
cording to the methods of fracture mechanics.

For comparison, one series of specimens was man-
ufactured from the base metal and other — from butt
joints produced by mechanized welding in a gas mix-
ture of 82 % Ar + 18 % CO, with the solid-section
NiMol-IG wire and the flux-cored Filarc PZ 6114S
wire in CO,,.

The notch and the tip of a fatigue crack in the spec-
imens were located in the weld or in the HAZ metal.
The specimens were loaded in the Friedland installa-
tion, while the loading rate was 4—18 mm/min.

In order to evaluate the resistance of welded joints
to fatigue fracture [15], the studies were conducted us-
ing T-specimens with a one 50 mm height transverse
stiffener, which was welded-on to a 13 mm thick plate
in two fillet welds with full penetration (Figure 2).

Mechanized welding of T-specimens was per-
formed with the solid-section BOEHLER NiMo1-1G
wire of 1.2 mm diameter in a gas mixture of 82 % Ar +
18 % CO,. After welding, the specimens were subject-
ed to the cyclic bending load (UMP-02 installation)
with a frequency of 14 Hz at different symmetrical cy-
cle stresses of 45, 40 and 35 MPa. During the fatigue
tests, a number of load cycles was recorded, during
which fatigue cracking of a critical size (3 mm) oc-
curred.

RESULTS OF THE WORK
AND THEIR DISCUSSION

Using the Implant method, it was shown that the
stress, at which delayed fracture of 06G2BDP steel
specimens is not observed is 440 MPa. At higher

=] |
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Figure 2. Schematic representation of T-specimen for fatigue tests

values of loads, flowability of the specimens was
observed. As was shown by the results of previous-
ly conducted metallographic examinations, under the
given cooling conditions, in the HAZ metal, a bainitic
structure is formed. Based on that, it can be assumed
that with a limited amount of diffusible hydrogen in
the deposited metal of up to 0.8 ml/100 g, the HAZ
metal with this structure does not undergo hydrogen
embrittlement and has a high resistance to cold crack-
ing. Using the same method, it was established that
the critical stresses, at which delayed fracture does not
occur, decrease to 220 MPa when [H] . is increased
to 3.8 ml/100 g, and increase to 340 MPa when its
value is reduced to 1.8 ml/100 g (Figure 3).

With an increase in the content of diffusible hydro-
gen in the deposited metal from 0.8 to 3.8 ml/100 g,
the risk of cold cracking in the HAZ metal of welded
joints grows. To exclude the probability of cracking
in such joints, the level of residual stresses should not
exceed 440 and 360 MPa. It is possible to improve the
resistance of the HAZ metal of welded joints to de-
layed fracture thanks to the use of preheating. Thus, it
was established that at [H] .= 3.8 ml/100 g, preheat-
ing (T') to a temperature of 60 °C makes it possible to
increase the level of critical stresses to 380 MPa, and
at Tp =90 °C, to 6 =420 MPa.

Therefore, with a limited content of diffusible hy-
drogen in the weld, the HAZ metal is not prone to de-
layed fracture. According to these conditions, welded

G¢r, MPa
)
2 \
300 | ;
200 |- f
100 ! !
0 0.8 1.8 38

[H] gige» m1/100 g

Figure 3. Influence of diffusion hydrogen on resistance to delayed
fracture of HAZ metal of 06G2BDP steel: / — without heating;
2—T =60°C;3—T =90°C
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Figure 4. Macrosections of welded joints of Tekken samples of
06G2BDP steel, produced: a — with the solid-section NiMo1-1G
wire in a gas mixture of 82 % Ar + 18 % CO,; b — with the flux-
cored Filarc PZ 61148 wire in CO,; ¢ — with coated ANP-10
electrodes

joints of this steel have sufficient resistance to cold
cracking.

The analysis of macrosections cut out from Tekken
samples within 24 h after making the reference welds
showed that in welding without preheating, all the
abovementioned welding methods and welding con-
sumables provide sufficiently high resistance of weld-
ed joints to cold cracking, regardless of the alloying
weld metal (Figure 4).

It was established that sparcely-alloyed welding
consumables, namely ANP-10 electrodes and the
flux-cored Filarc PZ 6114S wire, as well as the sol-
id-section NiMol-IG wire alloyed with nickel and
molybdenum under the conditions of manual arc and
mechanized welding in shielding gases, provide high
resistance of welded joints of 06G2BDP steel to cold
cracking.

Table 1. Technological strength of welded joints of 06G2BDP steel

The obtained data on the resistance of welded
joints of 06G2BDP steel to hot cracking show (Ta-
ble 1) that during mechanized welding in shielding
gases with both flux-cored as well as solid-section
wire, sufficient technological strength is provided in a
wide range of loading rates. On the other hand, under
the conditions of using ANP-10 coated electrodes at
a deformation rate V, . < 20 mm/min, welded joints
of 06G2BDP steel have a margin of technological
strength. An increase in the deformation rate to the
values higher than 20 mm/min leads to hot cracking,
the resistance to which deteriorates.

The conducted studies using the criterion of frac-
ture mechanics established that the highest K o indices
are typical for the base metal. Their values depend on
the test temperature of the specimens and decrease
from 103.8 MPaVm (test temperature of 20 °C) to
90.7 and 86.0 MPaVm at (-20 and —40 °C), respec-
tively. Somewhat lower, but still rather high K , values
were obtained from the results of tests of the speci-
mens, in which the tip of the fatigue crack was located
both in the center of the weld metal, as well as in the
HAZ metal of welded joints.

Regardless of the welding method, the studied
welding consumables and applied welding modes
provide fairly close K, indices both for the welds as
well as for HAZ of welded joints. Thus, for the weld
metal, produced by the flux-cored Filarc PZ 6114S
wire at test temperatures of —40, —20 °C and 20 °C,
the average K  values are, respectively: 82.2; 84.9
and 96.2 MPa\fm, and for the weld metal produced by
the solid-section NiMo1-IG wire, at similar test tem-
peratures, the average K, values are 81.6; 84.4 and
94.9 MPaVm, respectively (Figure 5, a).

A similar dependence of K, indices on the tem-
perature of specimen tests, namely, a decrease in their
values as the temperature drops, was also observed
in the specimens where the tip of the notch fell on

Number Welding variant Deformation .rate Presence of hot
V.., mm/min cracks
10.3
1 Mechanized with the flux-cored Filarc PZ 6114S wire of 1.2 mm diameter in CO, 15
28.6
) Mechanized with the solid-section NiMo1-IG wire of 1.2 mm diameter in a mixture 282
of 82 % Ar+ 18 % C02 37.1 Absent
18.3
25.5
3 Manual arc with coated ANP-10 electrodes of 4.0 mm diameter
32.7
52
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Figure 5. Dependence of values of critical stress intensity factor K on test temperature for the base metal of 06G2VDGI steel (a, b —

Qo

1) of weld (@) and HAZ metal (b) of welded joints produced with the solid-section NiMo1-IG wire in a gas mixture of 82 % Ar + 18 %

CO, (2) and Filarc PZ 6114S in CO, (3)

the HAZ metal of welded joints. In terms of the val-
ue, they are somewhat lower compared to K o indices
of the weld metal, but they are also at a high level
and in welding with the flux-cored Filarc PZ 6114S
wire they were 81.7; 83.5 and 93.1 MPaVm, and in
welding with the solid-section wire — 81.2; 82.8 and
91.7 MPaVm at test temperatures of —40, —20 and
20 °C, respectively (Figure 5, b).

The results of fatigue resistance studies showed
that at symmetrical cycle stresses of 45 and 40 MPa,
cracks of critical length were formed in the T-speci-
mens along the fusion line. Namely: at 6 =45 MPa,
a fatigue crack formed after N = 999,000 load cycles,
at | =40 MPa, it was observed after N = 1,670,000
load cycles.

Under the test conditions at the symmetric cycle
stress of 6 | = 35 MPa, the T-joint of 06G2BDP steel
remained non-destructive after N = 2.1-10° load cy-
cles. Thus, it can be assumed that for welded joints of
06G2BDP steel, the endurance limit is at the level of
6, =35MPa.

CONCLUSIONS

Studies of the influence of arc welding technological
processes on the resistance of welded joints of corro-
sion-resistant 06G2BDP steel to cold and hot cracking
as well as brittle and fatigue fracture established the
following:

e the use of sparcely-alloyed ANP-10 electrodes
with a content of diffusible hydrogen in the deposited
metal limited to [H] . = 0.8 ml/100 g in manual arc
welding, flux-cored Filarc PZ 6114S wire, as well as
solid-section NiMo1-1G wire alloyed with nickel and
molybdenum in mechanized welding provide high re-
sistance to cold cracking in the HAZ and weld metal
of welded joints. With an increase in the content of
diffusible hydrogen to [H] . to 3.8 ml/100 g, it is nec-
essary to apply preheating to 7 ,=90°C;

e the abovementioned welding consumables
during mechanized welding in shielding gases pro-

vide sufficient technological strength in a wide range
of loading rates. On the other hand, in manual arc
welding with the coated ANP-10 electrodes, the mar-
gin of technological strength is ensured under the con-
ditions of the deformation rate of V, . <20 mm/min;

e high resistance of both weld and HAZ metal to
brittle fracture is ensured also when using mechanized
welding in shielding gases with the flux-cored Filarc
PZ 6114S wire and solid-section NiMo1-IG wire. In-
dices of the stress intensity factor reach the values of
K,=96 MPaVm. A reduction in the test temperature
to —40 °C leads to a decrease in the stress intensity
factor by 15 %, K 0= 82 MPaVm;

e cyclic load tests show that the endurance limit of
welded joints of 06G2BDP steel is symmetrical cycle
stresses of 6| =35 MPa.

The authors express their gratitude to V.A. Yash-
chuk, head of the group, and senior research associate
Zavdoveev A.V for carrying out tests of welded joints
on resistance to brittle and fatigue fracture.
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ABSTRACT

The article presents the results of studying the choice of temperature-time and energy-force parameters in flash butt welding
(FBW) of the railway crosspiece core (110G13L steel) with rail (K76F steel) through an intermediate chrome-nickel austen-
itic insert (08Kh18N10T steel). Using an algorithm of numerical solution of the three-dimensional heat conduction equation
under the initial and boundary conditions corresponding to the real conditions of welding of the specimens, thermal cycles in
FBW of K76F steel with austenitic 08KhISN10T steel and 110G13L steel with austenitic 08KhI8N10T steel and temperature
distribution in welded joints (in the heat-affected zone for both steels) were obtained. Ranges of varying the main technological
parameters of the FBW process have been determined, in which during flashing of rails from K76F, 110G13L and 08KhI8N10T
steels, their uniform heating across the cross-section and length is provided, sufficient for achieving deformation to the speci-

fied extent during upsetting.

KEYWORDS: flash butt welding, railway crosses, rail steel, pulsating flashing

INTRODUCTION

The development of various welding methods made
it possible to solve many problems typical for man-
ufacturing products from metal materials. One can-
not imagine modern mechanical engineering without
welding technologies and other processes accompa-
nied by materials fusion. One of the most difficult
problems is related to the formation of permanent
combined structures, the elements of which are made
of materials with different composition [1].

There are products of critical purpose that deter-
mine the safety of railway transport. One of the most
typical examples in this field is welded crosses, in
the formation of which three types of steels are used
[2-4].

The method of producing permanent joints, based
on using the technology of flash butt welding of cross-
es from 110G13L steel with railway rails, largely
eliminates the drawbacks characteristic of detachable
structures. This technology is used by European and
Ukrainian manufacturers of switches. The technologi-
cal process consists in successive welding of elements
from high-manganese and chrome-nickel steels, and
then rail steel. Without using intermediate inserts from
O8Kh18NI10T steel, the quality of joining 110G13L
steel and rail steel, which differ sharply in chemical
composition and belong to different structural classes,
does not meet the operating conditions of switches.

Copyright © The Author(s)

Replacing open-hearth steel with converter steel
requires the improvement in the technology for flash
butt welding (FBW) of the railway crosspiece core
from 110G13L steel with rail ends of K76F steel. In
Ukraine, railway rails from oxygen-converter steel —
non-heat-strengthened  (R260), surface-hardened
(R350NT) and surface-hardened, additionally mi-
croalloyed with transition metals, in particular vana-
dium (K76F) and titanium (K76T) are used.

At present, one of the most important parts of the
track upper structure used in the railway industry, are
crosses. High-manganese austenitic 110G13L steel is
successfully used in mechanical engineering. Due to
the ability of the operating surface to cold working,
110G13L steel even now is practically irreplaceable
for manufacturing products operating under the influ-
ence of shock, shock-abrasive loads and high specif-
ic static pressures, as for example, tractor caterpillar
tracks, rail frogs, switches. Along with its unique
properties, the steel has a fairly low cost, so its use
has undeniable advantages.

High-manganese 110G13L steel contains 11-13 %
Mn and is unique for the reason that it combines high
toughness and ductility with a high ability to harden-
ing. Wear resistance depends on the level of intensity
of surface hardening and the hardening process during
operation [5-8]. Railway rails are made of pearlitic steel,
which contains 0.72-0.82% of carbon, up to 1.5 % of
manganese and up to 0.5 % of silicon. The physical
properties of these two materials create a problem during

9
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Figure 1. Dependence of coefficient of heat conductivity of

welded steels on temperature: / — linear (K76F); 2 — linear
(08Kh18N10T); 3 — linear (110G13L)
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Figure 2. Dependence of specific heat capacity of welded steels
on temperature: / — linear (K76F); 2 — linear (08Kh18N10T);
3 — linear (110G13L)
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Table 1. Mechanical properties of studied steels

Steel grade N(ISEa o,, MPa ;’) :)2 Halr;l;seoss,
K76F 485-575 [1311-1368| 13.5 | 31 | 370-380
110G13L 400 800 25 35 | 205-230
08Kh18N10T 205 510 43 45 | 140-150
Notes. o, — yield strength; o, — tensile strength; 6 — relative elon-
gation after rupture; y — reduction in area after rupture.

welding due to different thermophysical (Figures 1, 2)
and mechanical properties (Table 1) [9].

The aim of the work is to establish the influence
of temperature-time and energy-force parameters in
flash butt welding (FBW) on the formation of structure
and phase composition, mechanical characteristics of
solid-phase joints of wear-resistant high-manganese

Table 2. Chemical composition of studied steels

110G13L steel with rail steels through an austenitic
chrome-nickel steel insert.

MATERIALS, RESEARCH PROCEDURES
AND EQUIPMENT

For research, steels were used, the chemical composi-
tion of which is given in Table 2.

Welding was carried out in the K924M machine
designed at the PWI. The machine is designed for
flash butt welding of railway crosspiece elements
from special steel with corresponding parts from rail
steel in stationary conditions or for welding rails of
140—-195 mm height, with a cross-sectional area from
5000 to 15000 mm? with flash removal immediately
after welding. The produced welded joints were used
to make sections to study their structural features.
The strength and ductility of welded butts, elements
of railroad crosspieces, were determined by stat-
ic 3-point bending in the MSP-300 hydraulic press.
To evaluate structural features of welded joints, the
methods of light (Neophot-32), scanning electron
microscopy (JAMP-9500F Auger-microprobe, JEOL
with an installed OXFORD EDS INCA Energy 350
spectrometer) were used. The hardness of metal in the
HAZ of the welded joint was measured by Vickers in
a stationary hardness tester NOVOTEST TS-BRV at
aload of P =300 N.

Prediction of the phase state kinetics of the met-
al of the joint zone of K76F + O08Kh18N10T and
08Kh18N10T + 110G13L steels in the process of
welding and cooling of the welded rail butt was per-
formed on the basis of numerical analysis of tempera-
ture cycles under the specific modes of thermal effect,
chemical composition of ingot steels and anisotropic
austenite decomposition (AAD) diagrams. Such di-
agrams, taking into account the duration of holding
above the corresponding temperatures (austenite grain
size number), have now been developed for many
steels. With the help of AAD diagrams, it is possible
to evaluate the mass fraction Vn of a particular nth
structural component (n = A, F, P, B, M, respective-
ly, austenitic, ferritic, pearlitic, bainitic, martensitic)
in the areas of both pure as well as mixed phases:
austenitic (A), austenitic-ferritic (A + F), pearlitic
(A +F + C), where C is carbides adjacent to the zone
limited by the temperature of the beginning of mar-
tensitic transformation and above by temperatures be-

Mass fraction of chemical elements, %
Steel grade
C Cr Ni Ti Mn Si S P
K76F 0.8 - - - 1.3 0.35 0.004 0.035
110G13L 1.2 1 1 - 14.5 0.8 0.05 0.12
08Kh18N10T 0.07 17.2 11.8 0.4 1.82 0.6 0.001 0.025
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» X
Figure 3. Product to be welded in a rectangular coordinate system

low 600 °C. Accordingly, the points of intersection of
the temperature cycle curves 7(t), characterized by an
average cooling rate in the zone of 800-500 °C deter-
mine the temperature of the beginning and end of the
corresponding structural transformations of austenite
into the n-th phase.

RESEARCH RESULTS AND DISCUSSION

To study the thermal cycles occurring during FBW,
a mathematical model of continuous rail heating was
developed in cooperation with the Department No. 34
“Mathematical methods for studying physical and
chemical processes in welding and special electrome-
tallurgy” of the PWL.

The kinetics of the thermal field in welded rails
was described by the equation (1) of heat conductiv-
ity with variable thermokinetic characteristics of the
material in a three-dimensional coordinate system,
shown in Figure 3 [10-12].

oT (x,y,
Cp(x,y,z,T)-¥:
T I T i

_OT2) 1) (). L2 |

Oox ox
+6T(x,y,z)._}b(x y Z).ﬁT(x,y,z)_Jr- (1)

v | »
+76T(x,y,2). K(x,y,z)'iaT(x’y’z) )

0z | 0Oz ]

Taking into account different mechanisms of
heat dissipation (convective, infrared radiation), the
boundary conditions were described.

oT (1)

Tty (ron). @

The heat source in FBW is thermal energy, described
by setting boundary conditions in the following form (3),
where 1 is the efficiency coefficient, which takes into ac-
count active and reactive losses due to the characteristics
of the secondary circuit of the machine; / is the welding
current; U is the welding voltage.

r.*C

@ K76F

1400 # 08Kh18N10T

1200 ~
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600 +

400 L

200 L I 1 L L L L
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Figure 4. Temperature distribution along the axis of the rails be-
fore upsetting at FBW of K76F and 08Kh18N10T steels (calcu-
lation)

=0,5-n-U-I. (3)

Using a mathematical model of three-dimensional
tracing of temperature fields, the temperature distri-
bution over the thickness of the welded joint before
upsetting in FBW of K76F with 08Kh18N10T steel
was obtained (Figure 4).

To obtain the necessary thermal cycles, the PWI
developed a welding technology called pulsating
flashing.

Due to the multifactor control of the spark gap be-
tween the contacting parts during the flashing process,
as well as instantaneous voltage values, intensifica-
tion of contact heating is ensured, which reduces met-
al losses during flashing and improves the efficien-
cy coefficient compared to conventional processes
of continuous flashing or resistance preheating. The
heating period and flashing tolerances are reduced by
1.5 to 2.0 times. High-quality joints are produced with
a smaller HAZ width.

The use of pulsating flashing (PF) makes it pos-
sible to provide the necessary heating of the rail and
austenitic steels, which differ significantly in their
thermal properties [13].

Experimental studies of thermal cycles were carried
out according to the following scheme. Thermocouples
were welded to the rail head at a distance of 5 mm from

25 mm
20

A A A A

I

Joint line

Figure 5. Layout of thermocouples

1
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Figure 6. Thermal cycles of FBW at different distance from the
joint line of K76F and 08Kh18N10T steels
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Figure 7. Temperature distribution along the axis of the rails be-
fore upsetting at FBW of 08Kh18N10T and 110G13L steels (cal-
culation)
each other (Figure 5). The distance to the first thermo-
couple was calculated in such a way that after a complete
welding cycle, it was 5 mm from the joint line.

The calculated results of thermal cycles coincide with
the experimental studies with a small error (Figure 6).

Using a similar procedure, the temperature dis-
tribution over the thickness of the welded joint be-
fore upsetting in FBW of 08KhI18NI10T steel with
110G13L steel was determined by calculation (Fig-
ure 7).

In FBW of austenitic (08Kh18N10T + 110G13L)
steels, it is necessary to combine more intensive heat-
ing with the depth of metal heating. During the exper-

/i) 8
1400

1200
1000
800
600
400
200

0 20 40 60 80 100 120 140 s
Figure 8. Thermal cycles of FBW at different distance from the
joint line of 08Kh18N10T and 110G13L steels

Table 3. Mode for FBW of K76F rail steel with 08Kh18N10T
steel

Welding parameters

Welding tolerance S, mm 30
Voltage U, V 280-380
Upsetting, mm 12

End flashing rate ¥, mm/s 1.6-1.8

Table 4. Mode for FBW of 08Kh18N10T with 110G13L steel

Welding parameters

Welding tolerance S, mm 30
Voltage U, V 255-380
Upsetting, mm 13

End flashing rate ¥, mm/s 1.8-2.0

iments, the heating duration at its different intensity,
tolerances for flashing and upsetting were varied.

When using the combined heating method (mode),
experimental thermal cycles were obtained, shown in
Figure 8.

Reducing the voltage at a certain stage of the weld-
ing process made it possible to ensure the heating of
steels necessary for the thermo-deformation process.

SKh1SN10T
Vi

B
v

100KV

Figure 9. SEM-image of metal microstructure in the transition zone of the joint K76F + 08Kh18N10T steels
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Figure 10. SEM-image of metal microstructure in the transition zone of the joint 110G13L + 08Kh18N10T steels

In the course of the experiments, the duration of
heating at different intensities, tolerances for flashing
and upsetting values were varied. To ensure the re-
quired energy input, a welding mode for K76F rail
steel with 08Kh18N10T (Table 3) and O8Kh18N10T
with 110G 13L steel (Table 4) was selected.

Changing the primary voltage in the range of
U, = 255-380 V and the displacement velocity
V,=0.8-2.4 mm/s in the FBW process ensures equal-
ization of temperature gradients in austenitic and
pearlitic steels, which allows optimizing the defor-
mation conditions of both steels during the upsetting
process and ensuring that the mechanical properties
of joints meet regulatory requirements.

The transition zone of the joint K76F +
08Kh18NI10T steel (Figure 9) is formed as a result
of fusion of subgrain boundaries of the rail steel and
heterodiffusion processes. The microstructure of the
transition zone is characterized by regions with an
acicular structure against a light field. The flashed ar-
eas formed in the transition zone correspond to the
chemical composition of low-alloy steels. Depending
on the cooling rate, the products of the eutectoid aus-
tenite transformation in such steels can be pearlite,
bainite, or martensite.

The transition zone of the joint 110G13L +
08Kh18N10T steel (Figure 10) has a stable austenitic
structure. The joint area with a variable concentration
of chemical elements has a width of about 200 um. At
the same time, the transition zone with an almost con-
stant concentration of alloying elements Cr, Mn, and
Ni has a width of about 50 um, which indicates that
the welded joint in this zone was formed in a liquid
state. The width of diffusion zones in the joint is up to
50 pum in the direction of 08Kh18N10T steel and up to
100 pm in the direction of 110G 13L steel (Figure 11).

CONCLUSIONS

1. The influence of temperature-time and energy-force
parameters was established and the ranges of chang-
es in the main technological parameters of the FBW

25
o Cr
20
15

10

Atomic percents

160 200 240 280
Distance, pym

80 120

Figure 11. Distribution of chemical elements concentration in the
transition zone of the joint 110G13L + 08Kh18N10T steels (at.%)

process were determined, at which, in the process of
flashing rails from K76F, 110G13L and 08Kh18N10T
steels, their uniform heating over the cross-section
and length is ensured, sufficient to perform deforma-
tion at a specified value during upsetting.

2. Using the algorithm for numerical solution of
the three-dimensional heat conductivity equation un-
der the initial and boundary conditions correspond-
ing to the actual welding conditions of the specimens,
thermal cycles were obtained in FBW of K76F steel
with austenitic 08Kh18N10T steel and high-manga-
nese 110G 13L with austenitic 08Kh18N10T steel and
the temperature distribution in the welded butts (in the
heat-affected zone for both steels) was determined.

3. The thermal cycles in FBW of K76F and
110G13L steels with an intermediate insert of
08Kh18NI10T steel at different values of the main
technological parameters of the welding process were
determined, and the influence of the FBW process on
structural changes in the zone of joining the 1st and
2nd butts was established.

4. The range of changes in the primary voltage U,
and the displacement velocity V, (U, = 255-380 V
and V, = 0.8-2.4 mm/s) in the process of flash butt
welding, at which the equalization of temperature
gradients in austenitic and pearlite steels is provided,

13
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which allows optimizing the deformation conditions
of both steels in the process of upsetting and ensuring
the compliance of mechanical properties of the joint
with regulatory requirements, has been established.
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ANALYSIS OF THE PROPERTIES AND FEATURES

OF HIGH-STRENGTH DEFORMABLE ALUMINIUM ALLOYS
OF Al-Li, AI-Cu—Mn SYSTEMS USED

IN THE AEROSPACE INDUSTRY IN MANUFACTURE

OF WELDED STRUCTURES (REVIEW)

V.1. Zagornikov

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT

The paper presents the main directions of development in the field of promising aluminium alloys. New generation alloys with
improved chemical composition, technologies of manufacture and heat treatment of semi-finished products are considered. The
question of the relationship between the structure of the alloys and their operational properties, the influence of heat treatment
modes and alloying on mechanical properties and weldability of aluminium alloys in order to obtain the specified predicted
operational properties is highlighted. The results of the use of aluminium alloys in aviation and space technology are described.
A review of commercial deformable alloys of Al-Li and Al-Cu—Mn system, and comparative characteristics of weldability of

various promising aluminium alloys (1460, V-1469, 1201

and their analogues 2090, 2195, 2219) is conducted.

KEY WORDS: heat treatment, weld alloying, weldability assessment, measures to prevent porosity, promising methods of

producing welded joints, electron beam welding (EBW)

INTRODUCTION

The growth rate of commercial aircraft and rock-
et construction in Ukraine and in the world dictates
the pace of introduction of modern and innovative
technologies and materials. One of the most import-
ant tasks currently facing the aerospace industry is
improving the equipment weight efficiency and its
strength, which will allow increasing the weight of
the orbited payload.

Modern requirements to materials are becoming
ever more stringent. However, deformable alumin-
ium alloys remain the basic structural materials for
advanced aerospace products due to their low density,
set of service properties, good adaptability-to-manu-
facture, weldability and mastering in the metallurgical
production. In addition to a significant weight reduc-
tion, these alloys should have higher specific and ser-
vice properties, which will allow application of more
efficient design solutions, such as electron beam, la-
ser, friction stir, and automatic argon-arc welding us-
ing new filler materials.

For flying vehicle structures not the absolute, but
specific values of strength properties (c/p, c,,/p) are
important. Therefore, owing to their high specific
strenght the dispersion-hardening alloys of Al-Li and
AL—-Cu—Mn system are widely used in the structures
of space and aviation technology products, in particu-
lar products for cryogenic applications, namely rocket
fuel tanks, fuselage skins and load-carrying elements
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of aircraft design. Alloys not prone to delayed fracture
and having a high ductility of base metal at liquid he-
lium and hydrogen temperature are used for operation
under the cryogenic conditions [1-3].

Despite all the advantages of the developed al-
loys, there is the task to improve the crack resistance
characteristics at preservation of the high level of
strength and corrosion resistance. Their composition,
structure, modes of manufacture, in particular, of ther-
momechanical treatment, are constantly improved in
keeping with the growing requirements to the struc-
tures. This task is solved through development and
introduction of advanced superlight high-strength
materials and their joining technologies.

The objective of this work consists in formulation
of modern requirements to properties of semi-finished
products from deformable aluminium alloys 1460,
V-1469, 1201 and their analogs 2090, 2195, 2219, and
substantiation of the priority of application of a de-
formable alloy of 1201(2219) type, when producing
sound welded joints, using EBW in the structures of
aerospace products.

DISCUSSION OF PROBLEMS IN THE FIELD
OF THE TECHNOLOGY OF HEAT
TREATMENT AND WELDING OF
ALUMINIUM ALLOYS OF Al-Li AND Al-Cu-
Mn SYSTEM FOR AEROSPACE PRODUCTS

With development of aerospace engineering, the
following requirements are made to selection of the
structural material:
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e the alloy should have a sufficient level of strength
and service life characteristics;

e high adaptability-to-manufacture and energy
saving in metallurgical production;

e possibility of various kinds of semi-finished
products;

e adaptability-to-manufacture in production of
parts and assembly of various structure components,
also with welding application;

e the alloy should not contain any highly toxic
components (cadmium, lead, mercury, beryllium) —
elements which evaporate during welding.

The aluminium alloy properties can be improved
both when changing their composition, and a result
of application of new technologies of their production
and treatment. To ensure optimal mechanical proper-
ties, depending on operating conditions (normal —
cryogenic temperature) there is a certain mode of ag-
ing at heat treatment for each type of semi-finished
products. Here, a certain phase composition forms in
the metal structure. Precisely regulated deformation
after quenching in combination with a certain mode
of final aging should ensure the required set of physi-
comechanical properties.

The considered deformable structural aluminium
alloys, mainly, are aluminium alloys with four com-
ponents: Cu, Mn, Mg, Zn. Li, Sc, Zr and Ag were rel-
atively recently added to them (Table 1).

All the abovementioned components were select-
ed by one feature: they have the highest solubility in
solid aluminium, compared to other known elements.
It abruptly decreases with temperature lowering, re-
sulting in intermetallic phase precipitation at cooling
of alloys with these components from the solid solu-
tion, and their dissolution at heating. This phase trans-
formation (the only one in solid aluminium alloys)
opened up the possibility of significantly influencing
the alloy structure and properties through heat treat-
ment. The alloys have a high level of properties after
strengthening heat treatment (quenching and aging),
when the alloy matrix is a solid solution strengthened
by dispersed particles of the intermetallic phases, pre-
cipitating from the solid solution at aging. This ap-

plies to alloys of all the systems, i.e. the strengthening
mechanisms of all the alloys are the same: solid solu-
tion treatment + dispersion hardening. The difference
between the considered alloys is determined by the
composition, crystalline structure and properties of
the dispersed particles of intermetallics, precipitat-
ing from an oversaturated solid solution, on which
the strengthening effect depends. The main property
of these particles is a very high hardness, compared
to the matrix. Secondary dispersed precipitates of
these intermetallic phases determined the high level
of strength characteristics, achieved for aluminium
alloys and the level of their applicability for critical
structures [4].

As natural aging does not cause any changes, after
quenching the semi-finished products are subjected to
artificial aging. It eliminated the need to regulate the
time interval between quenching and aging [5].

The purpose of aluminium alloy aging usually
consists in an additional increase of the quenched
alloy strength. To achieve maximal strength of the
heat-hardenable alloys, it is necessary to obtain by
regulated heating a certain intermediate structure cor-
responding to initial stages of decomposition of the
oversaturated solid solution.

A structure, which combines clusters (Guinier—
Preston zones) corresponds to the initial stages of de-
composition of the oversaturated solid solution. These
clusters have the appearance of platelike precipitates
from the solid solution uniformly distributed over the
grain as fine acicular inclusions, as well as along grain
boundaries in the form of large flakes. At this stage,
no processes of coagulation (coarsening) of strength-
ening phase particles are observed.

Aging of commercial aluminium alloys is condi-
tionally divided into low-temperature (20—140 °C) and
high-temperature (140-220 °C) modes. The products
of decomposition of the oversaturated solid solution at
low-temperature aging usually are coherent dispersed
or partially coherent precipitates, homogeneously dis-
tributed in the grain volume. In some aluminium alloys
(Al-Cu—Mn) preparation to decomposition and ini-
tial decomposition stages occur only at heating of the

Table 1. Chemical composition of alloys of Al-Cu—Li and Al-Cu systems (1460, V-1469, 1201 and their analogs 2090, 2195, 2219)

Weight fraction of elements, %
Alloy grade
Cu Li Zr \% Ti Mn Sc Mg Ag Si Fe
1460 (USSR) | 2.6-3.3 | 1.9-2.3 0.1 - 0.1 0.05-0.1 | 0.06-0.1 | 0.06-0.1 - — —
2090 (USA) 24-3.0 | 1.9-2.6 0.1 - 0.15 0.05 - 0.25 - - -
V-1469 (Russia) | 3.2-4.5 | 1.0-1.7 | 0.02-0.26 - 0.05-0.07 | 0.05-0.08 | 0.02-0.28 | 0.01-0.5 0.45 — —
2195 (USA) 3.7-43 | 0.8-1.2 0.12 - 0.1 0.25 - 0.25-0.8 | 0.25-0.6 — —
1201 (USSR) | 5.8-6.8 — 0.1-0.25 — 0.02-0.1 | 0.20-0.40 — 0.02 — 0.20 | 0.30
2219 (USA) 5.8-6.8 — 0.1-0.25 | 0.05-0.1 | 0.02-0.1 | 0.20-0.40 — 0.02 — 0.20 | 0.30
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quenched alloy up to temperatures, usually in the range
of 100-200 °C. The purpose of this heating is thermal
activation of the diffusion processes.

This is the stage, which ensures the maximal
strength properties (T1), or artificial aging modes with
regulated softening, compared to T1 mode — T2 and T3
modes, compared to the aging stage, which provides
maximal strengthening (achieving maximal yield lim-
it). States T2 and T3 are usually realized through two-
step aging. In aging modes, corresponding to the as-
cending branch of the strengthening curve, an abrupt
lowering of the corrosion cracking resistance is possi-
ble. Such a phenomenon is observed, in particular, in
alloys of AI-Cu and Al-Cu—Mg systems [6].

Without experiments it is impossible to predict the
specific structure, providing maximal strengthening,
which a particular alloy should have. The answer de-
pends on the decomposition stages, which can occur
in this alloy at the given aging temperature, on the
precipitate structure, density of each type of precipi-
tates and other factors.

Two main ways to produce an optimal set of prop-
erties required for reliable service of high-strength
heat-hardenable aluminium alloys have emerged:

1. Increase of the alloy purity as to the main met-
al impurities (Fe and Si), i.e. lowering the admissi-
ble level of iron and silicon impurities in the alloys.
In the majority of aluminium alloys up to 0.5 % Fe
and up to 0.5 % Si are allowed to GOST 4784-74.
Lowering the admissible content of iron and silicon to
0.1-0.3 % and even better to hundredths of a percent
leads to an abrupt reduction of the volume fraction
of insoluble intermetallic phases [ALFe, a(Al-Fe-Si),
0(Al-Fe—Si—-Mn), etc.] and considerable increase of
fracture toughness. The alloy other properties (o, 6, ,,
0 and 6_, exfoliating corrosion) change only slightly.
In this connection, higher-purity alloys began to be
used recently.

2. Application of aging modes, causing a certain
overaging of the metal. Such modes are called “soft-
ening” aging modes and for deformable alloys they
are designated by numbers T2 and T3 (aging to maxi-
mal strength is denoted as T1 and quenching with sub-
sequent natural aging as T); T3 corresponds to stron-
ger overaging than T2. Compared to aging to maximal
strength, softening aging, while leading to partial or
complete violation of the coherence of strengthening
phase precipitates and the matrix, and to their more
homogeneous distribution, causes a certain lowering
of the strength, but an essential increase of fracture
toughness, resistance to stress corrosion and exfoliat-
ing corrosion [7].

Heat treatment allows achieving a great diversity
of structures also in alloys, having no phase trans-

formations in the solid state, but only in the case,
when the initial nonequilibrium state was produced
either during casting (during nonequilibrium crys-
tallization), or by deformation. To achieve maximal
strength, the following three kinds of heat treatment
became widely accepted for aluminium alloys: an-
nealing, quenching and aging, which allow imple-
menting a balanced set of mechanical properties and
heat resistance.

The following system of designations of the states
of deformable aluminium alloys after strengthening
treatment was accepted:

T1 — artificial aging in its pure form. It allows
increasing the mechanical strength of the semi-fin-
ished products and finished products, particularly,
if their machining is planned furtheron. Such a kind
of treatment has a negative impact on duraluminium
corrosion resistance and mechanical strength, and it is
seldom used for it.

T2 — annealing. It allows relieving the casting
and thermal stresses in the material, and improves its
ductility, and it is used in the case, when the billet will
be subjected to cold pressure processing.

T3 — quenching. It is applied for improvement of
the alloy strength properties and for ensuring the re-
quired corrosion cracking resistance.

T8 — a state, in which the solution heat treatment
is followed by cold working, and then by artificial ag-
ing. It is applied for products subjected to cold work-
ing, straightening or leveling to increase the strength.

T81 — it is applied for products, artificially aged
after solution heat treatment, here the strength rises by
approximately 1% of cold working deformation.

T87 — applied for products with approximately 7 %
cold working deformation to increase the strength after
solution heat treatment and further artificial aging.

T62 — it is applied for artificially aged products
after solution heat treatment in O or F state. It is also
used for products, the mechanical properties of which
reach T62 state after heat treatment of products treat-
ed to any state.

Not less promising is the route of further improve-
ment of strength, high-temperature strength, corrosion
resistance and other service and technological charac-
teristics through application of aluminium alloy dop-
ing by metals, which are poorly soluble or practically
insoluble in solid aluminium, but which form various
intermetallic compounds with aluminium [8].

ADVANTAGES OF 2219 ALLOY

Let us consider 2219 aluminium alloy. The advantages
of 2219 alloy are improved mechanical properties of
base metal and welded structures at temperatures well
below zero (to —253 °C). The alloy has good values
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of tensile and yield strength, as well as good fatigue
and creep fracture properties (to =315 °C). It can be
easily worked by pressure. These properties remain
unchanged after heat treatment. In George S.Marshall
Center it was proved experimentally that structural
2219 aluminium alloy is sufficiently hardened so that
the defects caused by nuclear and space radiation did
not significantly affect its mechanical and physical
properties, either at room ambient temperature and at
elevated temperatures, below the accumulated doses
of approximately 10% particles s/cm? [9]. The possi-
bility of receiving a dose of this order is extremely
small, except for cases of pulsar action in immediate
vicinity. The high resistance to elevated temperatures,
hard vacuum, high-energy radiation and micromete-
orites, which influence the characteristics of 2219 al-
loy surface through desorption and erosion processes,
makes such an alloy highly promising for application
as space vehicle skin.

The disadvantages of the abovementioned metal
are as follows. Heating above 300 °C leads to strong
softening, because of coarsening of the main phase of
Al Cu strengthening agent. Moreover, the method of
manufacturing wrought semi-finished products from in-
gots requires a complicated technology, which includes
high-temperature homogenizing annealing, pressure
treatment, heating of the semi-finished products above
500 °C for quenching in water and aging, which signifi-
cantly increases the cost of the final product.

The wide range of possibilities for joining struc-
tural elements made from such an alloy should be not-
ed. The 2219 alloy demonstrates the best weldability
among aluminium alloys of 2xxx series, which is re-
lated to absence of magnesium and silicon as alloying
elements in it. These elements form the ternary and
quaternary eutectics with low melting temperatures
and thus widen the alloy melting range. It is known
that the wide range of melting temperatures, as the
presence of phases with a low melting temperature,
leads to weld cracking, but 2219 alloy does not have
this drawback.

Considering the high value of the linear expansion
coefficient and significant shrinkage of the crystal-
lizing metal, alongside its low mechanical properties
already at the temperature of 236.85-246.85 °C, the
technology of aluminium alloy assembly and welding
should envisage minimal welding strains and stresses.
The process of welding and postweld heat treatment
affects the deformational properties of 2219 alloy
sheets [10, 11]. Minimal welding strains and stress-
es (24 times lower than in argon-arc welding) are
achieved at single-pass electron beam welding of a
large-sized structure, performed with a certain se-
quence of weld deposition [12]. In those situations,
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when quenching of the entire large-sized structure is
not always admissible, because of the structure over-
all dimensions and deformations arising at heat treat-
ment, application of narrow electron beam welds is
indispensable.

These results show that 2219 is the most readi-
ly weldable and the least sensitive to changes in the
welding procedures of all the heat-treatable high-
strength aluminium alloys. At repeated heat treatment
after welding the alloy steadily develops its strength,
which is equal to tensile strength of the base metal.
T81 and T87 annealing modes are recommended for
components which remain in “as-welded” state. For
components which are to be heat treated after welding,
quenched alloys (without any additional treatment af-
ter manufacture) are recommended, due to their lower
cost. Other characteristics, however, are also satisfac-
tory. The recommended postweld practice is T62 for
maximal strength and reducing distortions [13, 14].

THIRD GENERATION
ALUMINIUM-LITHIUM ALLOYS

Over the recent years a decisive transition to alumini-
um-lithium alloys has been made in world cosmonau-
tics. Compared to regular aluminium alloys, such as
2219, which is widely used in cryogenic tanks of space
vehicles, as well as in unsealed structures, the alumini-
um-lithium alloys are characterized by a good combina-
tion of lower density with higher modulus of elasticity,
good weldability, as well as mechanical properties supe-
rior to those of aluminium alloys without lithium.

Various factors influence the commercial alloy
properties. The serviceability of aluminium-lithium
alloys is determined chiefly by such service life char-
acteristics as fatigue crack growth rate, coefficient of
stress intensity in the crack tip (K, K, ), low-cycle
fatigue life, corrosion cracking resistance, and inter-
crystalline corrosion.

The most important factors having a great influ-
ence on the level of the abovementioned properties
include:

e type of grain structure: degree of recrystalliza-
tion, grain shape anisotropy, presence and density
of precipitates on the boundaries of grains and sub-
grains, presence of near-boundary zones free from
precipitates;

e cold tensile deformation between quenching and
aging of the semi-finished products;

e artificial aging mode.

INFLUENCE OF GRAIN STRUCTURE
ON THE ALLOY PROPERTIES

Semi-finished products with a predominantly recrys-
tallized structure have higher characteristics of frac-
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ture toughness and crack resistance at somewhat low-
er strength properties, compared to nonrecrystallized
structure. The main mechanism of fine-grained struc-
ture formation is recrystallization.

INFLUENCE OF COLD DEFORMATION
BETWEEN QUENCHING AND AGING

A considerable effect of improvement of the strength
properties, characteristics of fracture toughness and
crack resistance, as well as corrosion resistance is ob-
served in alloys of Al-Cu-Li and Al-Li-Mg—Cu sys-
tems at application of regulated cold tensile deformation
of quenched semi-finished products before artificial ag-
ing. Such treatment results in increase of the density and
dispersity of precipitates of heterogeneously strengthen-
ing phases, reduction of the width of near-weld zones,
free from precipitates, and of the dimensions and num-
ber of stable phases on the boundaries.

INFLUENCE OF AGING MODES

Aluminium-lithium alloys can be aged to three states:
underaged (soft mode), to maximal strength (aging
“peak”) and overaged. The optimal aging modes
were developed to ensure the required combination of
strength, ductility, toughness and corrosion resistance.
It was found that for the majority of the alloys the
high ductility and fracture toughness, combined with
an average level of strength properties are achieved
after low-temperature aging in the soft mode — und-
eraged state. However, the best corrosion resistance is
ensured as a result of overaging or aging to maximal
strength. The best set of properties (mechanical prop-
erties at tension — fracture toughness) was achieved
at a combination of high deformation (2—8 %) after
quenching with low-temperature aging.

The enumerated features are taken into account
together with the economic considerations at selec-
tion of the temperature-time modes, which ensure
the maximal strength and hardness in commercial
semi-finished products. When establishing the com-
mercial modes, preference is given to those, which
ensure an extended maximum on the aging curves
[15]. As follows from the obtained results, the best
level of mechanical properties is found in sheets af-
ter artificial aging at the temperature of 160 °C — ul-
timate strength and proof strength are not less than
25-35 MPa higher, compared to other studied modes.

Aluminium-lithium alloys have a special posi-
tion among other aging aluminium systems. Howev-
er, they have the disadvantage of a low ductility in
the state of maximal strength. In order to overcome
it, many studies of the influence of different factors
on ductility and fracture characteristics of alumini-
um-lithium alloys have been performed. It was clar-

ified that the causes for lower ductility and fracture
toughness are the deformation heterogeneity; pres-
ence of zones free from the strengthening phase pre-
cipitates, appearance of pores near large particles and
presence of natural admixtures such as K, Na, S, H,,
Fe, Si, forming low-melting eutectics on the grain
boundaries, or precipitation of phases on them. Let
us enumerate the main measures proposed for solving
this problem (ductility increase). This is primarily al-
uminium-lithium alloy doping by copper and manga-
nese, forming ternary phases with lithium and causing
solid-solution strengthening. These phases, alongside
the intermediate one, promote alloy strengthening at
aging and its more homogeneous deformation. Dop-
ing aluminium-lithium alloys by zirconium and scan-
dium serves the same purpose, which allows refining
the microstructure and ensuring additional structural
strengthening due to formation of ultrafine interme-
tallic particles. The forming phases effectively block
the dislocation movement due to formation of Al,Sc
type phase, having a rather high discrepancy between
the lattice and matrix parameters [16]. Modern alu-
minium alloys are multicomponent, so in case of their
alloying by scandium one should take into account the
strengthening influence of other elements, and essen-
tially correct the modes of thermomechanical treat-
ment of the alloys. There is also the method of two-
step aging. Such aging causes a more homogeneous
distribution of the precipitating phases and stabiliza-
tion of the dispersed structure.

The possibilities of improvement of aluminium al-
loy strength by the traditional methods through alloy-
ing and aging have almost been exhausted. It should
be noted, however, that not all the possible methods to
improve the ductility of Al-Li alloys have been used.
A combination of high characteristics of strength and
fracture toughness in these alloys is due to minimal
content of impurities, introducing a small quantity of
rare-earth modifiers and addition of silver, and lower
lithium content. The 2195 alloy containing silver is
used to manufacture TSV fuel tanks, ensuring approx-
imately 13 % weight reduction, compared to earlier
applied 2219 alloy [17]. On the other hand, it was
found that auxiliary additives of small quantities of
lithium to aluminium alloys having controlled quanti-
ties of copper and magnesium ensure a high crack re-
sistance and high strength of the material, which also
has equivalent or improved resistance to fatigue crack
propagation, compared to aluminium-copper-magne-
sium alloys. Increase of lithium content leads to im-
provement of aluminium strength properties. At up
to 2 % lithium content the alloy strength is increased
without ductility lowering, at further increase of lithi-
um content the ductility drops abruptly. At up to 0.8 %
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concentrations, lithium provides higher corrosion re-
sistance of aluminium alloys, higher than that of pure
aluminium. More over, lithium additives ensure an im-
provement of impact toughness at an increased level
of strength. Thus, the combination of crack resistance
and strength properties is significantly improved. This
effect is unexpected, as lithium additives are known to
lower the crack resistance in the traditional alumini-
um-copper-magnesium-lithium alloys [18].

In technical literature it was reported more than
once that scandium is the most effective alloying
component of aluminium alloys. The main obstacle
in the path of expansion of its application is the high
cost of scandium, which is added to the alloys in the
form of Al-2 % Sc master alloy. At scandium applica-
tion, its addition to aluminium alloys increases their
cost 5-10 times, which results in lowering of their
compatibility compared to aluminium alloys of other
alloying systems, widely used in aviation. Consider-
ing the deficit and high cost of Al-Sc master alloy,
it is recommended to dope the aluminium alloys by
small additives of scandium together with zirconium
in equal quantities, in order to save deficit scandium
and improve their properties [19]. Doping of alumin-
ium-lithium alloys by scandium should be performed
with caution, considering that this additive promotes
the alloy embrittlement and lowering of fracture resis-
tance characteristics.

Among the disadvantages it should be noted that the
extravagant alloying elements of this alloy series make
them unsuitable for processing into other alloys. The
high cost of lithium makes it necessary to process lithi-
um-containing alloys only from their wastes [20]. Appli-
cation of lithium alloys is complicated by many produc-
tion and metallurgical factors. At plastic deformation,
formation and development of shear bands occurs, and
their transformation into cracks is possible, which even-
tually causes fracture. Fracture along the shear bands is a
feature of aluminium-lithium alloys [21].

When defining the area of Al-Li alloy application,
it is necessary to take into account the data on solid
solution stability and baking. The most widespread
error is application of an alloy with low solid solution
stability for manufacturing thick-walled semi-finished
products, for instance complex-shaped stampings. In
this case, “dark spots” appear on the massive element
surface, and zones of incomplete quenching form in
the central part, which lower the characteristics of
static and cyclic crack resistance.

DISCUSSION OF PROBLEMS IN THE FIELD
OF ALUMINIUM ALLOY WELDING

Introduction of welding technologies is one of the most
highly productive and cost-effective methods of making
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permanent joints, which allows fabrication of structur-
al elements of the most rational shape and dimensions,
making them maintainable. Let us consider the current
problems in welding aluminium alloy structures. The
constraints for application of the considered aluminium
alloys in welded joints are as follows:

e considerable softening (up to 50 %) under the
impact of the thermal cycle of fusion welding;

e low hot cracking resistance;

e Jlower values of ductility and fracture toughness
in the direction of the height;

e multistep procedure of manufacturing the
semi-finished products and/or finished products;

e need for alloying the filler materials by defi-
cit and expensive master alloys to form welds with
higher values of hot cracking resistance, as well as
mechanical properties (particularly, LCF) of welded
joints;

e and tendency to embrittlement developing at a
high degree of deformation.

The following technological solutions are used to
prevent cracking or other defects in the welds during
welding of the alloys:

e producing such a structure, which enables a sig-
nificant grain refinement (in particular, with applica-
tion of electron beam technologies);

e limiting penetration of harmful impurities such
as hydrogen (H) into the weld;

e regulation of the crystallization process at appli-
cation of welding processes, characterized by mini-
mal energy input;

e weld alloying.

The common regularity of all the aluminium al-
loys is formation of a softening zone, the size of
which depends on the alloy type, its chemical com-
position and welding heat input. When producing a
welded joint with the required parameters of weld
depth and width, usually the requirement of minimiz-
ing the HAZ is also made, in order to ensure minimal
deterioration of the physicomechanical properties as a
result of recrystallization [22]. At heating in welding,
a wide range of structural and phase transformations
usually take place, including further decomposition of
the solid solution and its repeated formation. It leads
to different HAZ subzones being in the state of re-
covery, artificial aging, partial annealing and repeated
quenching. The welded joint properties, as well as the
possibility of strengthening at repeated artificial aging
and the level of properties relative to the initial state,
respectively, depend on the extent of development of
this or that process [23].

Metallographic studies show that fracture of the
metal of the weld and near-weld zones occurs as a re-
sult of the change in the initial structure of the semi-fin-
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ished products. Such changes are less pronounced at
EBW and, possibly, in laser welding, which ensures
a higher level of the studied characteristics of weld-
ed joints. The advantages of electron beam process
of aluminium alloy welding include the possibility
of making a metallurgical impact on the weld pool
with minimal weld alloying. Due to that, the welded
joints turn out to be close to the base metal by their
thermophysical properties. The weld structure is char-
acterized by 4-5 times finer grain compared to base
metal, and this is exactly the main difference between
them. In addition to the fine equiaxed grain structure,
a homogeneous distribution of copper in the matrix
is also observed. A high density and dispersity of ex-
cess phases is also found, which is due to high rates
of weld metal crystallization. Increase of the degree
of deformation prior to quenching leads to reduction
of the dimensions of recrystallized grains forming as
a result of subsequent quenching, which ensures high
mechanical properties.

In welding the process of formation of a weld of a
homogeneous composition is important, which pro-
vides the high quality of welded joints, required me-
chanical properties and minimal residual stresses. To
ensure the correspondence of the characteristics of the
material being welded and the weld metal, it is most
often recommended to use filler material of the same
composition, as the base metal, or close to it. For al-
loys of AlI-Cu—Li system such an approach is not ra-
tional, because of the low resistance to hot cracking.
Therefore, for this class of alloys FSUE “VIAM” de-
veloped filler materials based on an alloy of Al-Cu
system with additives of effective modifiers, includ-
ing those with rare-earth metals (REM) [24]. Investi-
gations with optimization of the quantity of modifiers,
added to the alloy, are conducted under the conditions
of commercial production, where the ingot crystalli-
zation rates are low and they are furtheron subjected
to pressure treatment (pressing, extrusion, rolling).
In the case of weld metal the situation is somewhat
different. The weld has a cast structure which is not
subjected to further pressure treatment, and melt crys-
tallization rates are by 1-2 orders of magnitude higher
than in commercial production of the alloys. In work
[25] it is reported that application of high energy den-
sity sources, such as the electron beam, will allow op-
timizing the quantity of modifiers (scandium) added
to the alloy. It is stated that in this case increase of
mechanical properties of the metal of welds will be
due to grain refinement and solid solution strengthen-
ing of the cast metal.

Porosity in EB welded joints in a number of cases
can be a serious obstacle for effective application of
this welding process in industry. The main cause for

porosity is believed to be a jumplike lowering of hy-
drogen solubility in the weld metal at solidification
(crystallization). Appearance of such porosity usually
is the consequence of a severe violation of optimal
welding conditions, including preparation of base
metal and welding wires, as well as high content of
gases in the metal being welded. Elimination of such
porosity is complicated even at multiple remelting of
the weld.

Much less difficulties arise during welding with
subsequent strengthening heat treatment, which en-
sures equal strength of the welded joint metal and
base metal. Alloy welding can be performed in the
hot-deformed state or after quenching with perfor-
mance of repeated thermal-strengthening treatment.
Here, the welded joint strength is increased, but its
ductility is decreased.

The advantages of this process compared to
arc welding are especially noticeable at EBW of
heat-hardenable aluminium alloys. Producing tight
welds is largely ensured when alloying the weld pool
by elements lowering the gas solubility in the liquid
metal or binding them into stable compounds. Here,
alloying element addition to the weld pool is per-
formed by different methods: through filler wire fed
under the electron beam during welding, or through
metal foil or plates, which are preliminarily inserted
into the butt, as well as spraying alloying elements on
the edges being welded, or deposition of a metal-or-
ganic compound [26].

It is characteristic that due to a combination of high
specific strength and specific modulus of elasticity,
the aluminium-lithium alloys, while ensuring produc-
tion of strong welds, usually do not meet the require-
ments to equal strength of welded joints. It is known
that the strength coefficient of such materials after ar-
gon-arc welding is usually equal to 0.5-0.65 % of ten-
sile strength of the base material. Equal strength of the
base metal and welded joint can be achieved through
reinforcement of the welding zones, or additional work
hardening. To compensate for the loss of strength and
ensure equal strength of the welded joints and base
metal the butt joint is located in a region of thicker
welded edges. Thickening is usually equal up to 100 %
of the thickness of the welded metal, and the width of
the thicker region should always be greater than that
of the HAZ. It means a significant increase of weld-
ed structure weight. Now the EBW joints have tensile
strength 15-25 % higher, and HAZ width 2-3 times
smaller than with the arc methods. It allows greatly re-
ducing the weight characteristics of welded structures.
Welding aluminium alloys by the electron beam can be
performed in the unsupported position and in different
positions in space without application of substrate or
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forming devices, as the weld pool has a small volume
of liquid metal due to a high heat conductivity of these
alloys. It is important in welding structures, requiring
a guaranteed penetration of the butt through its entire
thickness in the absence of access to the butt joint re-
verse side. The impact toughness of the metal of the
weld on aluminium alloys is always higher than that
of the base metal, and the proof strength practically re-
mains on the level of these properties of the base met-
al. With increase of the number of passes, the tensile
strength decreases by 10-30 MPa, irrespective of the
initial state of the material before welding, even on an-
nealed material [12].

The influence of initial tempering before welding
and postweld treatment on the strength and elongation
of welded joints also depends on their thickness [27-30].
Both base metal and weld strength increase with reduc-
tion of elongation. Fracture runs in the weld HAZ prior
to any significant elongation occurring in the base metal.

To sum up, we can note that three main kinds of
heat treatment became widely accepted for aluminium
alloys: annealing, quenching, thermomechanical treat-
ment and aging as a means to improve the function-
al properties. Application of postweld heat treatment
(quenching + artificial aging) ensures equalizing of the
grain structure of the welded joint at recrystallization
and change of the morphology of precipitates on the
grain boundaries, which improves the strength of weld-
ed joints to 0.9 of base metal strength. Despite a cer-
tain lowering of ductility values, significant advantages
of the new alloys as to rigidity and tensile strength are
obvious. However, at application of lithium-containing
alloys it was found that achievement of high strength
properties of aluminium alloys most often is detrimen-
tal to their adaptability-to-manufacture.

Furtheron, development and introduction of al-
loys, having significantly higher strength character-
istics at preservation of adaptability-to-manufacture,
will allow even further improvement of the reliability
and residual life of structures, and lowering of their
weight and metal intensity.

Thus, fabrication of high-tech welded structures
from aluminium alloys involves two interconnected
directions of investigations: creation of new high-tech
alloys, as well as development of different techno-
logical processes of joining them with application of
modern welding technologies that, eventually, deter-
mines the possibility of creation of advanced aero-
space products.

CONCLUSIONS

1. On the whole, weldable aluminium alloys remain to
be the main structural materials for aerospace indus-
try. Their application ensures higher weight effective-
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ness, and an increase of the structure strength and re-
liability at a significant weight reduction. On the other
hand, increase of the abovementioned characteristics
is based on a complication of the chemical compo-
sition, heat treatment modes and other technological
measures, leading to lowering of the material ductility
properties.

2. Results of the conducted literature review indi-
cate that at present materials scientists have created
original compositions of complex aluminium alloys
of different alloying systems with microadditives of
effective modifiers of REM type, which feature high-
er characteristics of adaptability-to-manufacture and
strength.

3. Despite a range of technological difficulties,
third generation alloys of AI-Mg-Li—Zr and Al-Cu-—
Li—Zr systems are promising materials in aircraft
construction. However, despite the high adaptabil-
ity-to-manufacture of aluminium-lithium alloys at
application in the aerospace industry, we should not
forget about the high toxicity of welding these alloys
for humans.

4. Allowing for all the mentioned factors in their
totality ensures achievement of not only higher lev-
el of heat resistance and strength of the alloys, their
anisotropy, but also their good adaptability-to-manu-
facture. In manufacture of cryogenic welded products
for flying vehicles, 2219 aluminium alloy remains
the best choice at this moment among the disper-
sion-hardening alloys.
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ABSTRACT

A review of research works is presented, devoted to formation of coatings, containing Cr,AIC MAX-phase, under the con-
ditions of the processes of thermal spraying. The main methods for producing coatings containing Cr,AIC MAX-phase is
plasma, high-velocity oxygen fuel and cold gas-dynamic spraying. As spraying materials, both powders with synthesized
Cr,AlC MAX-phase, obtained by the sintering method as well as powders of the mechanical mixture of initial components are
used. To preserve the MAX-phase in a powder and prevent the oxidation of particles in the process of spraying, high-velocity
spraying methods (high-velocity plasma, high-velocity oxygen fuel and cold gas-dynamic) are used. The velocity of particle
flight during spraying by these methods is 500-900 m/s. Therefore, in these cases coatings are formed, the phase composition
of which corresponds to the phase composition of sprayed powders, and the content of Cr,AlC phase in such coatings amounts
to 79-98 wt.%. In the case of using a mechanical mixture of components the plasma method is used in the spray process for
running of synthesis of the MAX phase, resulting in the formation of coatings with MAX phase content of up to 42 wt.%. Stud-
ies of phase transformations in powder particles during spraying, mechanisms of decomposition and/or formation of the MAX
phase, and the effects of spraying parameters on the structure and properties of coatings are shown. The prospect of further
practical use of thermal coatings, containing Cr,AIC MAX phase is described, which mainly consists in using them at elevated
temperatures, in particular, in the structures of thermal barrier coatings.

KEYWORDS: Cr,AlC MAX phase, thermal coatings, microstructure, mechanical properties, heat protection properties

INTRODUCTION

MAX phases belong to the class of ternary carbide
and nitride compounds, which are united by a com-
mon structural formula M, , AX , where M is the early
transition metal, A is an element of A-group (predom-
inantly groups 13 and 14), and X is C and/or N [1].
MAX phases can be additionally classified by their
n value as “211” for M,AX (n = 1), “312” M,AX,
(n = 2), “413” for M,AX, (n = 3), etc. They have a
hexagonal crystalline structure, which consists of MX
layers alternating with a layer of element A. M—X
bonds are extremely strong due to mixed covalently
ionic nature, whereas M—A metal bonds are relatively
weak. This unique crystalline structure is responsible

o T e -

Figure 1. Typical nanolaminated structure of MAX phases [2]
Copyright © The Author(s)
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for the characteristic layered nanolaminated structure
of MAX phases (Figure 1), and it ensures a unique set
of properties, which consists in a combination of the
properties of both ceramics and metal.

At present more than 150 MAX phases have been
identified and their number grows regularly due to a
combination of experimental studies and theoretical cal-
culations. Nonetheless, not all the possible combinations
are thermodynamically stable. For instance, in Ti—Al-C
system Ti,AlC and Ti,AIC, phases (n = 1 and 2, respec-
tively) are stable in a broad temperature range, while in
Cr-Al-C system the only stable phase is Cr,AlC.

Ternary carbide Cr,AlC is one of the most prom-
ising MAX phases for potential high-temperature
application due to its resistance to high-temperature
oxidation and hot corrosion [3]. At the same time, it
demonstrates excellent mechanical properties, includ-
ing relatively high hardness and Young’s modulus,
fracture resistance, bending strength and compressive
strength, electric and heat conductivity properties.

Properties of ternary Cr,AlC carbide [4-7]

Density, g/em?®. ... ... 5.21-5.24
Hardness, GPa.............. ... ... ... ........... 3.5-64
Modulus of elasticity, GPa . . ..................... 245-288
Shear modulus, GPa . ........................... 102-116
Bending strength, GPa .. ....... ... .. .. .. L 305-513
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Compressive strength, GPa. . ........................ 1159
Crack resistance characteristic, MPa-m'?. .. .......... 4.7-6.2
Heat conductivity, W/(m'K) (at 200°C). ................ 17.5
Coefficient of thermal expansion, K='. . ............. 1.33-10°°
Specific heat, J(kg'K) ........ ... ... 590
Electric conductivity, S/m.......................... 1.4-10°
PoiSSON™S Tatio. . . ..ot 0.153

The traditional methods of producing samples
of Cr,AlIC ceramics are as follows: hot pressing [8,
9], hot isostatic pressing [10], high-temperature sin-
tering [11-14], self-propagating high-temperature
synthesis [15], spark plasma sintering [16, 17], and
other technologies of mechanical alloying and sinter-
ing [18]. Used as raw materials are different mixtures
of elements or compounds, including Cr/Al/graphite
(or soot), CrC /Al, AlCr /graphite, Cr/Al,C /graphite
and Cr,0,/Al/Al,C,. However, a mandatory require-
ment for synthesis of Cr,AlC phase is conducting the
above-listed processes at higher temperatures and
high pressing pressures, that is why these processes
are low-productive and energy consuming. These are
exactly the factors limiting mass production of mate-
rials based on MAX phases.

Another direction of MAX phase application is
their forming as protective coatings on product sur-
face. Coatings based on Cr,AIC MAX phase are
formed using the following methods of vacuum depo-
sition (PVD-methods): cathode-arc deposition [19-
21], pulsed-laser deposition [22, 23] and magnetron
sputtering. The most widely accepted is the mag-
netron sputtering method, which allows producing
dense homogeneous coatings [24-27]. For application
of Cr,AlC coatings by deposition methods individual
element targets (for instance, Cr, Al and graphite) or
composite targets (for instance, AlCr,, and Cr,AlC)
are usually used.

Coatings produced by the methods of vacuum
deposition, have the thickness of just several microns
and do not meet the requirements to operation under
extreme conditions. That is why the methods of ther-
mal spraying are used for deposition of coatings based
on Cr,AlIC MAX phase.

The objective of this work is analysis of literature
data on the conditions of formation and properties of
thermal coatings containing Cr,AIC MAX phase.

At present there exist just several dozens of works
devoted to studying formation of coatings containing
Cr,AlC MAX phase under the conditions of plasma
[28-31], High Velocity Oxygen Fuel (HVOF)) [32,
33] and cold gas-dynamic spraying [34, 35]. This is,
obviously related to difficulties of spraying materials
manufacture in the form of powder with a high MAX
phase content.

The methods of plasma, high-velocity oxygen fuel
and cold spraying differ primarily by the jet tempera-
ture and particle flight velocity, which is one of the
most important parameters of thermal spraying pro-
cesses, influencing the coating structure and proper-
ties. In plasma spraying, the plasma jet temperature
is equal to 10000—15000 °C (maximal particle flight
velocity is 400 m/s), leading to powder particle ox-
idation and decomposition of MAX phases, as in
the case of deposition of Ti,AIC powder [36]. MAX
phase oxidation and degradation can be avoided us-
ing the methods of high-velocity oxygen fuel and
cold spraying, where the jet temperature is equal to
2000-3000 °C and <1000 °C, respectively. Here, the
particle flight velocity is equal to 500-900 m/s, which
shortens time of particle interaction with oxygen and
the high-temperature jet. At spraying of Ti,AIC MAX
phase powders by high-velocity methods it is possible
to minimize particle oxidation and development of
phase transformations in them [37, 38].

FORMATION OF COATINGS
CONTAINING Cr,AlC MAX phase
UNDER PLASMA SPRAYING CONDITIONS

The method of high-velocity plasma spraying was
used to produce coatings of up to 100 um thickness
from Cr,AlC powder, manufactured by sintering Cr,
Al element powders and graphite (molar ratio of
2:1:1:1, respectively) and further grinding to particle
sized ;= 5.5 um, d,; = 10.4 um, d,; = 18.3 pm [28].
Spraying was performed with TriplexProTM-210
plasmatron (Oerlicon Metco). Optimization of spray-
ing parameters showed that the spraying distance has
the greatest influence on coating thickness, reduction
of which from 100 to 60 mm leads to coating thick-
ness increase from 30 to 90 um. Formation of coatings
of greater thickness at smaller spraying distances can

Table 1. Optimal modes of deposition of Cr,AlC powder by the method of high-velocity plasma spraying

Process parameters Coatings characteristics
0, (Ar), Vmin LA V, mm/s L, mm O, (Al),Vmin | O, (He), /min | Thickness, um Weight, mg
7.5 40 90 0.39
170 450 500 60 8 40 100 0.34
7.5 20 70 0.36

Note. Q, is the flow rate of primary plasma-forming gas; [ is the current; V'is the speed of plasmatron movement; L is the spraying distance;
0, is the transport gas flow rate; 0, is the flow rate of secondary plasma-forming gas. Deposition was performed in 5 passes.
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Figure 2. Microstructure of thermal barrier coating: / — Inconel
738 substrate; 2 — Cr,AlC coating; 3 — ZrO,~Y,0, coating

be associated with a higher velocity and temperature
of particles. The results of the conducted optimization
of plasma spraying parameters were used to establish
the modes, which ensure formation of Cr,AlC coat-
ings with the best values of sprayed coating thickness
and weight (Table 1).

The sprayed coatings have a homogeneous dense
structure with pore content on the level of 7-8 %. The
content of Cr,AIC MAX phase somewhat decreases
relative to that in the powder (from 98 to 93 %), and
difficult to indentify secondary phases are recorded in
the coatings. The secondary phases can be chromium
carbides (Cr,C, Cr,,C,, Cr,C,) and/or chromium alu-
minides (Al,Cr,, Al Cr ,, AlCr,). These phases form
as a result of decomposition of Cr,AIC MAX phase,
because of the high temperature of plasma spraying
process.

In order to study the coating serviceability, a
Cr,AIC layer was deposited by the high-velocity
plasma method on the high-temperature Inconel 738
nickel alloy as a bond coat in the system of thermal
barrier coatings. A thermal barrier coating of zirconi-
um dioxide, stabilized by yttrium oxide ZrO_,—8 wt.%
Y,0, was deposited over it by plasma spraying meth-
od. The thickness of Cr,AlIC bond coat was ~ 40 pm,
that of the main ZrO,-Y,0, thermal barrier layer was
~ 400 pm. Adhesion between Inconel 738 substrate

Cr-C Al(Cr, C)
carbides 8.8 Al

Cr-C
carbides

Table 2. Phase composition of coatings of Cr—Al-C system at
different heat treatment temperatures

HT temperature, Phase content, wt.%
°C Al Cr,AIC Cr,C,
Without HT 9.3 4.6 89.1
400 6.7 2.7 90.6
500 5.1 4.5 90.4
600 - 8.2 91.8
700 - 14.8 85.2
800 - 23.7 76.3

and Cr,AlC coating, as well as Cr,AlC coating and
ZrO,~Y,0, was visually dense without any cracks or
delaminations on the interface (Figure 2). Coating re-
sistance was studied under the conditions of thermal
cycling at heating of the coating surface by the torch
up to 1400 °C (of the base up to 1050 °C) and cooling
to 70 °C. The coating fails after 745 cycles. The main
causes for fracture are open porosity and presence of
secondary phases in Cr,AlC bond coat, as well as in-
terdiffusion between the bond coat and the substrate.
Nonetheless, conducted investigations allow consid-
ering the possibility of application of coatings based
on Cr,AIC MAX phase as a bond coat in systems of
thermal barrier coatings.

A two-stage technology was proposed to produce
coatings containing Cr,AIC MAX phase, which con-
sists of coating deposition by the plasma method and
further heat treatment (HT) [29]. A mechanical mix-
ture of powders of chromium (afp = 40-70 pm), alu-
minium (d,=20-35 pm) and graphite (d,=1-5 pm)
(2:1:1 molar ratio, respectively) produced by the
method of mixing, conglomeration and spray-drying,
was used for spraying. Heat treatment of the coated
samples was conducted in an argon atmosphere at the
temperature of 400, 500, 600, 700 and 800 °C for 1 h.

Sprayed coating (without HT) consists predomi-
nantly of Cr.C, phase with residual Al; MAX phase
content is equal to only 1.6 wt.% (Table 2). Heat treat-

Cr-C

CrAlC carbides

|

ChAIC

———

|
g

% —_— e ag—
gl b| a3

Figure 3. Schematic explanation of the influence of HT temperature on deposited coating of Cr—Al-C system: ¢ — without HT; b —
HT at the temperature of <660 °C; ¢ — HT at the temperature of >660 °C
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ment at the temperature of <600 °C does not lead to
any significant changes in the phase composition of
the coatings, but it changes considerably at the tem-
perature of >600 °C. Aluminium disappears from the
coatings and weight fraction of Cr,AIC MAX phase
increases up to 8.2 % after HT at 600 °C, up to 14.8 %
after HT at 700 °C and up to 23.7 % after HT at
800 °C. It means that liquid Al promotes atom diffu-
sion, thus accelerating nucleation and increase of the
content of Cr,AlC phase. Since Cr and C are homoge-
neously dispersed at the molar level in Cr—C carbides
(Cr,C, or Cr,,C)), they can thus react with residual Al
with Cr,AlIC formation. Influence of HT temperature
on formation of composite coatings based on Cr,AIC
is schematically shown in Figure 3.

After spraying the coating has a dense lamellar
structure, after heat treatment the coating structure
does not essentially change and the structure lamel-
larity is preserved (Figure 4).

Figure 5 gives the microhardness and crack re-
sistance values of coatings of Cr—Al-C system, pro-
duced by plasma spraying with subsequent HT.

Hardness of the produced coatings is equal from
544 up to 857 HV, and it mainly depends on chro-
mium carbide content. The coating hardness is some-
what lower than that of chromium carbides, because
of the presence of residual aluminium and porosity in
them. At coating heat treatment the quantity of soft Al
metal decreases, and that of the newly-formed Cr,AIC
phase increases, leading to an increase of hardness,
which reaches the maximal value after HT at the tem-
perature of 600 °C. After HT at 700 and 800 °C, the
coating hardness somewhat decreases, because of an
increase of the content of Cr,AIC MAX phase, the
hardness of which is equal to 350-640 HV.

Crack resistance value for a sprayed Cr,AlC coat-
ing (without HT) is equal to 1.29 MPa-m'?, while after
HT performance the crack resistance value increas-
es, and it reaches the maximal value (2.02 MPa-m'?)
after conducting HT at 700 °C. Increase of coating
crack resistance after HT is attributable to formation
of'a more homogeneous microstructure and more uni-
form phase distribution in the coatings.

Possibility of producing plasma coatings with a
higher content of Cr,AIC MAX phase (up to ~ 43 %)
without additional HT performance is demonstrated

Table 3. Phase content in plasma coatings of Cr,C,~Al-Cr system

Al content in the Phase content in the coating, wt.%
powder, mol.% Cr,AlC Cr-C
0,5 22.41 71.59
1 28.02 71.98
) 4278 57.22
3 30.25 69.75

Figure 4. Microstructure of plasma coating of Cr—Al-C system:
a — without HT; 5 — after HT at 800 °C

in the case of Cr,C, chromium carbide application as a
carbon source, instead of graphite [30]. The spraying
powder was manufactured by the method of conglom-
eration with subsequent spray-drying in the mixture
of initial powders of Cr,C,, Al and Cr in the molar
ratio of 1:x:1, where x=0.5, 1, 2, 3.

Investigations of the phase composition showed
that all the coatings contain Cr,AlC, Cr,C, and Cr,,C,
MAX phases, which is indicative of running of the
process of interaction of the powder initial compo-
nents during spraying with new phase formation. The
content of the carbide component and MAX phase in
the coatings is given in Table 3.

At deposition of powders with Al content of 0.5
and 1 %, initial Cr,C, phase is recorded in the coat-
ings, whereas at increase of Al content in the powders
up to 2 and 3 % this phase disappears, which is indica-
tive of a complete interaction of powder components.
Formation of substable (Cr, AI)C, carbide was also
noted in the coatings, which arises as a result of Al
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Figure 5. Microhardness (/) and crack resistance (2) of plasma
coatings of Cr—-Al-C system

27



N.V. Vihilianska et al.

o ——

Fr I . ~ 2 S CrAIC , -

g% . B e 4 LI aH= .. LY . .\' P .']' .(/'\l N r ‘ \‘
;e .;{Afl . *iy i % .-.': Y & [ O @ O. > A ! ' v
P ,"..'. g - N 'Cr'.."- ‘-——-f. Q.QO.O'———-I ;
v & Al' W1 e n."- * . I ] /\ D) ) QO , |
l.a L . ® - |. . yrg = lo \ 3 L 4
3 . 7 : . ’ a0 i d

0. 9% G Wi YO
! . s CiCs L T ._‘-.. Q) 7 Cr-C = e i
----- ———— Liquid Al R === (Cr AlCy

Figure 6. Scheme of phase transformations at plasma deposition of powder of Cr,C,~Al-Cr system

substitution in Cr—C lattice. At 2 % Al concentration
in the powder, a more intensive interaction of liquid
aluminium with Cr,C, and Cr with formation of (Cr,
ADC_and Cr,AlC is in place, which results in MAX
phase content in the coating reaching 42.78 %. At the
same time, increase of Al content in the powder up to
3 % leads to increase of (Cr, AI)C_phase content and
decrease of the quantity of Cr,AlC phase to 30.25 %
in the coating. The mechanism of phase transforma-
tions at plasma deposition of powder of Cr,C,-Al-Cr
system is shown in Figure 6.

Coating microhardness is equal to 11.33, 10.64,
10.27 and 10.1 GPa at Al content of 0.5, 1, 2, 3 % in
the powder, respectively. Coating hardness somewhat
decreases with increase of Al powder content in the
coating, which is attributable to phase composition of
the coatings, as phase hardness is of the following or-
der: Cr-C > (Cr, ADC_> Cr,AlC.

The coefficient of coating crack resistance is equal
to 2.37, 2.5, 2.6 and 2.4 MPa-m'? at Al content in the
powder of 0.5, 1, 2 and 3 %, respectively. Coating
strength is ensured by microlamellarity of the struc-
ture (Figure 7) which consists of alternating layers of
carbides and MAX phase. As MAX phase proper has
a nanolayered structure, its presence in the coatings
prevents crack propagation, leading to increase of the
coating strength as a whole.
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Figure 7. Microstructure of plasma coating of Cr,C,~Al-Cr system
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FORMATION OF COATINGS CONTAINING
Cr,AlIC MAX PHASE, UNDER

THE CONDITIONS OF HIGH-VELOCITY
OXY-FUEL SPRAYING (HVOF)

The influence of addition of Cr,AIC MAX phase pow-
der on formation and properties of NiMoAl based coat-
ings produced by HVOF-spraying method was stud-
ied [32]. A mechanical mixture of Ni-Mo—Al powder
with addition of Cr,AlIC MAX phase powder in the
amount of 10, 20 and 50 wt.% was used for spraying.
Cr,AlC powder was produced in several stages: sin-
tering of chromium and graphite powders (Cr:C = 2:1
at 1550 °C for 1 h in argon atmosphere), grinding of
CrC_ powder (x = 0.5) for 15 h and subsequent sin-
tering of CrC_and Al powders (CrC :Al = 2:1.4) at
800 °C for 2 h in argon atmosphere) [39]. The powder
consists of >99 % Cr, AlC phase with a small additive
of chromium carbide (<1 %). Characteristics of spray-
ing powder are given in Table 4.

It is shown that no decomposition or oxidation of
powders takes place as a result of HVOF-spraying,
and the coating phase composition corresponds to
phase composition of the powders. At the same time,
at deposition of the same compositions by plasma
spraying method [31] Cr,AIC MAX phase is absent
in the coatings, and oxides (ALO, and Cr,0,) and
carbides (Cr,C, and Cr,C,) form as a result of de-
composition and oxidation. This is associated with a
higher temperature of the jet at plasma spraying than
at HVOF-process. In other works [33] it is reported
that during HVOF-spraying partial decomposition
of Cr,AIC MAX phase takes place with formation of
Cr,C, chromium carbide. In this study it was possible
to minimize the process of oxidation and ensure pres-
ervation of MAX phase in the coating by conducting
the process of HVOF-spraying at lower oxygen flow
rate (250 I/min) and 0.24 ratio of propane/oxygen
flow rates.

Produced composite coatings of NiMoAl-Cr, AlC
system have a dense layered structure; coating porosi-
ty decreases compared to NiMoAl coatings from 4.6 to
3.6, 2.13 and 1.95 % when using powders with addition
of 10, 20 and 50 wt.% of Cr,AlC powder, respectively.
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Table 4. Characteristics of powders of NiMoAI-Cr,AlC system for HVOF-deposition

Element composition, wt.%
Powder name Phase composition Average particle size, um
Ni Mo Cr Al C
NiMoAl 54 44 - 2 - Ni, Mo 7098 £1.5
NiMoAI-10 wt.% Cr,AlC 48.3 39.3 5.43 5.54 1.43 Ni, Mo, Cr,AlIC 69.54+£3.5
NiMoAI-20 wt.% Cr,AlC 43.2 352 11.2 7.5 2.9 Ni, Mo, Cr,AIC 68.12+4.0
NiMoAI-50 wt.% Cr,AlC 27 22 27.96 15.99 7.05 Ni, Mo, Cr,AlIC 79.38+£5.0
Cr,AIC - - 55.99 29.98 14.03 Cr,AIC 66.34+1.5

Formation of a denser microstructure can be the conse-
quence of addition of fine Cr,AlC particles to NiMoAl
matrix and their uniform distribution in the coating
structure, which leads to their densification.

Addition of Cr,AlIC powder to NiMoAl alloy pow-
der leads to increase of both the coating hardness
and modulus of elasticity. Average nanohardness of
NiMoAl, NiMoAl-10 % Cr,AIC, NiMoAl-20 %
Cr,AlC, NiMoAI-50 % Cr,AlC and Cr,AlC coatings
is equal to 390 + 20, 446 + 20, 501 + 20, 637 + 20
and 663 + 20 VHN . respectively; modulus of elas-
ticity is 193 £ 4.201, 201 + 5, 209 + 3, 221 £ 6 and
264 £ 5 GPa, respectively.

Among the studied composite coatings Ni-
MoAl-20 wt.% Cr,AlC coating has the lowest friction
coefficient and highest wear resistance under the con-
ditions of sliding friction, which was determined by
pin-on-disk procedure. Increase of the strengthening
phase amount to 50 wt.% Cr,AlC leads to lowering of
the tribological properties, because of poor cohesion
strength of the coating.

FORMATION OF COATINGS CONTAINING
Cr,AlIC MAX PHASE UNDER

THE CONDITIONS

OF COLD GAS-DYNAMIC SPRAYING
Investigations of formation of coatings containing
Cr,AlIC MAX phase under the conditions of cold
gas-dynamic spraying were conducted in work [34].
Spraying was performed using powder of Sandvik

Company (Sweden), which was ground prior to that
to particle size d ;= 2 um, d,; = 9 pm, d;; = 23 pm.
Spraying was conducted using Impact 5/11 System of
Impact Innovations Company (Rattenkirchen, Ger-
many). Nitrogen at the pressure of 50 bar and 1000 °C
temperature was used as the carrier and working gas.

In the produced coating, similar to the powder, the
main phase is Cr,AIC MAX phase (approximately
68 % in the powder and 79 % in the coating); second-
ary phases are chromium carbides, such as Cr,C, (ap-
proximately 17 % in the powder and 10 % in the coat-
ing) and Cr,C, (approximately 16 % in the powder
and 12 % in the coating). It is noted that as the phase
content in the coatings and powder was determined
by comparing the peak height on the roentgenograms,
the obtained data on their amount are of a tentative
nature.

It is shown that at collision of Cr,AIC MAX phase
particles with the substrate, their plastic deformation
and spreading take place, resulting in formation of a
dense microstructure of the coating (porosity <3 %)
and an interface with the steel base (Figure 8, a).
Coating thickness is nonuniform and varies from 200
to 320 um. Coatings are characterized by local hetero-
geneity of the microstructure and presence of cracks
and delaminations (Figure 8, b), which is caused by
insufficient strength of cohesion between the parti-
cles. Availability of such coating defects is attribut-
able to nonuniform powder feeding, because of its
low flowability and vibration mode of operation of the

Figure 8. Cr,AlC coating produced by the method of cold gas-dynamic spraying: a — microstructure; b — appearance of coating

cracking
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Table 5. Technological parameters of cold gas-dynamic deposi-
tion of powder based on MAX phase Cr,AIC

Gas pressure | Spraying dis- Number of | Gas temperature
(N,), bar tance, mm passes (N, °C
650
40 60 10 750
950

powder feeder, which may lead to power fraction sep-
aration into particles of different size. It is noted that
increasing the coating quality required performance
of further investigations on improvement of techno-
logical properties of the powders and optimization of
cold spraying parameters.

Coating microhardness is equal to 585 + 63 HV ,
nanohardness is 1153 + 321 HV . The difference
in micro- and nanohardness values is attributable to
the difference in measurement procedures. Loading
at nanoindentation is much smaller, and, thus the in-
dentations are limited to the plane of one deformed
coating particle and reflect its properties. Results of
microindentation reflect the averaged value of mi-
crohardness of the entire coating and they largely de-
pend on cohesion between the particles and presence
of pores in the coatings. Proceeding from photos of
indentations from nanoindenter, the measured nano-
hardness corresponds to hardness of chromium car-
bide and hardness of the interface between the carbide
particles and Cr,AlC inclusions.

In work [35] the method of cold gas-dynamic
spraying was used to produce relatively dense (9 %
porosity) of the coating with up to 98 % MAX phase
content. Powder produced by sintering a mixture of
Cr,C,, Cr, Al powders (in the ratio of 1:1:2.05) at 1300
°C in argon atmosphere for 2 h with subsequent grind-
ing in a planetary mill for 2 h was used as the spray-
ing material. The produced powder has high purity, its
main phase (>98 %) being Cr,AlIC MAX phase with
admixtures of Cr,C, carbide, Cr,Al aluminide and
AL O, oxide. Particle size is equal to: d,, = 4.1 pm,
d,=7.6pum,d, =132 pm.

Spraying was conducted onto a stainless steel sub-
strate using Kinetiks 8000 system (Oerlikon Metco,
Switzerland) with application of technological param-
eters, shown in Table 5.

Coatings of 40-100 um thickness were formed as
a result of spraying. The coating phase composition
corresponds to that of the powder, which is indicative
of absence of particle oxidation during spraying and
degradation of Cr,AIC MAX phase.

It is shown that at increase of gas temperature from
650 to 950 °C denser coatings are formed (porosity de-
creases from 12.4 to 9.1 %, respectively) and the num-
ber of cracklike defects is reduced. This is attributable
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to increase of temperature and velocity of the sprayed
particles and degree of their deformation at collision
with the base. It results in greater cohesion between
the particles and formation of coatings with a smaller
number of defects. No cracks or delaminations were
observed on the interface of the coating—steel substrate,
which is indicative of a good strength of cohesion with
the substrate. At the same time, it is noted that at in-
crease of working gas temperature from 650 to 950 °C
the value of residual stresses in the coatings increases
from 200 up to 310 MPa, respectively, and it may lead
to coating delamination during operation.

The possibility of using a coating with Cr,AIC
MAX phase as a bond coat in the thermal barrier coat-
ing system of a bond coat—main thermal barrier layer of
ZrO,~Y,0, was considered. A Cr,AlC bond coat was
deposited on the steel substrate by cold spraying and a
ZrO,~Y O, coating was applied over it by the plasma
method. No spallations, delaminations or secondary
phase formation as a result of the reaction on the bond
coat—-main layer interface are observed. This is indica-
tive of the potential for application of Cr,AlC coating
produced by the method of cold gas-dynamic spraying,
as a bond coat in thermal barrier coating systems.

CONCLUSIONS

Based on the conducted analysis of the specialized
scientific literature, the possibility was shown of pro-
ducing coatings, containing Cr,AIC MAX phase, by
the methods of thermal spraying, using both synthe-
sized powders with a high content of the MAX phase,
and a mechanical mixture of individual elements.

One of the most critical aspects during the process
of thermal spraying of coatings containing Cr,AlC
MAX phase, is particle oxidation and running of un-
desirable reactions with MAX phase decomposition
and reduction of its amount in the coatings. These
decompositions are caused by noncongruent melting
of MAX phases, which, certainly, is one of the main
difficulties of their spray deposition.

When deposition is performed using powders,
where the main phase is Cr,AIC MAX phase, it is ra-
tional to apply high-velocity thermal spraying meth-
ods, such as high-velocity plasma, high-velocity flame
and cold gas-dynamic spraying. Owing to high veloc-
ities of particle flight, the time of interaction with oxy-
gen and high-temperature jet is reduced, which allows
producing coatings, where the phase composition cor-
responds to that of the deposited powder. However,
coatings based on Cr,AIC MAX phase produced by
the method of cold gas-dynamic spraying, are charac-
terized by presence of cracks and inner delaminations,
considering their low cohesive strength.
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Powders of a mechanical mixture of (Cr + Al +
graphite, Cr,C, + Al + Cr) initial components are used
in plasma spraying. In this case, Cr,AIC MAX phase
synthesis occurs directly during deposition and for-
mation of the coating layer at interaction of the initial
components. Increase of MAX phase content in these
coatings can be achieved through their further heat
treatment.

Under the conditions of the above-mentioned
deposition methods dense coatings with <9 % poros-
ity and dense interface with the steel substrates are
formed. Coating hardness depends mainly on their
phase composition, and it varies from 5 to 11 GPa.

On the whole, the need for further development of
materials for deposition and optimisation of the pro-
cesses of producing the coatings is stated in the works
devoted to investigations of formation of thermal
coatings containing Cr,AIC MAX phase.
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ABSTRACT

Works have been performed on optimization of the technological scheme of producing ingots for consumable electrodes with a
stable chemical composition and properties. The paper presents the results of studying an ingot of 195 mm diameter from a ti-
tanium aluminide-based alloy of Ti-28 Al-7Nb-2Mo system, made by double electron beam remelting. Further ingot remelting

in the arc furnace was performed, which allowed producin

g a homogeneous and defect-free ingot of an optimal composition of

Ti-28 Al-7Nb-2Mo-0.3 (Y, Re, B). The influence of modifying on the structure and properties was studied. It was determined
that addition of surfactants promotes refining of the structural components and improvement of the alloy mechanical properties.

KEYWORDS: electron beam melting, vacuum-arc melting, ingot, titanium aluminide, modifying, structure, mechanical prop-

erties

INTRODUCTION

The development of modern aircraft engine manufac-
turing requires the use of new materials with enhanced
properties and functional characteristics, which are
ensured by the stability of chemical composition and
structure and depend on the manufacturing technolo-
gy [1]. Technological aspects, including optimization
of technological parameters, repeatability of the ob-
tained results and shaping are interrelated. The impact
of technology on the properties of aircraft materials
requires process regulation, for example, the use of
vacuum-arc remelting in the production of titanium
alloys [2, 3].

Titanium aluminide-based alloys, whose proper-
ties depend on the parameters of technological pro-
cesses, are among the advanced materials for the air-
craft industry. These alloys are an important class of
structural materials with a unique set of physical and
mechanical properties. Intermetallic alloys based on
titanium aluminides are characterised by low density,
high heat strength, heat resistance, and thermal sta-
bility. They have a high potential for replacing nick-
el-based alloys designed for operation at temperatures
of up to 850 °C [4].

Copyright © The Author(s)

Heat-strength titanium aluminide-based alloys are
characterised by a multicomponent chemical com-
position. The individual alloying elements of these
alloys differ significantly in thermal and physical
properties and density. Therefore, it is necessary to
provide a uniform distribution of alloy components at
the nominal level throughout the whole ingot volume,
as macrosegregations may cause arising of different
microstructures and, consequently, high anisotropy of
mechanical properties.

The industrial development of titanium alu-
minide-based alloys involves the production of
high-quality semi-finished ingots with a uniform
distribution of elements and a homogeneous struc-
ture with stable physical, mechanical and operational
characteristics.

Mechanical properties largely depend on the ulti-
mate shaping technology for which the optimal chem-
ical composition was developed.

When developing the alloy composition, it is nec-
essary to focus on the peculiarities of the technolog-
ical process of manufacturing stator and rotor engine
parts, such as turbine blades. Motor Sich enterprise
uses consumable electrodes of its own production for
the smelting vacuum-arc furnace to produce titanium
alloy shaped castings [5-7].

33




0.V. Ovchinnikov et al.

| Charge |

v

| Smelting of consumable electrode |

v

| Mechanical treatment of electrode |

v

Vacuum-arc remelting in a crucible with pouring
in a permanent mould

v

| Mechanical treatment of manufactured products |

Figure 1. Scheme of the technological process for manufacturing
titanium aluminide products

To introduce new titanium aliminide-based alloys
for advanced engines, it is necessary to develop the
entire technological process, taking into account the
ultimate shaped casting technology and ensuring the
chemical composition and mechanical properties of
the alloy.

Taking into account the serial technological pro-
cess of casting from the consumable electrode with a
diameter of more than 200 mm, the aim of the work
is to produce industrial ingots for consumable elec-
trodes from titanium aluminide with stable chemical
composition and properties.

RESEARCH PROCEDURE,
EQUIPMENT AND MATERIALS

The object of the research was the technological pro-
cesses of casting, which included the operations of
producing a consumable electrode, remelting of the
electrode in a crucible and pouring of metal from a
crucible in a permanent mould (Figure 1). As a prod-
uct, a turbine blade of the last stage made of a nick-
el-based VZhL12E-VI alloy was chosen. Taking into
account earlier research works [8, 9], to ensure ser-
vice properties, the following composition of the alloy
based on titanium aluminide Ti—-28 Al-7Nb—2Mo—-0.3
(Y, Re, B) was substantiated.

To smelt ingots from the charge, well-optimized
technologies [10—12] for manufacturing aircraft mate-

Figure 2. Appearance of electron beam unit UE-208M
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rials by electron beam melting (EBM) of charge in the
UE-208M unit were used [13] (Figure 2).

For the studies, the ingot of the basic composition
Ti-28 AI-7TNb—2Mo was melted using the EBR meth-
od, which made it possible to correct the chemical
composition and additional charging.

Stability of the chemical composition of the base
alloy was achieved by double remelting. During the
first remelting, refractory alloying elements such as
niobium and molybdenum were introduced into the
alloy. During the second remelting, aluminium was
added to the ingot to account for evaporation loss-
es. This allowed minimising aluminium losses and
ensured that refractory alloying elements were dis-
solved and unifromly distributed over the length and
cross-section of the ingot.

Ingot smelting was carried out in accordance with
the capacities and configuration of ingot surface heat-
ing in the mould built in accordance with the calculat-
ed mathematical models [14].

The melting parameters of an ingot with a di-
ameter of 195 mm from titanium aluminide
Ti—28 AI-7Nb—2Mo are as follows:

total power of EB heating, kW . ..... .. .. ... ... ..... 60
powerinthemould, kW . ... ... .. .. ... ... .. 18
melting rate, kg/h ... ... 60

After loading the charge (Figure 3, a), the unit was
pumped down to a residual pressure of 102 Pa in the
gun chamber and 10! Pa in the melting chamber. Then
the billet was melted in a cold hearth until it was filled
and the liquid metal was periodically poured in a cop-
per water-cooled mould (Figure 3, b). The first por-
tions of the discharge were used to form the dummy
bar for the future ingot to a height equal to the inner
diameter of the mould, at which, according to math-
ematical calculations, the melting transfers to a qua-
si-stationary mode. The ingot of the required height
was smelted at the achieved technological mode.

The composition of the charge for smelting basic
and modified ingots: aluminium of A5 grade accord-
ing to GOST 11069-2001, titanium billet (remelting
of initial charge of titanium sponge of grade TG-100)
according to DSTU 3-25-22-94; niobium (rods);
master alloy (93 % Ti—7 % Mo); master alloy Al-Re,
Al-Y, aluminoboron. The master alloys were pro-
duced by melting pieces of sponge titanium and alu-
minium with the corresponding elements Y, Re and B
in the form of powders in a vacuum in a copper mould
using a nonconsumable tungsten electrode. In such a
way, master alloys with the content of modifying ele-
ments of 5, 10 and 15 % each, for example, Ti-5 % Y,
A1-5%Y, Ti—10 % Re, etc. were produced to ensure
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Figure 3. Charge billet (@) and electron beam melting process () of titanium aluminide ingot Ti-28 Al-7Nb—2Mo

the required concentration of elements in the compo-
sition of the experimental alloy.

To produce an ingot of a specified composition
with modifiers Y, Re, B, to determine the transition
coefficients of alloying elements and to model the
processes occurring in electron beam melting, the al-
loy of the base composition was remelted in an arc
furnace with a nonconsumable electrode with a con-
trolled atmosphere (Figure 4) [15, 16].

To determine the chemical composition of the base
alloy, samples in the form of a chip were taken from
the melted ingot. Samples for analysis were taken
from the head, middle and bottom parts of the ingot
along its length. The content of alloying elements
was determined by the method of inductively coupled
plasma of optical emission spectrometry (ICP-OES)
using an ICP spectrometer I[CAP 6500 DUO. To deter-
mine the content of oxygen, nitrogen, and hydrogen,
the ELTRA gas analyser was applied with the use of
cylindrical samples of 3 mm in diameter and length.
The essence of determining gas mixtures consisted in
burning the mentioned samples and determining the
volume of gaseous chemical elements that have been
released.

The chemical composition of the alloy was analysed
on the samples taken along the entire length of the ingot
using a spectral reference-free method in an Expert 3L
energy dispersive X-ray fluorescence analyser.

The etching of the samples for metallographic ex-
aminations was performed in the Titan etchant with
the composition HF:HNO,:H,O = 1:2:6.

The macrostructure of the template was evaluated
by the naked eye over the ingot thickness. The mi-
crostructure of the ingot material was examined with
the use of the AxioObserver 5 optical microscope at
magnifications from 25 to 200.

Tensile mechanical properties were determined
in accordance with DSTU ISO 6892-1:2019. The

samples for testing were cut out transversely to the
ingot axis.

During the statistical processing of the experimen-
tal data, the dispersion and standard deviation were
determined.

RESEARCH RESULTS AND DISCUSSION

Asaresultoftheresearch, aningot Ti—-28 AI-7Nb—2Mo
with a diameter of 195 mm and a mass of 106 kg was
produced (Figure 5, a). The ingot had no external
coarse defects (tears and cold laps), the surface was
satisfactory with small corrugations.

To eliminate cast defects in the form of corruga-
tions, the ingot surface was subjected to turning to a
depth of 5 mm (Figure 5, b).

Figure 4. Arc furnace with nonconsumable electrode
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Figure 5. Appearance of the base composition ingot before (@) and after mechanical treatment (b)

Table 1. Chemical composition of the ingot with a diameter of 195 mm, wt.%

Sample,
Alloy sampling Ti Al Nb Mo (0} N H
location
1 (top) 26.6 7.6 2.0
) 2 274 7.5 —»—
Ti-28A1-7Nb-2Mo 3 Base 272 o 2.1 0.13 <0.01 <0.005
(without modifiers)
4 31.0 7.2 1.9
5 (bottom) 30.5 7.3 2.2

From the produced ingot without modifiers, the
samples for ICP analysis were taken according to the
scheme shown in Figure 6. The data of chemical anal-
ysis are presented in Table 1.

The deviation in the aluminium content in the head
and bottom parts is explained by nonstationary melt-
ing modes at the beginning and end of melting during
the dummy bar formation and removal of the shrink-

[ H1
No| 1 2 3 4 5 o—H
10
< 370
< 530 N
< 690 >
8350 .

Figure 6. Scheme of sampling (1-6) from the ingot with a diam-
eter of 195 mm
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age cavity, respectively. The levelling of the content
by alloying elements and the achievement of the re-
quired chemical composition were further planned
with the use of an arc furnace.

To provide the optimal chemical composition, parts
were cut off from an ingot of 195 mm diameter, which
were additionally charged with modifiers and remelted
with the use of a small-scale furnace shown in Figure
4. The vacuum-arc remelting of the electrode was per-
formed in a graphite MPG-7 crucible, and the metal was
poured in a permanent mould (Figure 7).

The chemical composition of the alloy was anal-
ysed on the samples taken along the entire length of
the ingot from the upper, middle and lower parts (Ta-
ble 2).

Due to the fact that when smelting titanium alloys
in a graphite crucible, the carbon content does not ex-
ceed the admissible limits of 0.10-0.15 %, the carbon
content for experimental melting was not studied.
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5]

Figure 7. Appearance of graphite crucible (a) and permanent mould (b) for vacuum-arc remelting

The results of studying chemical composition of
the metal showed a uniform distribution of alloying
elements along the length of the melted ingots.

Transverse templates were cut out from the ingots
and macrosections were made to control the structure.
It was found, that in the ingots, a homogeneous and
dense structure was formed. No defects in the form of
pores, cavities or cracks visible to the naked eye were
detected.

The macrostructure of the ingot without modifiers
is characterised by grains close to equilibrium. The
grain size corresponds to 8-9 numbers of the 10-num-
ber scale of titanium alloys’ macrostructures (Fig-
ure 8, a).

The macrostructure of the ingot with modifiers
contains smaller grains corresponding to 2—3 numbers
of the macrostructure scale (Figure 8, b).

No difference in the grain size number in the cen-
tral part of the ingot and on the periphery was found.

During a metallographic examination of the pro-
duced ingots, a significant effect of modifiers on the
morphology of the alloy structure was revealed. Thus,
the microstructure of the alloy without modifiers was
characterised by a coarse-grained structure, in the
middle of which there are colonies of light and dark
coloured plates of 100-350 pm in size, disoriented
within one grain (Figure 9, a). The combined effect
of the three modifiers in the amount of 0.1 % each led
to the formation of a fine-grained duplex (o, +y)-struc-

Table 2. Chemical composition of the ingot with modifiers, wt.%

ture with the sizes of plate colonies of not more than
30 um (Figure 9, b).

The main mechanical properties of the
Ti-28 AI-7TNb—2Mo (Y, Re, B) alloy are as follows:
o, MPa —800-870; 8, % — 0.8-1.3.

As is known, cast titanium aluminide-based alloys
have almost zero ductility, which makes it very diffi-
cult to conduct standard tensile tests, but the analysis
of literature data showed that the tensile strength of
cast alloys of a similar composition is at a level of
500 MPa [17], while with the combined introduction
of modifiers, an increase in strength of up to 800 MPa
is achieved, i.e. almost 2 times compared to the initial
one.

Based on the results of the carried out research,
a scheme was developed that corresponds to the in-
dustrial technology and includes the manufacture of
a consumable electrode by double remelting, its addi-
tional charging with modifiers to provide the optimal
chemical composition in an arc furnace with a con-
trolled atmosphere and subsequent pouring of metal
in a permanent mould.

For this scheme, optimal melting modes have been
calculated and proven, that ensure the absence of an-
isotropy of properties both when introducing refracto-
ry elements in the ingot of the basic composition, as
well as when producing a consumable electrode of a
modified composition during smelting in a permanent
mould.

Modifiers
Alloy Sampling location Ti Al Nb Mo
Y Re B
Top 28.3 7.5 2.0 0.13 0.09 0.10
Ti-28 AI-7Nb-2Mo-0.3 (Y, Re, B) Middle Base 28.7 7.6 1.8 0.09 0.12 —»—
Bottom 294 7.5 2.1 0.08 0.08 0.12
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Figure 8. Macrostructure of ingots after etching: @ — without modifiers; b —

200 um

with modifiers

200 um

Figure 9. Microstructure of ingots after etching: « — without modifiers; b — with modifiers, x200

It was established that in the end product, due to
the uniform distribution of alloying and modifying
elements and the absence of a gradient of elements’
concentrations, the structure was significantly refined
from 8-9 to 2-3 numbers of the macrostructure grain,
which is an important parameter for ensuring the
quality of casting products.

The grain refinement of the cast structure was
achieved by introducing modifiers Y, Re, and B,
which contribute to a reduction in grain size, lead to a
change in phase morphology, refine grain boundaries
from impurities, delay the development of diffusion
processes at the boundary interface and inhibit the
processes of growth of structural components. This,
in turn, made it possible to improve the mechanical
characteristics of the material, including strength and
ductility.

The tensile strength of the experimental alloy was
800-870 MPa, the relative elongation was 0.8—1.3 %
at the tensile strength of the serial VZhL12E-VI alloy
at a level of > 830 MPa.

Thus, it is shown that the technological process
with the established modes makes it possible to manu-
facture serial products of the experimental alloy from
titanium aluminide instead of a serial nickel-based al-
loy. The reduction in weight of one blade, taking into
account the density of experimental and serial alloys,
amounts to 34 % and is a significant advantage of the

experimental alloy for rotor parts operating at high
temperatures.

CONCLUSIONS

1. Technological scheme for smelting titanium alu-
minide ingots of the Ti-—28Al-7Nb-2Mo system by
the EBR method with the use of certain technologi-
cal modes is proposed. The use of double remelting
provided a uniform distribution of refractory elements
and elements with a high vapour pressure along the
ingot length and cross-section.

2. Further remelting of titanium aluminide ingot
in an arc furnace with a controlled atmosphere was
carried out, the transition coefficients of alloying ele-
ments were determined, and a homogeneous and de-
fect-free ingot of the composition Ti-28 AlI-7Nb-2Mo
(Y, Re, B) was produced.

3. In the end product, the structure of the cast met-
al was significantly refined — from 8-9 to 2—3 num-
bers of macrostructure grains. The grain refinement
of the cast structure was caused by the introduction
of surface-active elements in the alloy, namely Y, Re,
B. The microstructure of the alloy without modifi-
ers was characterised by a coarse-grained structure,
in the middle of which there were collonies of plates
of 100-350 um in size, disoriented within the same
grain. The combined effect of three modifiers in the
amount of 0.1 % each resulted in obtaining a fine-
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grained duplex structure with the size of the plate col-
onies not exceeding 30 um.

4. The tensile strength of the alloy of the optimal
composition was 800-870 MPa, which is 1.7 times
higher than the properties of the alloy of the base
composition, and corresponded to the tensile strength
of the serial VZhLL12E-VTI alloy.

5. The calculated reduction in weight of the blade
when using the experimental alloy instead of a serial
one amounts to 34 %, which is a significant advantage
of the experimental alloy for rotor parts operating at
high temperatures, rotation speeds and dynamic loads.
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ABSTRACT

The results of experimental studies of the process of electroslag remelting of titanium in a chamber furnace at different values
of pressure in the melting space, from vacuum to excess pressure, are given. Experiments were carried out during the melting
of ingots with a diameter of 85 and 105 mm from titanium alloys VT1-0 and VT22 using fluoride-chloride flux AN-T4. The
pressure of the inert gas in the furnace chamber was varied from 20 to 300 kPa. It is shown that in the entire studied range of
pressures, the electroslag process proceeded stably with the formation of ingots with a high-quality side surface and a dense
structure, without pores, slag inclusions and other internal defects. Experimental data on the effect of pressure in the melting
space on the gas composition and structure of titanium ingots are given. The possibility of reducing the hydrogen content in
titanium alloys by carrying out the electroslag process in vacuum conditions is shown. It was also established that the VT1-0
titanium ingot, melted under vacuum conditions, is characterized by a larger grain size compared to the ingot obtained under

€XcCess pressure.

KEYWORDS: electroslag remelting, chamber furnace, vacuum, titanium, gas composition, ingot, structure

INTRODUCTION

Due to the high chemical activity of titanium, in par-
ticular its interaction with atmospheric gases at tem-
peratures above 400450 °C, electroslag remelting
(ESR) of titanium alloys should occur exclusively
in chamber furnaces in a protective inert atmosphere
[1-3]. Usually, in the ESR of titanium, the melting
space is pre-vacuumed, and then filled with an inert
gas (argon). The melting process is carried out under
excess pressure of argon (120-140 kPa), which pre-
vents air inflow in the event of leaks in the furnace
units. At the same time, the melting process can be
carried out both in a stagnant argon atmosphere and
in a flowing one.

Such a scheme provides a reliable protection of
the molten metal and consumable electrode heated to
high temperatures from interaction with the air atmo-
sphere and also prevents the evaporation of alloying
components with high vapor elasticity. However, it
also has certain disadvantages compared to melting
under vacuum conditions.

It is known that hydrogen, which belongs to the
category of harmful impurities because it causes hy-
drogen embrittlement of titanium alloys, has a re-
versible solubility in titanium. As the temperature
increases and the pressure decreases, the solubility of
hydrogen in titanium decreases significantly. Because
of this, when remelting titanium in a vacuum, it is re-
fined from hydrogen. This happens, for example, with

Copyright © The Author(s)
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vacuum-arc remelting (VAR) and electron beam melt-
ing of titanium alloys [4, 5]. When remelting titanium
under excess pressure, hydrogen removal occurs to a
much lesser extent or does not occur at all.

In addition, the remelting of titanium under condi-
tions of excess pressure creates, unfavorable conditions
for the removal of moisture, which can be adsorbed
by the material of the consumable electrode, salt res-
idues on the inner surface of the furnace chamber, etc.
To a greater extent, this applies to the remelting of
electrodes pressed from spongy titanium (or titanium
shavings). This is due to the fact that in the process of
storing the titanium sponge, during the production of
consumable electrodes from it, their transportation and
storage, physical adsorption of moisture by the devel-
oped surface of the sponge titanium (and residual chlo-
rine salts which were not completely removed from the
sponge titanium) is possible. It should be noted that
atmospheric gases physically adsorbed on the surface
of the sponge are not dissolved in titanium. Therefore,
during further metallurgical processing, in conditions
of high temperatures and vacuum, they are removed by
a vacuum system. In the case of remelting of spongy ti-
tanium electrodes under conditions of excess pressure,
residual moisture can cause an increased content of hy-
drogen and oxygen in titanium.

The authors of works [6, 7] also point to the possi-
bility of grinding the microstructure of ingots melted
by vacuum ESR. This effect is explained by a more
uniform temperature distribution in the molten slag
pool, alignment of the crystallization front, and an
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increase in the local rate of solidification caused by
the intensification of the hydrodynamic flows of the
slag as a result of the evaporation of fluorides and the
emission of CO.

In view of the above, it is of some interest to study
the process of ESR of titanium under vacuum con-
ditions. Vacuum ESR can combine the advantages
of ESR and VAR processes, in particular, to ensure
high quality of the ingot surface formation, dense and
homogeneous metal structure, reliable gas protection
and hydrogen removal.

The aim of this work was to study the technolog-
ical features of the ESR process of titanium under
vacuum conditions, to determine its effect on the gas
composition and features of the structure formation of
the ingot metal.

EXPERIMENTAL PROCEDURE

Experimental studies were carried out in the equip-
ment for chamber ESR of highly reactive materials
developed in the E.O. Paton Electric Welding Insti-
tute (Figure 1). The installation is equipped with a
chamber that ensures complete sealing of the melting
space, a vacuum system, an inert gas supply system
and pressure monitoring devices. The installation al-
lows the remelting process both under conditions of
excess pressure up to 500 kPa, and under conditions
of vacuum, when melting ingots with a diameter from
60 to 260 mm.

Experimental melting was performed by remelt-
ing pressed consumable electrodes with a diameter of
50 and 75 mm under fluoride-chloride AN-T4 flux, in
copper water-cooled moulds with a diameter of 85 and
105 mm. Electrodes of two compositions were used:
made of spongy titanium TG 110, for titanium VT1-0
(commercially pure titanium); made of spongy titanium
TG 130 and K-5-1 master alloy (TU 48-4-306-88) for
VT22 alloy (Ti-5Al-5V-5Mo—1Fe-1Cr, wt.%). Before
melting, the melting space was evacuated to a pressure
of 2.6 Pa (2-102 mm Hg), then filled with argon. Exper-
iments were performed at different values of argon pres-
sure, from a vacuum of 20 kPa to an excess pressure of
300 kPa. Acceptable pressure values were chosen taking
into account the results of work [8].

According to the results of the experiments, the
stability of the electroslag process was evaluated,
the gas composition and features of the structure for-
mation of the ingot metal were investigated. The gas
composition was determined by the method of reduc-
tive melting of samples in a flow of inert carrier gas
[9]. For this purpose, samples of a cylindrical shape
with a diameter of 3 mm and a length of 3 mm (type
MI-99) were produced.

il

020

Figure 1. Schematic of the experimental installation for the ESR
in a vacuum condition: / — vacuum/pressure gauge; 2 — ion-
ization vacuum gauge; 3 — vacuum valves; 4 — inlet valve;
5 — vacuum pump; 6 — argon cylinder; 7 — pressure regulator
with rotameter; § — furnace chamber; 9 — consumable electrode;
10— slag pool; 11 — metal pool; /2 — ingot; /3 — water-cooled
mould; /4 — camcorder

RESULTS AND DISCUSSION

The results of the experiments are presented in the Ta-
ble 1 and in Figures 2—7. In the entire studied range of
pressures, from vacuum to excess pressure, the electro-
slag process was stable. This confirms the results of re-
search presented in [8], where acceptable ranges of low
pressure were established when using AN-T4 flux.

The melted ingots had a good quality of side surface
formation. For comparison, Figure 2 shows the appear-
ance of VT1-0 ingots obtained at pressures of 25 and
160 kPa. When melting under vacuum conditions, the
side surface turned out to be a little rougher (Figure 2,
@) than under excess pressure (Figure 2, b). This can be

Table 1. The gas composition of titanium ingots obtained by ESR
at different pressures in the melting space, wt.%

Pressure, Content weight, %
Alloy KPa
[0] [N] [H]
25 0.074 0.0060 0.0034
VT1-0
160 0.070 0.0056 0.0052
25 0.13 0.015 0.0052
50 0.14 0.027 0.0053
75 0.09 0.022 0.0065
100 0.14 0.020 0.0076
V22 150 0.14 0.025 0.0068
200 0.14 0.027 0.0064
250 0.13 0.014 0.0070
300 0.13 0.015 0.0064
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Figure 2. VT1-0 titanium ingots melted at a pressure of 25 kPa
(a) and 160 kPa (b)

explained by an increase in the hydrodynamic activity of
slag and metal pools during melting in a vacuum, which,
in turn, leads to a periodic change in the thickness of the
slag skull on the surface of the ingot. However, in both
cases no surface defects were found.

The results of gas analysis of the ingots metal are
given in Table 1 and in Figures 3, 4. The analysis of the
obtained data indicates the absence of a clear regularity
regarding the effect of pressure on the content of oxygen
and nitrogen in the metal of ingots. In VT1-0 titanium
ingots, a slight (by 5-7 %) increase in the content of ox-
ygen and nitrogen was observed in the metal melted un-
der vacuum conditions (25 kPa) compared to the metal
obtained under excess pressure (160 kPa) (Figure 3 a,
b). However, the difference in the content of elements
is within the measurement error, which does not give
grounds to assert a certain regularity.

The absence of regularity in the effect of pressure
(in the studied range of 25-300 kPa) on the content
of oxygen and nitrogen was also observed during the
smelting of the VT22 alloy. In this case, the oxygen
and nitrogen content in the experiments ranged from
0.09 to 0.14 and 0.014 to 0.027 %, respectively, with-
out increasing or decreasing trends (Figure 4 a, b).
Obviously, such results are related to various ran-
dom factors that influenced the obtained data (mea-
surement errors, impossibility to maintain absolutely
identical conditions for different experimental melt-

[OL. % [N], % [H]. %
0.006 - — 0.005 —
0.005 |
0.004 -
0.004 - —
0.003
0.003 F
0.002 |
0.002
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25 160 25 160 25 160
a c P, kPa

Figure 3. The content of oxygen (a), nitrogen () and hydrogen
(c) in VT1-0 titanium ingots, depending on the inert gas pressure
in the melting space of the ESR furnace

ing, etc.). This suggests the need for further statistical
supplementation of the obtained results. Nevertheless,
it can be stated that in the studied range, the pressure
level in the melting space has no effect on the content
of oxygen and nitrogen in titanium ingots.

As for the hydrogen content, a certain regularity
was established in this case, both for ingots of com-
mercially pure VT1-0 titanium and for ingots of ti-
tanium VT22 alloy. It manifests itself in a decrease
in the presence of hydrogen when conducting the
ESR process under vacuum conditions (Figures 3, c,
4, ¢). When smelting VT1-0 ingots, a decrease in the
pressure in the melting space from 160 to 25 kPa led
to a decrease in the hydrogen content in the metal
from 0.0052 to 0.0034 wt.%., i.e. by 35 %. Similar
results were obtained for VT22 alloy ingots. When
the pressure decreased from 100-300 kPa (overpres-
sure range) to 25 kPa, there was a regular decrease
in the hydrogen content in the ingot metal from
0.0064-0.0076 to 0.0052 wt.% (by 25 % on average).

Thus, the data obtained give grounds to assert that
it is possible to reduce the hydrogen content in titani-
um alloys by 20-35 % by carrying out the ESR pro-
cess under vacuum conditions (20-25 kPa).

Figure 5 shows the cross-sectional macrostruc-
tures of VT1-0 titanium ingots obtained by ESR at
an inert gas pressure in the melting space of 25 and

O], % [N], % [H], %
0.14 -. B ] B -] = - 0.025 F 8 o o 0.008 | B
- = T = =}
ol0fF 0.020 0006F °
0.015 o o o
0.06 - 0.010 | 0.004
0.02 0.005 |-
1 1 1 ] 1 1 1 1 1 1 1 110.002 1 ] ] ] 1 1
50 100 150 200 250 300 b 50 100 150 200 250 300 50 100 150 200 250 P, kPa
a C

Figure 4. The content of oxygen (), nitrogen (b) and hydrogen (c) in ingots of the VT22 alloy, depending on the inert gas pressure in

the melting space of the ESR furnace
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160 kPa. In both cases, the metal structure is dense,
without pores, non-metallic inclusions and other in-
ternal defects.

Figures 67 present the results of metal macro-
structure analysis using the MIPAR software. The
average grain size (equivalent diameter) in the ingot
melted at a pressure of 25 kPa was 2.07 mm, and at
160 kPa — 1.26 mm. That is, the ingot smelted under
excess pressure had a finer-grained structure than the
ingot smelted in a vacuum. On the one hand, this co-
incides with the data given in [10], where it is noted
that the ingots of ESR under pressure have a more dis-
persed structure, compared to the ingots of tradition-
al ESR. On the other hand, it contradicts the data of
the work [6], where the grain grinding of ESR ingots
melted under vacuum conditions was found.

The effect of excessive pressure on the nature of
structure formation can be explained by known fac-
tors: an increase in the degree of supercooling and the
crystallization rate, a decrease in the size and more
uniform formation of crystal nuclei, a decrease in the
energy of interphase interaction at the melt-crystal in-
terface, etc. [11].

In our case, the influence of pressure on the forma-
tion of the structure of ingots can also be explained by
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Figure 5. Macrostructure of the cross-section of titanium ingots
with a diameter of 80 mm, obtained by ESR at an inert gas pres-
sure of 25 (a) and 160 kPa (b)

its influence on the modes of ESR. Thus, it was shown
in [8] that a decrease in the pressure in the melting
space below the atmospheric pressure leads to a de-
crease in the melting current. In turn, this causes a
decrease in heat generation in the slag pool (without
a forced increase in the melting current due to the
electrode feed rate), which affects the nature of metal
structure formation, the local rate of hardening and
the size of the grains of the cast metal.

Figure 7 shows the microstructure of VTI1-0 ti-
tanium ingots obtained at different pressure values.
Defects in the form of microporosity, cracks, non-me-
tallic inclusions were not detected. The metal is char-
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Figure 6. Grain structure (a, b) and grain size distribution (c, d) in VT1-0 ingots obtained at pressure: a, c — 25 kPa; b, d — 160 kPa
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Figure 7. Microstructure of the titanium ingots, obtained by ESR at an inert gas pressure of 25 (a, ) and 160 kPa (c, d)

acterized by a coarse lamellar (acicular) structure
with a disoriented intra-grain structure. The thickness
of a-plates is on average 8—15 um. This structure is
typical for titanium in the cast state and is formed due
to high overheating of the melt and low crystallization
rates. Fundamental differences in the microstructure
of ingots obtained under vacuum conditions (25 kPa)
and under excess pressure (160 kPa) were not found.

CONCLUSIONS

1. Ingots of titanium alloys VT1-0 and VT22 were ob-
tained by the ESR method in a chamber-type furnace
at different values of pressure in the melting space,
from vacuum to excess pressure. It is shown that in
the entire investigated pressure range of 20-300 kPa,
the electroslag process was stable with the formation
of ingots with a high-quality side surface and a dense
structure, without pores, slag inclusions and other in-
ternal defects.

2. Experimental data on the influence of the pres-
sure in the melting space of the ESR furnace in the
range of 20-300 kPa on the gas composition of titani-
um ingots were obtained. The possibility of reducing
the hydrogen content in titanium alloys by 20-35 %
by carrying out the ESR process under vacuum con-
ditions (20-25 kPa) has been established. At the same
time, a regular influence of the pressure in the melting
space on the content of oxygen and nitrogen in tita-
nium ingots in the investigated range was not found.

3. It was established that the VT1-0 titanium ingot,
melted under vacuum conditions of 25 kPa, is char-
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acterized by a larger grain size compared to the ingot
obtained at an excess pressure of 160 kPa. At the same
time, the average equivalent diameter of the grains
was 2.07 mm and 1.26 mm, respectively.
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ABSTRACT

The general problem of residual magnetization of steel products and a typical case of its formation after cyclic magnetization
by an attachable type magnetic transducer in the process of magnetic structural analysis by hysteresis loop parameters determi-
nation is highlighted. The importance of reliable assessment of residual magnetization, including for quality control of demag-
netization of steel products, is emphasized. The method of determining the residual magnetization and evaluating the quality of
the demagnetization procedures of steel products by measuring the residual magnetic field is presented. Residual magnetization
of 09G2C type steel specimen after hysteresis loop parameters measuring using a magnetic analyzer of the KRM-Ts-MA type,
depending on the number of magnetization cycles and its distribution in the area of application of the attachable type magnetic
transducer was investigated. It is shown that after multiple magnetization the level of residual induction in 09G2C type steel
products does not exceed 0.75 mT, which allows welding without additional demagnetization operations. The tasks of further
research on the influence of residual magnetization of steel products made of different steels on their further use and the for-
mation of additional noise during eddy current testing are formulated. It was shown that the presence of residual magnetization
after multiple measurements of hysteresis loop parameters does not affect the accuracy of their repeated measurement, which
confirmed the stability of the measurement procedure with a KRM-Ts-MA type magnetic analyzer with respect to the residual
magnetization created by it.

KEYWORDS: residual magnetization, magnetic structural analysis, attachable magnetic transducer, parameters of the mag-

netic hysteresis loop, demagnetization

INTRODUCTION.
STATE OF THE PROBLEM

Magnetization, including to the technical saturation
state, is often used during performance of magnet-
ic and eddy current testing of structures from ferro-
magnetic materials. After termination of the external
magnetic field, the material preserves a certain state
of magnetization, which is characterized as residual
magnetization. In engineering the term “residual mag-
netic induction” is sometimes used, although at closer
consideration these characteristics differ by a magnet-
ic constant. Residual magnetization depends both on
the material magnetic properties and on the previous
impact of the magnetic field on it. Moreover, residual
magnetization of the products essentially depends on
their shape, because of the action of the demagneti-
zation factor, as well as on the impact of mechanical
stresses and strains. Therefore, the respective changes
in the residual magnetic field on the surface of the ob-
ject of inspection from ferromagnetic steels are used
for their diagnostics [1].

The inadmissibly high level of residual magneti-
zation forms, in particular, after conducting magnetic
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particle inspection, which necessitates performance
of additional demagnetization operations [2, 3]. The
need for demagnetization is especially urgent for parts
and elements of structures from alloyed steels, char-
acterized by a high remanence level. For this reason,
all the instructions on magnetic particle inspection
envisage performance of mandatory demagnetization
operations. Residual magnetization of a local zone of
steel structures can also be the result of cyclic mag-
netization up to the state of technical saturation by
attachable magnetic transducers (MT) during perfor-
mance of magnetic structural analysis based on mea-
surements of the parameters of magnetic hysteresis
loop (MHL) [4-8]. This has not been given enough
attention for a long time, and the level of residual
magnetization after magnetic structuroscopy has not
been studied.

The high level of residual magnetization has a neg-
ative effect on the welded structure quality, because of
violation of optimal welding conditions. The welding
arc instability and its deviations often are the cause
of porosity and lacks-of-penetration, which may sig-
nificantly limit the possibility of welding application
in technological processes. It is known that the level
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of the magnetic field at the pipe edges after magnet-
ic flaw detection reaches 25 mT. This level, however,
can rise significantly (up to 120 mT) after abutment of
the pipe edges for subsequent welding. Here, the level
of the residual magnetic field in the welding gap, at
which sound welding can be performed, cannot ex-
ceed 68 mT. However, it is better when the magnetic
field at the pipe edges does not exceed 1.5 mT, which
requires high quality and controlled demagnetization
[9]. Moreover, residual magnetization influences the
machining quality, because of chips sticking.

Depending on the part shape and dimensions, de-
magnetization can be performed by such most com-
mon methods:

e moving the part through the solenoid, to which
alternating current is supplied, and removing it to a
distance equal to five solenoid diameters (diagonals);

e reducing to zero the alternating current in the
solenoid with the demagnetized part placed into it
(solenoid length here should be greater than the part
length);

e removing the part from the electric magnet, to
which alternating current is supplied (or removing the
electric magnet from the part);

e reducing to zero the alternating current in the
electric magnet, in the interpolar zone of which the
demagnetized part region is located.

Leading companies propose special devices for
demagnetization of ferromagnetic products. In partic-
ular, a device for demagnetization of rods and pipes of
EMAG M type (manufacturer is Institut Dr. Foerster
GmbH, Germany) uses feed-through coils, powered
by an alternating magnetic field of industrial frequen-
cy, which limits the possibility of demagnetization of
products of the diameter and wall thickness of more
than 30 and 5 mm, respectively [10]. A demagnetiza-
tion device EMAG F, which ensures demagnetization
of rods of more than 240 mm diameter and pipes with
more than 25 mm wall thickness, has better character-
istics. This device uses a solenoid with two demag-
netization coils, where the frequency of the alternat-
ing magnetic field is regulated in the range of 5-100
Hz [10]. Known is a series of publications, dealing
with development of improved methods of demagne-
tization of ferromagnetic assemblies and structures
[9, 11-14]. Here, a low-informative method is often
recommended to control the demagnetization quali-
ty, using small ferromagnetic parts [3]. More reliable
are the procedures of demagnetization quality control,
when the instruments for magnetic field measurement
are used to conduct quantitative analysis of the residu-
al magnetic field on the structure surface [9, 11].

The objective of the work is analyzing the influ-
ence of magnetization during performance of mag-

netic structural analysis by attachable MT on residual
magnetization of the specimens and accuracy of mag-
netic parameter measurement.

EXPERIMENTAL PROCEDURE,
SPECIMENS AND RESEARCH EQUIPMENT

Residual magnetization in the specimen local zone
was created using a II-shaped magnetization system
of the attachable MT from the set of magnetic ana-
lyzer KRM-Ts-MA (Figure 1, a), developed by SPF
“Spetsialni naukovi rozrobky” (Kharkiv) [4-7]. At-
tachable MT with the generalized circuit of the mag-
netic analyzer is shown in Figure 1, b.

Experimental specimens of 460.0x60.0x4.00 mm
size (Figure 1, a) were produced in the form of plates
from low-carbon steel of 09G2S type (German an-
alogs are 13MN6 or 9MnSi5), chemical composi-
tion of which corresponds to DSTU 8541:2015 (%):
<0.12 C; 0.5-0.8 Si; 1.3—1.7 Mn; <0.3 Ni; <0.04 S;
<0.035 P; <0.3 Cr; <0.12 N; <0.12 Cu. The studied
steel is widely used, in particular, in production of
pipes for oil and gas transportation.

Measurement of the vertical component of the
residual magnetic field on the specimen surface was
conducted, using a universal milliteslameter of MTU-1
type (SPF “Spetsialni naukovi rozrobky”) with mag-
netically sensitive transducer based on Hall sensor
(Figure 1, ¢), which ensures magnetic field measure-
ment with 3 % error at measurement limit of 20 mT.

To create residual magnetization, magnetic ana-
lyzer MT was installed on the specimen surface. After
that, 15 cycles of MHL parameter measurement were
conducted. Evaluation of residual magnetization of the
specimens was performed by measurement of residu-
al magnetic field H on the specimen surface after 1,
3,6, 8, 12 and 15 cycles of measurement in 5 zones of
the specimen relative to poles of the IT-shaped magne-
tization system of attachable MT (Figure 2, a), where:
MT center and pole centers are designated by letters
A, B and C, respectively, and side zones are designat-
ed by letters £, D. Measurement of the distribution of
vertical component of residual magnetic field H_ on
the specimen surface was conducted by the scheme
as in Figure 2, b. Dotted lines in Figure 2 designate
the places of MT pole mounting. After 15 cycles of
MHL parameter measurement, specimen demagne-
tization was conducted by slowly moving it into the
demagnetization coil and its subsequent removal. The
demagnetization coil is made in the form of 560 turns
of enamel wire of 0.95 mm diameter, with outer and
inner diameter of 200 and 170 mm, respectively, and
46 mm height. Resistance of demagnetization coil at
direct current is equal to 9 Ohms. Demagnetization
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Figure 1. Magnetic analyzer of KRM-Ts-MA type with attachable MT on the studied specimen (a), design of attachable MT with the
generalized diagram of magnetic analyzer (b), all-purpose milliteslameter of MTU-1 type (c); / — II-shaped core; 2 — magnetiza-
tion reversal windings; 3 — Hall sensor for magnetic flux measurement in the magnetic circuit; 4 — object of control; 5 — circuit of
control, measurement and indication; 6 — circuit of generation of currents of attachable MT winding; 7 — circuit of magnetic flux

measurement

coil was connected to standard 220 V network, which
created a demagnetization alternating electromagnet-
ic field of 50 Hz 34.5 mT magnitude in its center.
Moreover, to determine the influence of residual
magnetization on measurement accuracy, MHL pa-
rameter measurement was also performed after the
measurement cycles without shifting the MT position
on the specimen. Obtained values were compared
with the values of the specimen coercive force in
as-delivered condition and after demagnetization.

RESULT ANALYSIS

Dependence of residual magnetic field H on the spec-
imen surface in zones 4 (%), B (@), C (o), D (A) and
E (V) of MT application (Figure 2, a) on the number
of measurement cycles N is given in Figure 3, a. One
can see that residual magnetic field H_ on the spec-
imen surface in the central and lateral zones of MP
application is close to zero, which was anticipated,
taking into account the zero value of the vertical com-
ponent of primary magnetic field in these zones. The
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Figure 2. Zones of measurement of residual magnetic induction in MT action zone (a) and schemes of measurement of residual mag-

netic induction distribution
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Figure 3. Changes of vertical component of residual magnetic field H_ in the zone of MT action, depending on the number of mag-
netization cycles in zones 4 (%), B (e), C (0), D (A) and E (V) (@) and its distribution in the zone of MT action after 3 measurement

cycles (b)

values of the vertical component of residual magnetic
induction H_ of the specimen in the centers of loca-
tion of MT poles (zones B and C) are of different sign
and they grow gradually with increase of the num-
ber of measurement cycles N. However, already after
6 measurement cycles residual magnetic field #_ on
the specimen surface becomes close to the maximal
value, and furtheron it practically does not change
with increase of the number of measurement cycles
(N>9).

Distribution of the vertical component of resid-
ual magnetic field H, after 3 measurement cycles
(Figure 3, b) shows the presence of two maximums
of different sign, which correspond to the centers of
MT magnetic pole location. Here, even at multiple
magnetization, the level of residual magnetic field A
in specimens of steel of 09G2s type does not exceed
0.75 mT, which allows welding structures from this
steel without conducting additional demagnetization
operations, when the level of the residual magnetic
field below 1.5 mT is believed to be optimal [9]. This,
however, does not mean that such a conclusion can be
made as regards other steels, particularly those, which
are characterized by higher coercive force values.
More over, it does not mean that even such a low level
of residual magnetic field will not affect further per-
formance of the steel products, for instance because
of metal chips sticking, or it will not create significant
noise, which often limits the possibility of application
of eddy current flaw detection of ferromagnetic steels
without stabilizing magnetization [15]. Thus, addi-
tional studies in these areas are also relevant.

Results of repeated measurements of MHL param-
eters of specimens with different residual magnetiza-
tion showed that it did not affect the measurement ac-
curacy which confirmed the stability of the procedure
of measurements by magnetic analyzer of KRM-Ts-
MA type. At the same time, it should be noted that
the induced level of residual magnetization can have

a more significant influence on the results of dynam-
ic MHL parameter measurement by local MT, where
significantly smaller values of primary magnetic field
are used [16].

If it is necessary to reduce the residual magnetiza-
tion after conducting magnetic structural analysis, we
proposed complementing the cycle of MHL parame-
ter measurement by an additional operation of demag-
netization, using a series of pulses of different polarity
alternating magnetic field, where the amplitude de-
cays to a zero value (Uchanin V.M., Solomakha R.M.
Method for determination of the magnetic and me-
chanical characteristics of ferromagnetic materials
and monitoring the technical state of structures. Patent
of Ukraine No. 154135. Publ. 11.10.2023, Bul. 41).
To reduce the error of MHL parameter measurement,
it is also proposed to apply alternating magnetic field
pulses to the control zone, before conducting the mea-
surement cycle of magnetization. Pulses of different
polarity alternating magnetic field, the amplitude of
which decays to zero, can be generated by windings
of the electric magnet of [T-shaped MT, used to realize
the cycle of MHL parameter measurement.

CONCLUSIONS

1. The general problem of residual magnetization of
steel products and the characteristic case of its forma-
tion after cyclic magnetization by an attachable MT
during magnetic structural analysis by MHL parame-
ters is highlighted. The importance of reliable evalu-
ation of residual magnetization is emphasized, in par-
ticular for quality control of demagnetization of steel
products. A procedure is presented for determination
of residual magnetization and evaluation of the quali-
ty of the procedures of steel product demagnetization
by measurement of the residual magnetic field.

2. Residual magnetization of specimens from steel
of 09G2S type was studied after conducting measure-
ments of MHL parameters, using a magnetic analyzer
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of KRM-Ts-MA type, depending on the quantity of
magnetization cycles and its distribution in the zone
of application of an attachable MT. It is shown that
at multiple magnetization the residual induction level
in the products from steel of 09G2S type is not high-
er than 0.75 mT, that allows performance of welding
without conducting the additional demagnetization
operations.

3. The tasks of further studies on the influence of
residual magnetization of steel products from differ-
ent steels on their further application and generation
of additional noise during performance of eddy cur-
rent testing are formulated.

4. It is shown that presence of residual magneti-
zation after multiple measurements of MHL parame-
ters does not influence the accuracy of their repeated
measurement, which confirmed the stability of the
procedure of measurement by magnetic analyzer of
KRM-Ts-MA type as to residual magnetization gen-
erated by it.
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SUCCESSFUL CERTIFICATION.
DNIPROMETYZ TAS IS PREPARING FOR NEW CHALLENGES

Dniprometyz TAS is a market leader in manufacturing hardware products, specializing in the production of low- and
high-carbon wire.

In 2023, the plant produced and sold more than 1,000 tons of welding wire and took one of the leading positions
among manufacturers in Ukraine.

During Russian aggression, the Dniprometyz TAS plant continues to develop and increase its production, despite the
difficult situation.

The year 2023 for Dniprometyz TAS is a year of significant changes and achievements. The plant is constantly devel-
oping, building new production sites to meet the growing demand for its products. The company’s export activities
are also growing rapidly, which indicates strong competition in international markets.

Projects have been implemented to modernize production, aimed at solving environmental problems, as well as
expanding the range of products and increasing production volumes. The production base has been improved by pur-
chasing modern equipment for the production of welding wire from the leading Swedish manufacturer Limnea Bruk
AB. Welding wire is widely used in metal structures, mechanical engineering, carriage building, defense industry
and other industries.

The plant’s product range includes a wide range of diameters of copper-plated welding wire, as well as uncoated and
polished welding wire. The G3Sil and G4Sil wire is manufactured according to the international standard EN ISO
14341 (national standard DSTU EN ISO 14341). According to the results of the carried out procedure to confirm the
compliance of the welding wire and the weld metal deposited by the method of arc welding in the shielding gas environ-
ment with the requirements of DB, the designations of the wire and the weld metal were confirmed: EN ISO 14341 - A -
G 46 4 M21 G3Sil and EN ISO 14341 - A - G 46 4 M21 G4Sil. Wire of the G3Sil and G4Sil brands occupies a large
part in the total production of welding wire. Copper-plated welding wire of a solid section with diameters of 0.8 mm,
1.0, 1.2, 1.4, 1.6, 2.0 mm is produced on cassettes of 15, 5, 2.5, 1 kg with precision winding. The range of welding wire
packages now includes 250 kg tubs for robotic welding complexes. This improves productivity and ensures the contin-
uous operation of robotic machinery, as well as reducing wire loss and simplifying the welding process.

Welding wire produced by Dniprometyz TAS has established itself as a reliable and high-quality product used in in-
dustrial enterprises. In view of this, the plant has expanded its product line with the most popular brands of electrodes
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for manual arc welding of structures made of carbon
steel grades.

The central factory laboratory Dniprometyz TAS is
one of the few that have been accredited and con-
firmed their technical competence. Based on the re-
search results, the laboratory issues an expert opin-
ion, which is an official document. The laboratory
is equipped with instruments and testing equipment
for chemical analysis, mechanical tests, as well as
welding and technological tests. A modern in-house
laboratory guarantees the highest standards at every
stage of production. Given the various wire appli-
cations, mechanical and process requirements, thor-
ough testing is important to ensure reliability and
safety. To effectively study the microstructure and
mechanical properties of wire rod and wire, the plant
invested in advanced equipment — a ZEISS Axiovert 5 digital inverted microscope and a Micro-Vickers hardness
tester. This innovative approach ensures the compliance of products with the highest international standards.

In January 2024, G4Sil wire produced by Dniprometyz TAS was successfully tested at the E.O. Paton Electric Weld-
ing Institute of the NAS of Ukraine and is ready for use in the production and erection of steel bridge structures. After
intensive testing, positive results have been obtained indicating high efficiency and excellent quality of the welding
wire. The use of G4Sil wire is very important during the erection of steel bridges, ensuring the strength and reliability
of structures. There is no doubt that the Dniprometyz TAS welding wire will help to improve the quality and duration
of operation of bridge structures.

Dniprometyz TAS is one of the first Ukrainian manufacturers to successfully pass the certification of welding wire in
accordance with the requirements of Deutsche Bahn.

In February 2024, the Dniprometyz TAS plant underwent a factory production audit, which was carried out by
qualified specialists from Deutsche Bahn AG. The result of the audit was the completion of qualification tests of
copper-bonded alloyed welding wire grades 3Sil and 4Sil, with a diameter of 0.6—1.6 mm, as well as obtaining a
certificate of conformity from Deutsche Bahn.

This certificate opens up wide opportunities for the plant to enter the European market. It confirms that the welding
wire produced by Dniprometyz TAS meets the requirements of Deutsche Bahn. The presence of such a certificate is a
mandatory condition for participation in tenders of one of the demanding Deutsche Bahn companies, as well as other
enterprises in the field of carriage building, locomotive building and mechanical engineering.

Deutsche Bahn is a powerful manufacturer in the field of carriage and locomotive construction, has authority in the
field of passenger and freight transportation by rail and road transport in Germany and abroad. As one of the largest
transport operators in Europe and the world, Deutsche Bahn is an important player in the field of mobility and has
authority and significant influence on the development and forming of the transport sector.

The certified welding wire produced by Dniprometyz TAS has a number of advantages that distinguish it from its
competitors:

+ Credibility and reliability. Certification of Deutsche Bahn products confirms their compliance with high Europe-
an standards of quality and safety. This increases confidence in the products on the part of the company’s customers
and partners.

+» Market access. Confirmation of product compliance with Deutsche Bahn standards opens access to the field of
railway engineering, allowing Dniprometyz TAS to participate in tenders and enter into contracts with Deutsche
Bahn and other European railway operators that comply with similar standards.

+¢+ Security and compatibility. The welding wire certified by Deutsche Bahn meets the safety requirements and is
compatible with the railway network infrastructure, which is important for ensuring reliable and safe operation of
trains.

+* Reputation and brand. Certification of Deutsche Bahn products indicates a high level of quality and compliance
with international standards. This strengthens the company’s reputation and brand as a reliable and innovative sup-
plier of welding consumables.

The high quality and reliability of welding wire produced by Dniprometyz TAS contributes to its successful compe-
tition with the products of European manufacturers in international markets.
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