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ABSTRACT

We studied the corrosion resistance, including local corrosion resistance, of welded joints of aluminium 2219 alloy, made by
nonconsumable electrode single-pass welding along (L) and across (T) the rolled metal heat-treated to the T81 condition. It is
shown that resistance of welded joints of 2219 alloy to general and local corrosion in amyl and its vapors does not depend on
the direction of workpieces during welding. An increase in ductility and strength values of welded joint specimens was found
after soaking them in amyl and amyl vapors. The coefficient of welded joints strength after soaking in amyl rises from 0.65 up
to 0.67 in the longitudinal direction, and from 0.64 to 0.66 in the transverse direction. After soaking in amyl vapors, the strength
properties of the welded joint almost do not change: strength coefficient was the same in both orientation directions and it was
equal to 0.64. Fracture ran along the fusion line of the weld with the base metal, where melting of grain boundaries and their
thickening take place during the thermal cycle of welding at crystallization, as well as decomposition of copper over saturated
solid solution in aluminium, which is accompanied by precipitation and coagulation of the strengthening phases.

KEY WORDS: 2219 aluminium alloy, welded joints, heat treatment, corrosion resistance, mechanical properties, microstruc-

ture, mechanical fracture at tension

Aluminium structural 2219-T31 alloy (USA) belongs
to the grade of thermally strengthened alloys of Al—
Cu—Mn alloying system, which have a high specific
heat capacity. Ultimate strength of wrought heat-treat-
ed aluminium alloys can reach 500 MPa and higher at
a density lower than 2850 kg/m* [1-3]. It belongs to
the most used structural materials, in particular, for
the manufacture of fuel tanks in various systems of
carrier rockets (Saturn V, Apollo, Space Shuttle, etc.).

The specific strength of alloys has high values and
is close to the specific strength of high-strength steels.
When the temperature decreases, the mechanical prop-
erties are not deteriorated and so they are used in a wide
temperature range from —250 to +200 °C (at the condi-
tion of short-term heating to 250-300 °C). Therefore,
the alloy is often used in the structures of cylinders and
tanks in which liquid gases are stored. In addition, the
alloy is also characterized by technological ductility
in the cold and hot state at a high level of corrosion
resistance of the metal, which distinguishes this alloy
among other structural aluminium alloys [4]. It has a
unique combination of physicomechanical and tech-
nological properties [1-17]. Its weldability and high
strength under cryogenic temperatures are especially

valued. Such structures require high ductility in cold
and hot states at a high level of corrosion resistance.
2219-T31 alloy belongs to the group of structural
materials and to the dispersion-hardened alloys. This
alloy contains almost 6 % of copper, and its hardening
characteristics are similar to the two-component Al-
Cu alloy. The structure of the alloy consists of a sol-
id solution and several phase inclusions: ®'(A1,Cu),
T(Al Mn,Cu), Al Zr, Al V, etc., whose presence in
the alloy provides a good combination of strength and
ductility [18]. Numerous scientific studies indicate
the influence of technological conditions of heating,
under the action of which structural transformations
occur, reduces the indices of mechanical and corro-
sion properties [1-16]. The degree of their reduction
is influenced by the sizes and shape of crystallites
and grains of the metal in the heat-affected-zone, the
morphology of the distribution of structural compo-
nents and their number in the volume of the metal.
Moreover, the previous deformation has a significant
effect, which enhances the action of the mechanism
of precipitation of a metastable phase ®'(Al,Cu) and
causes the appearance of a stable phase ®, which ini-
tiates the formation of a crack during fracture [14].
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Typically, structures of aluminium 2219 alloy,
which operate under pressure, are subjected to heat
treatment after welding or used in the state of delivery
[1]. During heat treatment, various modes are used,
including T81 (ageing of workpieces at 177 °C for
18 h in the T4 condition), as well as T87 (ageing of
workpieces, heat treated with subsequent deformation
of 8 % until the T37 condition, at 163 °C for 24 h).

At the same time, the alloy is very sensitive to
temperature effect during welding.Therefore, during
melting and crystallization of welds a significant soft-
ening of the base material in the HAZ occurs [5, 6].
The morphology of weld microstructure is determined
by the temperature gradient on the surface of the dis-
tribution of the solid solution of liquid metal and
phases, the value of the crystallization rate, as well
as the nature of the distribution of alloying elements
over the volume of the weld metal. Overheating of the
metal causes a decrease in its strength in the HAZ and
formation of an inhomogeneous structure as a result
of segregation of alloying elements and impurities
along the boundaries of crystallites and grains [7—-12].
In addition, between the grains brittle interlayers of
supersaturated phases appear, especially at the fusion
boundary with the base metal, where the interlayers
form a dense framework around the grains [14, 15].

Methods of experiments. In the work the alumini-
um 2219-T31 alloy of the alloying system Al-Cu with
a thickness of 3 mm was investigated. The analysis of
the chemical composition was performed spectrally
in a spectrometer «Spectrovak-1000» of Baird Com-
pany. The obtained results were compared with the
chemical composition of the alloy given in AMS-QQ-
A-250/30A [17] (Table 1). It was found that as to the
content of the basic alloying elements and impurities
(except for vanadium, the content of which was not
determined), the specimen of the investigated semi-
finished workpieces of the aluminium alloy meets the
requirements of the standard AMS-QQ-A-250/30A.

The plates of 2219-T31 alloy with a size of
300x150%3 mm, cut out along and across to the rolled
metal direction were welded. Before welding, the
workpieces of the alloy were treated in 10 % NaOH
solution and clarified in 30 % HNO, solution. Welding
of workpieces was performed in a flat position with a

nonconsumable tungsten electrode with a lanthanum
coating using filler wire of grade 2319 of a diameter
1.6 mm on the conditions: / = 280 A, v_ = 20 m/h,
filler wire feed rate is 117 m/h. The power source —
MW-450 of Fronius Company, an alternating current
with a rectangular waveform of 200 Hz frequency
was used. The fusion zone was protected with argon.
A full penetration of welded edges in a one pass and
the formation of the penetration (root) was achieved
in the presence of a removable stainless steel backing
with a rectangular groove of 4 mm width and 1 mm
depth, which allowed obtaining a high-quality for-
mation of butt joints with appropriate technological
reinforcement.

The quality of weld formation of butt joints of
2219-T31 alloy was evaluated visually and using
radiography method (GOST 7512 [18]) in the RAP-
150/300 installation. The density of the weld metal
was tested in the DP-30 densitometer.

To measure geometric parameters of the welds,
an electronic caliper of grade ART-34460-150 with a
graduation mark of 0.01 mm was used.

The specimens for mechanical and corrosion tests
were made from welded billets in accordance with the
relevant standard documents. The specimens of weld-
ed joints were heat treated to the T81 condition (artifi-
cial ageing) on the mode: 7= 180 = 5 °C during 18 h.

Corrosion tests were performed in amyl and amyl
vapors at a temperature of 50 °C continuously during
45 days on the base of the testing laboratory of the
DB «Pivdenney». Then, the corrosion resistance (gen-
eral corrosion rate, resistance to MCC, exfoliating cor-
rosion and corrosion cracking) as well as mechanical
properties were evaluated. Evaluation of the resistance
of the base metal specimens to continuous corrosion
was performed by the massometry method in accor-
dance with GOST 9.908 [19]. The rate of weight loss
of the specimens was determined by the change in their
mass and duration of corrosion studies by the formula:

b

ST (M

where Am = m — m, are corrosion losses of the spec-
imen, g; m, is the mass of the specimen before the
tests, g; m, is the mass of the specimen after the corro-

Table 1. Results of analysis of chemical composition of specimen of 2219-T31 alloy with a thickness of 3 mm

Mass fraction of elements, %

Reference
specimen, or standard Other elements:
requirements Cu Mn Zr \Y% Ti Fe Si Zn Mg each one/in
general
Specimen 6.7 0.34 0.18 — 0.05 0.16 0.09 0.03 0.02 0.01 (Ni)
AMS-QQ-A-
250/(_“3(()2A 5.8-6.8 | 0.20-0.40 | 0.10-0.25 | 0.05-0.15 | 0.02-0.10 | <0.30 <0.20 <0.10 <0.02 <0.05/<0.15
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sion tests; S is the surface area of the specimen, m?; T
is the duration of investigations, h.
The corrosion rate was calculated by the formula:

8760K
H =
d 2

@

where K is the corrosion rate, g/(m*h); d is the metal
density, g/cm?; 8760 is the number of hours per year.

The density of aluminium alloys is 2.7 g/cm’,
which was taken into account during calculation.

The evaluation of resistance to exfoliating corro-
sion was carried out on the specimens of the base met-
al and welded joints according to GOST 9.904 [20].
While evaluating the condition of the experimental
specimens, the change of colour, presence of ulcers
and exfoliations on the working surfaces of the spec-
imens and cracks on the ends were noted. The fol-
lowing symbols were taken. The letter «A» indicates
the surface, on which marking is applied, and for the
welded joints it indicates the surface with a facial
weld, B indicates the back surface and for the welded
joints it means the surface with penetration; /7, 2 —
ends of the sides with the length of 60 mm (80 mm for
welded joints), 3, 4 — ends of sides with the length of
40 mm (25 mm — for welded joints).

The evaluation of resistance of the alloy to MCC
was carried out by a metallographic method at a mag-
nification x(100-200) according to GOST 9.021 [21]
on the specimens of welded joints, all structural zones
of the welded joint were evaluated, namely: base met-
al, heat-affected-zone and weld.

The tests of resistance to corrosion cracking were
carried out on rectangular specimens with the size
of 150.0x25.0x3.0 mm. The specimens were loaded
according to a four-point bending scheme according
to GOST 9.901.2 (method 4), the level of continuous
deformation was agreed with the SE DB «Pivdenne»
and amounted to 957 kgf/cm?. The presence (absence)
of cracks was revealed visually by means of a magni-
fication glass.

The determination and evaluation of mechanical
properties was performed on the plane specimens with
technological reinforcement on the facial and back sur-

faces of the weld. Mechanical tests were carried out in
accordance with GOST 1497 [22] in the Instron-1126 ma-
chine at a speed of traverses movement of 6 mm/min
until fracture. To monitor the indice of relative elon-
gation of the specimens, an extensometer No.G-51-
12-M-A was used. During the tests with the help of
a personal computer, the values of load and deforma-
tion were continuously recorded, according to the re-
sults of which, yield strength, ultimate tensie stength
and relative elongation were calculated.

Metallographic analysis of the base metal and weld-
ed joints before and after corrosion tests was performed
by means of a microscope MMT-1600V. The studies
were conducted on the sections cut out from the butt
joints, welded along (L) and across (T) the rolled sheet
semifinished product. The microstructure was detected
by etching in the solution of such composition: chloric
acid — 1000 cm® + ice acetic acid — 75 cm’.

Results and their discussion. Geometric param-
eters of welds. After welding butts, geometric param-
eters of produced welds were determined (B is the
width of a weld from a facial surface of joints, H is the
width of a weld from a back surface of joints (weld
root); 9 is the penetration depth of the base metal (in
this case it is equal to its thickness); b is the height
of convexes of technological reinforcement, h is the
height of weld root). According to the results of mea-
surements, the width of welds in the joints of 2219-
T31 alloy cut out along the rolled metal, amounts
from 9.56 to 9.72 mm, and across the rolled metal it is
from 9.47 to 9.65 mm. The weld factor according to
the formula K = B/(b + 9) for the joints welded along
and across the rolled metal by nonconsumable elec-
trode, is equal to 2.13 and 2.03, respectively.

Investigation of resistance to general and local
corrosion. After the tests, a nonuniform darkening of
surface of the specimens (Figure 1) and formation of
corrosion spots of various sizes from 20 to 40 % was
observed. After the contact with amyl vapors, dark-
ening of the surface was also nonuniform, the area of
corrosion spots amounted from 10 to 20 %. The spots
are characterized by a change in colour of the surface
layer (darkening) and a small depth of damage.

Figure 1. Appearance of base metal surface of aluminium 2219 alloy, heat-treated to the T81 condition, before (a) and after tests in
amyl (b) and amyl vapors (c)
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Table 2. Results of evaluation of resistance to exfoliating corrosion of base metal specimens of 2219-T31 alloy and welded joints
produced along (L) and across (T) the rolled metal, as well as heat-treated to the T81 condition, after staying in amyl and its vapors

Indice description
Largest Exfoliatin Resistance to
Rolled |Corrosion Nature of change diameter of £ Total length of ends exfoliating
. . . e area on each . .
Marking metal |test condi-| in the appearance of specimens | exfoliating, face. % with cracks, mm corrosion
direction | tions mm SUrtace, 7o according to
A B A B A B 1 2 3 4 GOST‘9'904’
point
Amyl Slight darkening 0 0 0 0 0 0 0 0 2
Amvl Change of color by spots.
Base metal L Y Slight darkening. 0 0 0 0 0 0 0 0 2
vapors .
Spots with temper colors
Ref. Without changes 0 0 0 0 0 0 0 0 1
light darkening.
Amyl Slight darkening oloflo|lo|o|lo]|olo 2
Spots with temper colors
Welded L Al
joint Y Slight darkening ololo|lolo]olo]o 2
vapors
Ref. Without changes 0 0 0 0 0 0 0 0 1
Slight darkening.
Amyl . 2
oy Spots with temper colors 0 0 0 0 0 0 0 0
B 1 T Amyl
ase meta my Same ololololo]ololo 2
vapors
Ref. Without changes 0 0 0 0 0 0 0 0 1
PCK.11.81 Amyl Slight darkening 0 0 0 0 0 0 0 0 2
PCK.13.81 T Amyl Same 0 0 0 0 0 0 0 0 2
vapors
PCK.15.81 Ref. Without changes 0 0 0 0 0 0 0 0 1

After removing the corrosion products, the surfaces are
brilliant, local corrosion damages of the surface were not
detected. According to the results of visual examination,
after the tests in amyl environment (liquid and vapors),
corrosion of aluminium 2219 alloy was identified accord-
ing to GOST 9.908 as a continuous nonuniform, type of
damages — corrosion spots. High-speed indices of con-
tinuous corrosion of the specimens of the base metal of
aluminium 2219 alloy in the T81 condition, determined in
accordance with GOST 9.908, are the following: weight
loss rate in amyl is 0.00111 g/(m*h), in amyl vapors they
are 0.00346 g/(m*h); linear rate of corrosion in amyl is
0.00362 mm/year, in amyl vapors it is 0.01120 mm/year.

Thus, to some extent amyl vapors are more corro-
sion-aggressive relative to the aluminium 2219 alloy
as compared to liquid amyl: the rate of corrosion in the
amyl vapors grows by 3.1 times as compared to amyl.
According to a ten-point scale of corrosion resistance ac-
cording to GOST 9.502 [23], the resistance of alumini-
um 2219 alloy, heat-treated to the T81 condition, in amyl
is evaluated by a point 2, in amyl vapors it has a point
4, which corresponds to the group of metal resistance
«highly resistant» and «resistant», respectively.

According to the evaluation results, it was found
(Table 2) that resistance of the base metal of 2219 al-
loy to the exfoliating corrosion after the tests in amyl
and its vapors and welded joints along (L) and across
(T) the rolled metal, heat-treated to the T81 condition,
corresponds to the point 2 according to GOST 9.904.

Thus, ressitance of welded joints of the base metal
to exfoliating corrosion in amyl and its vapors does
not affect the direction of a rolled semifinished prod-
uct and the thermal cycle of welding.

After the corrosion tests in amyl and its vapors, the
fracture of welded joints of 2219 alloy along the grain
boundaries was not detected, and these joints are re-
sistant to intercrystalline corrosion in accordance with
GOST 9.021. Their resistance is not affected by the di-
rection of rolled metal and thermal cycle of welding. The
specimens of welded joints of 2219 alloy along (L) and
across (T) the rolled metal in the T81 condition are re-
sistant also to corrosion cracking in amyl and its vapors.

The welded joints of 2219 alloy along (L) and
across (T) the rolled metal in the T81 condition are
resistant to intercrystalline corrosion and corrosion
cracking in amyl and its vapors. Resistance to exfoli-
ating corrosion is evaluated by the point 2, the rate of
corrosion of the base metal in amyl is 00362 mm/year,
in vapors it is 0.01120 mm/year. Their resistance is
not affected by the direction of rolled metal and ther-
mal cycle of welding.

Examination of microstructure. Metallograph-
ic analysis of the microstructure of the base metal of
2219-T31 alloy showed that its morphology consists of
a-phase enriched with aluminium (solid solution) and
a stable 0(CuAl,)-phase. To the intermediate phases
0'(CuAl)) and S'(Al,CuMg) belong. The main alloying
elements are copper and manganese. The presence of
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Base metal

‘Weld metal

HAZ metal

Figure 2. Microstructure of welded joints of aluminium 2219 alloy, heat-treated to the T81 condition, along (L) the rolled metal before
corrosion tests (a), after tests in amyl environment (b) and its vapors (c)

the phases 6(ALCu), T(Al ,Mn,Cu) and Al Zr, Al, V
in the structure of the alloy provides a proper level of
physical and mechanical properties of both the alloy
itself and its welded joints. This is predetermined by a
characteristic special mechanism of decomposition of
a solid solution and the morphology of the location of
phase precipitates during heating, as well as the ratio of
their volumetric density in the structure. The number of
phase components is determined by the total amount of
alloying elements for a specific alloy.

The structure of the base metal of 2219 alloy in the
T81 condition before the corrosion tests is characterized
by the presence of grains of a solid solution of the main
alloying elements in aluminium. Grains have an elon-
gated shape along the direction of the rolled metal. In the
volume of the alloy, precipitates of saturated phases are
observed that contain the main alloying element of the
alloy — copper. Nonmetallic inclusions are uniformly
located over the whole metal cross-section (Figure 2).
Signs of macro- and microchemical heterogeneity in

22

structural components are not observed, indicating a
high quality of the examined alloy.

In the specimens cut out in the longitudinal direc-
tion (Figure 2), along the rolled semifinished prod-
uct, the length of grains is in average 60 um, and the
width is 35 pm (perpendicular to the thickness of the
sheets). In a transverse direction, the size of grains is
60%35 um, indicating the absence of anisotropy of the
metal not only relative to a semifinished product, but
also over the thickness (Figure 3).

A more thorough study of the structural features
by the method of optical microscopy in a dark field
showed that dark inclusions of irregular shape, which
are uniformly located in the volume of the alloy, are in-
termetallic phases. A part of the inclusions has a spher-
ical shape with a maximum size of about 12 pm. Taken
into account their size, these intermetallics precipitated
from a solid solution during heat treatment of the spec-
imens. Other phase inclusions have a more elongated
oval shape with a maximum size of 35x12 um. They
are not dissolved during arc welding and were formed
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Base metal

Weld metal

HAZ metal

Figure 3. Microstructure of zone of welded joints of aluminium 2219 alloy, heat-treated to the T81 condition across (T) the rolled metal
before corrosion tests (@), after tests in amyl environment (b) and its vapors (c¢)

at the metallurgical stage of manufacturing semifin-
ished products and acquired an elongated shape in the
process of plastic deformation in the sheets.

In the structure of welded joints, the zones can be
distinguished, that differ from each other. Cast metal
is observed in the welds. It has a dendritic structure. In
the center of the weld, dendrites are located along the
direction of welding. Directly near the fusion bound-
ary of the weld with the base metal, dendrites have
a columnar structure and directed from the fusion
line to the center of the weld crystallization. Along
the dendrites boundaries, the precipitates of eutectic
origin (Figures 2, 3) are present, which have a size
of not more than 15 um. A uniform porosity is ob-
served, typical to alloys of this alloying system. The
size of pores does not exceed 50 um. Their density is
7-12 pes per 1 mm?. On separate areas of the weld,
single pores of up to 0.4 mm were detected, which is
admissible according to DSTU EN ISO 10042 [14].

The fusion line separates the weld metal, which was
completely melted during welding, from the base metal,

which completely or partially remains in a solid state. It
can not always be clearly determined, but it separates
dendritic structure of the cast weld metal and the grain
structure of the deformed HAZ metal (Figures 2, 3).

In HAZ intensive recrystallization processes were
not detected. The size of the grains in this zone is not
significantly different from the grains of the base metal.
At the same time, precipitation of low-melting eutectics
along the boundaries of grains is observed, which is as-
sociated with the redistribution of alloying elements be-
tween the structural components of the alloy under the
influence of heating the HAZ metal to the temperatures
higher than the solidus temperature (Figures 2, ¢ and 3,
¢). This leads to the fact that in the HAZ near the fusion
line the structure is formed characteristic to the state of
heat treatment of alloys called «overburningy and is ac-
companied by a decrease in hardness (Figure 4).

This structural area is an integral part of any
welded joint of aluminium alloys produced by fu-
sion welding. At the distance from the fusion line
to the base metal, the areas of annealing and over-

23



L.I. Nyrkova et al.

HRBsoo HRBgoo
100 105
45 100
90 95
85 90
20 85
75 80
70 75
! ! ! L ! L L L L L ! L ! !
0 " 2 4 6 8 10 12 14 lcm 0 }72 6 8 10 12 14 [ cm

Figure 4. Nature of distribution of hardness over different zones of welded joint of 2219 alloy in the T81 condition along («) and across
(b) the rolled metal before corrosion tests (7), after corrosion tests in amyl environment (2) and its vapors (3)

ageing are also present, formed under the influence
of heat of the welding arc. In these areas, as a re-
sult of coagulation processes, intermetallic phase
precipitates are observed, which are increased
up to 25 pm. The total width of the HAZ of the
specimens of welded joints in the T81 condition is
6 mm. In the specimens, welded along and across
the rolled metal, significant differences in the width
of the HAZ area were not detected.

After the corrosion tests in amyl (Figures 2, 3, b)
and amyl vapors (Figures 2, 3, ¢), any changes in the
microstructure and grain size in the base metal, weld
metal and HAZ are not observed.

G2, MPa 8, %
400 -
Or 36 18.0
7\ 17.0
300 16.0
200
1.5
100 | || 1.0
0.5
0 ! 0
a
\ 355 361
I -1 14.5
300 gy o 140
232
FU]B:S
200 T
- 1.5
100 4 1.0
405
0 1 0

€ Initial state Amyl Amyl vapors

7] —m— Base metal

Investigation of the mechanical properties. Fig-
ure 5 shows the averaged values of indices of me-
chanical properties: tensile strength, yield strength
and relative elongation (Figure 5). The value of yield
strength (o, ,) of the reference specimens of the base
metal, cut out along the direction of the rolled metal
(Figure 5, a), amounts from 365 to 367 MPa, and the
tensile strength o, is from 462 to 463 MPa (Figure 5,
b). In the specimens cut out in a transverse direction
c,, 1s 362-365 MPa (Figure 5, ¢), 6, is 468-469 MPa
(Figure 5, d), which is slightly higher than for the
specimens cut in the longitudinal direction.

o, MPa 8, %
300 - 463 465 466 _m Spy - 18.0
\ 7 417.0
400 = 1160
299 -
ik NIS.U
200 443
110
100 -
105
0 0
b
M 467 465 467
500
7 S B 4145
400 |-
1 14.0
307 301
- 297
L1355
200 - 415
100 = 1"
/ 105
0 - I 0

d  TInitial state
—e— Welded joint

Amyl Amyl vapors

Figure 5. Mechanical properties of base metal and welded joint of 2219 alloy in the T81 condition along (a, b) and across (c, d) the
rolled metal before corrosion tests and after corrosion tests in amyl and its vapors. Columns are tensile and yield strength, line is relative

elongation
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An analysis of the results of tests of the reference
specimens of the welded joints, welded along the
rolled metal, showed that the yield strength decreased
by about 34-36 % as compared to the base metal —
to 234-241 MPa (Figure 5, a). The tensile strength
of the welded joints is 293-308 MPa (Figure 5, b),
which is by 33-37 % lower than the strength of the
base metal. The strength coefficient of the reference
specimens of the welded joints is equal to 0.65.

A similar pattern was observed for the specimens
of welded joints made across the direction of the rolled
metal. The values of the yield strength of the refer-
ence specimens of welded joints was 229-234 MPa
(Figure 5, ¢), which is approximately by 36-37 %
lower than of the base metal. The tensile strength of
the welded joints was from 271 to 323 MPa, which
is lower than the strength of the base metal by ap-
proximately 31-45 %. The strength coefficient of the
reference specimens of the welded joints, made across
the rolled metal, was equal to 0.64.

After the tests of the specimens in amyl, the values
of the yield strength of the base metal of 2219-T81
alloy in the longitudinal direction increased by almost
3 % and amounted from 355 to 373 MPa. At the same
time, the level of strength increased by 1 % — 464—
466 MPa. Soaking of the specimens in amyl vapors

also caused an increase in yield stregnth by 4-5 % —
up to 371-374 MPa and tensile strength by 1 % — up
to 465-467 MPa.

After the corrosion tests of the specimens of joints,
welded along the direction of the rolled metal, in amyl
an increase in the value of the yield strength by ~1 %
to 230-257 MPa (Figure 5, a) was observed. The ten-
sile strength of the joints increased by ~4 %, to 309—
315 MPa (Figure 5, b), indicating strengthening of
the phase components of the metal structure after the
contact with amyl. The tests of the longitudinal speci-
mens of the welded joints in the amyl vapors contrib-
uted to an increase in the yield strength by ~13 % (up
to 261-271 MPa), but a slight decrease in strength by
~1 % (to 290-308 MPa) (Figure 5, a, b).

The specimens of the base metal, cut out in the
transverse direction relative to the rolled metal after
soaking in amyl have the following properties: yield
strength is 352-357 MPa, tensile strength is 465—
467 MPa, i.e., both indices slightly decreased as com-
pared to the indices for the specimens in the initial
state. After the tests in amyl vapors, the yield strength
decreased slightly (to 353—-370 MPa), tensile strength
did not change and amounted to 466—468 MPa.

In the specimens, welded across the direction of
the rolled metal, after the action of amyl, the value

Figure 6. Appearance of base metal and welded joint of 2219 alloy specimens in the T81 condition along (/) and across (2) the rolled
metal before corrosion tests (), after corrosion tests in amyl (b) and its vapors (c)
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of yield strength was 226-251 MPa (Figure 5, c),
which was little different from the yield strength of
the welded joints, produced along the rolled metal,
but was lower than in the base metal. A similar pattern
was observed for the tensile strength of these welded
joints — 301-313 MPa (Figure 5, d).

The exposure of the specimens of joints welded in
a transverse direction, in the amyl vapors contributed
to a decrease in the yield strength to 254-261 MPa,
and almost did not affect the value of the tensile
strength, which was equal to 298-305 MPa.

The strength coefficient of the welded joints after
the tests in amyl increased a bit as compared to the base
metal and was 0.67 for the specimens welded along the
rolled metal, and 0.66 for the transverse specimens.

For the specimens welded in the longitudinal di-
rection, after the effect of amyl vapors, a decrease in
relative elongation from 0.7 to 0.5 % was noted, for
the transverse specimens, this indice did not changed
and amounted to 0.8 %. The strength coefficient of
the welded joints both for longitudinal specimens and
transverse specimens after the action of amyl vapors
was the same and amounted to 0.64.

The fracture of all the investigated specimens of
welded joints of 2219 alloy occurred along the fusion
line of the weld with the base metal (Figure 6), where
during the thermal cycle of welding, grain boundar-
ies are flashed and decomposition of an oversaturated
solid solution of copper in aluminium occurs. Such
structural changes are accompanied by precipitation
and coagulation of strengthening phases, which caus-
es thickening of grain boundaries.

As is evidenced by the analysis of the surface of
fractures of the broken specimens of welded joints
of the alloy, regardless of the direction of the rolled
metal of semifinished products, their reliefs have a
predominantly skewed character with a tough cell
structure, the formation of which is accompanied by
significant plastic deformations of the specimen ma-
terial. The center of microcracking is the inclusions of
intermetallic phases, which remain in the metal in the
process of manufacturing semifinished products and
do not dissolve in the conditions of arc welding.

CONCLUSIONS

1. Welded joints of aluminium 2219 alloy, made by
single-pass nonconsumable electrode welding along
(L) and across (T) the rolled metal, heat-treated to the
T81 condition, are resistant to corrosion cracking and
intergranular corrosion. The resistance to exfoliating
corrosion in amyl and its vapors is evaluated by the
point 2. According to a ten-point scale in accordance
with GOST 9.502, the corrosion resistance of the base
metal of the aluminium 2219 alloy in the T81 condi-
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tion in amyl is evaluated by a point 2, which corre-
sponds to the resistance group «highly resistant»; in
amyl vapors — by a point 4, which corresponds to the
resistance groups «resistant.

2. The resistance of welded joints of 2219 alloy
to general and local corrosion in amyl and its vapors
is not affected by the direction of welding process of
semifinished products relative to the rolled metal and
thermal welding conditions.

3. After soaking in amyl and amyl vapors, the duc-
tility and strength indices of the welded joint specimens
increase as compared to similar indices before the cor-
rosion tests. The strength coefficient of the welded
joints in the longitudinal direction after soaking in amyl
is equal to 0.67, in the transverse direction it is 0.66,
and after the action of amyl vapors for the joints weld-
ed in the longitudinal and transverse directions are the
same and amount to 0.64. All the experimental speci-
mens of welded joints of the alloy are fractured along
the fusion line of the weld with the base metal, where
during the thermal cycle of welding, a decomposition
of an oversaturated solid solution of copper in alumin-
ium and flashing of grain boundaries and coagulation
of strengthening phases occur. This is accompanied by
thickening of grain boundaries as a result of precipi-
tation of phases during crystallization. Irrespective of
the direction of welding relative to the rolled metal, its
fractures of the experimental specimens during their
breaking have a tough nature of the relief.

The work was performed with the support of
SE «DB Pivdenney (state registration number
011811006291s) in 2018.
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