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Abstract
Introduction. In sheet and hull structures operating under pressure, destruction, as a rule, is localized along the transi-

tion line from the base metal to the weld metal. Methods of increasing the durability of butt-welded joints, which are
aimed at reducing stress concentration and creating favorable residual compression stresses, are described.
Materials and Methods. The tests were carried out on an installation for biaxial bending, which created a biaxial stress
field. Factory-made coupons and samples with an additionally processed transition zone from the weld metal to the base
metal were tested. The effectiveness of further processing is shown by the following methods:

— abrading;

— grit hardening;

— abrading with grit hardening;

— melting of the fusion line in argon without filler wire;

— melting of the fusion line in argon with filler wire EP-410U;

— melting of the fusion line without filler wire with plastic deformation between narrow rollers.
Results. The origin, development of destruction, and its features were analyzed using different methods of further pro-
cessing of joint welds. Confidence spans (95 %) of the origin and development of failures for joint welds and base metal
were calculated. The efficiency of the proposed methods for further processing was evaluated.
Discussion and Conclusions. An analysis of the effectiveness of methods for increasing the durability of butt-welded
joints has shown that the creation of a smooth transition from the weld metal to the base metal reduces significantly the
stress concentration. This provides increasing the number of cycles before the onset of destruction and the survivability
of compounds. Due to compressive stresses in the near-weld area, it is possible to increase the durability of joint welds.
The most effective methods of further processing of welds combine the reduction of stress concentration and the crea-
tion of residual compression stresses. The high-tech solution is remelting the transition zone in an argon medium with
an additional EP-410U filler wire.

Keywords: durability increase, cyclic loads, butt joints, stress concentration, residual stresses, origin and development
of fracture.
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Introduction. Welded hull and shell structures operating under pressure are widely used in shipbuilding, chemical,
power engineering and other industries. Reducing the metal consumption of such structures while increasing their effi-
ciency is a critical task [1-4]. To reduce the weight of structures, it is required to use stronger materials under stresses
close to the yield point. In this case, special requirements are put forward for the implementation of welded structures to
ensure high structural strength. In other words, it is required to develop measures that increase the durability of struc-
tures to values close to the indicators of the base metal.

The work is aimed at studying the possibilities of increasing the durability of welded joints operating under cyclic
loads in a corrosive environment (3 % NacCl solution), with the help of additional processing of joints.

Materials and Methods. Butt-welded joints were made of chromium-nickel-molybdenum steel. Preliminary heat
treatment of sheet material provided yield limits of 900 MPa; 1,100 MPa; 1,150 MPa. The tests [5, 6] were carried out
with a biaxial stress field and simultaneous action of repeated static loads in a corrosive environment (3 % NaCl solu-
tion). Manual multi-pass welding was performed with low-alloy electrodes 48H 11, 48H13, and austenitic electrodes
EA 981/15. The failure nucleated from the stretched fibers, so the stress state was studied on the stretched surface of the
sample. The stresses were determined by calculation. They were measured with a lever Huggenberger tensometer and
tensoresistors with a base of 5 mm at a distance of 10 mm from the weld. If the measured stress values differed from the
calculated values by more than 5 %, the pressure under the sample was corrected.

The failure of welded joints was localized along the transition line from the base metal to the weld metal, as shown

in Figure 1.
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Fig. 1. Fracture pattern of the butt-welded joint (photo of the authors)
The main reasons for the decrease in the working capacity of welded joints compared to sheet metal [7-11]:
— geometric stress concentration;
— residual welding stresses;
— deterioration of the structure and properties of the base metal in the near-weld area under the influence of the
thermal welding cycle.

The influence of each of these factors can be partially or completely neutralized.
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At the Department of “Machines and Automation of Welding Production”, DSTU, butt-welded joints of high
strength steels have been tested by various post-treatment methods for many years (Table 1). The experiments corre-
sponded to the loading conditions of real structures.

Table 1
Techniques of additional treatments of butt-welded joints in the transition
zone from the joint to the base metal

No Treatment

1 | Cleaning with an abrasive wheel with a grain size of 80. Fillet radius R = 30-40 mm

Grit hardening with AD-1 shot blaster with DSL—1.5cast steel shot. Pressure is 5 atm, head travel speed is
75 mm/min. Processing zone at the transition point from joint to metal is 15-30 mm

Cleaning the weld metal — base metal transition zone with an abrasive wheel by the first method, and grit harden-
ing — by the second method

Washing in argon medium without filler wire. Diameter of the tungsten electrode — 3 mm, current
4 |1=120 A, arc voltage U = 10-12 B, welding speed is 8 m/h, transverse vibration frequency — 60 min™, vi-
bration amplitude — 6 mm

5 | Washing with EP—410U filler wire by the fourth method. Filler wire diameter is 1.6 mm

Washing without filler wire by the fourth method. Plastic deformation between the beads. Bead diameter —
120 mm, width — 20 mm. Bead pressure — 18,000 kgf, rolling speed — 1.4 m/min.

Physical and metallurgical processes occurring under welding cannot be modeled in full. Therefore, the tests were
carried out on full-scale butt-welded joints with full preservation of the factory welding technology and geometric pa-
rameters of the joints. Low-cycle fatigue of welded joints was studied on samples in the form of disks with a diameter
of 550 mm and a thickness of 30 mm on UDI-550 installation [12]. They were pivotally fixed along the contour and
loaded with hydrostatic oil pressure. Under the action of hydrostatic pressure, the disk was axially bent. Compression
stresses appeared on the inner surface, tensile stresses appeared on the outer surface, and a corrosive medium, a 3 %
aqueous solution of sodium chloride, affected it. The samples were tested under repeated static loading with a frequency
of 10 cycles/min.

The maximum stresses occurred in the central part of the samples. On a large surface, the statistical probability of
the occurrence and development of failure is higher, which in general brings the test conditions closer to the real work-
ing conditions of the loaded hull structures.

Research Results. Table 2 shows the test results of samples after additional processing of welded joints under cy-

clic loading.
Table 2
Influence of additional methods of processing butt-welded joints
on performance characteristics
. Additio- Number of cycles
Yield . . Max cycle before
Welding Type of joint nal . .
No. | strength, materials rocessin voltage, I appearance | loss of Breaking point
MPa P J MPa P . of cracks, | tightness,
ing
Nt Np
1 NG 2,600 20,560
2 EA 1st method: abrad- 3,890 24,401 .
1,100 . 700 T tion line*
3 981/15 ing ves | 10880 | 27237 ransition fine
4 9,115 28,947
5 . 2,000 7,430 Transition line
6 | 1,100 | 48HI3 2”‘:];;;:?: grit 860 No 2100 | 11,500
7 g Yes 1410 | 27,349 Transition line
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. N f cycl
- Additio- umber of cycles
Yield . - Max cycle before
Welding Type of joint nal . .
No. | strength, materials rocessin voltage, I appearance | loss of Breaking point
MPa P g MPa P . of cracks, | tightness,
ing
Nt Np
8 2,000 14,051
9 Yes 10,670 32,310 e
1,100 48H13 | 3rd method: abrad- 700 Transition line
10 ing and grit harden 12,430 87,540 with access to the
11 1,100 EA ’ ?ng 720 Yes 10,870 32,840 base metal
12 ' 981/15 9,300 34,460
13 No 3,800 24,930
1 48H13 | 4th method: wash 2,060 21,959 Transition li
15 1 1100 in irr1n :r gn v\\;\ll?;out 700 Yes 6240 | 33,287 Wnrhaﬂég? t;ntile
6 | g n argon\ 6450 | 29,714
filler wire base metal
17 EA Yes 8,320 25,400
18 981/15 7,000 24,250
19 No 4,300 29,074 Transition line
20 _ 4,200 23,079
21 Sth mefﬂ;ol‘lj St‘)”f‘zc' 25,600 | 100,000
> 900 48H11 V\l/:ltg:] OEpilgtU szre 605 y 29800 58.384 ; Base rr(;_etalI t
23 es 30,910 91.300 and perpendicular to
the weld
24 24,100 86,000
25 No 3,386 22,639 Transition line
26 1,150 48H11 5th method 720 2,566 22,433
27 ' Yes 7,627 39,457 Transition line
28 4,890 33,405 and base metal
29 No 3,890 24,401 Transition line
30 3,285 23,245
1,150 | 48HI13 5th method 760 : - —
31 Yes 8,500 36,400 Transition line
32 9,886 34,636 and base metal
33 3,270 21,980
34 No 1,300 26,074 Transition line
35 1,200 19,079
36 3,160 26,880
37 48HI3 605 20,860 48,210 B tal and
38 Washing of fusion Yes 19,321 139,300 craa:ISsrzsrzs: rt1he
39 900 g 17,300 93,552
line weld
40 . 24,475 99,910
41 3,386 22,630 e
" 6th method: weld No 5566 7 433 Transition line
DA981/1| rolling between ’ ’
43 5 narrow beads 720 31,950 96,875 Base metal and
Yes cracks across the
44 23,450 78,543 weld
45 No 3,285 23,245 Transition line
46 | 1150 | 48HI3 760 22900 | 87,280 | Basemetaland
Yes cracks across the
47 21,168 55,039 weld
*from weld to base metal.

Additional processing of welded joints by the 1st and 4th method (Table 1) reduced the stress concentration through

increasing the interface radius of the weld metal and the base metal.
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The 2nd method created small compressive stresses in the weld area, but practically did not change their concentra-
tion. An alternative to the proposed method is rolling the transition zone, presented in [13].
The third, fifth and sixth methods, in addition to reducing the stress concentration, made it possible to obtain favora-
ble residual compression stresses in the transition zone from the weld metal to the base metal.
Figure 2 a shows the confidence intervals (95 %) of the failure initiation, and Figure 2 b — intervals before failure
for welded joints (dotted lines) made according to the factory technology, and for the base metal (solid lines). The in-
tervals were plotted according to the data from Table 2.
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Fig. 2. Comparison of the operability of the base metal and butt-welded joints under repeated static loading:
a — number of cycles before appearance of cracks; b — number of cycles before failure

The spread of values of resistance to damage and durability of butt-welded joints (Fig. 2 a) and the base metal
(Fig. 2 b) depending on the maximum stresses at zero pulsating loading cycle are presented.

It can be seen that the resistance to the failure nucleation N, and the durability of butt-welded joints before failure N,
(in this case, before the loss of tightness) is much less than that of the base metal.

To determine the compressive stresses generated in the joints as a result of processing, residual stresses were meas-
ured. This method is described in [14, 15].

Table 3 presents the results of measurements of residual stresses in the direction perpendicular to the axis of the

weld on the surface of the welded joints in the near-weld zone.
Table 3

Residual compression stresses in the interface zone of weld metal and base metal,
depending on the additional processing methods

Method of additional processing of the weld | Compressive stresses, MPa
2nd and 3rd 60-80
5th 240-320
6th 700-800

According to Table 2 and Figure 3, it is possible to judge the effectiveness of various methods of additional pro-
cessing of welded joints operating under cyclic loading.
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Fig. 3. Efficiency of methods of additional processing of the weld metal — base metal interface zone:
a — number of cycles before cracks appear; b — number of cycles before failure

Figure 3 shows the results of testing samples of butt-welded joints processed in different ways. Figure 3 a shows the
confidence areas of the spread of values before the initiation of the destruction of the base metal and butt-welded joints
without additional processing. Figure 3 b shows the same areas before the destruction of the samples (before loss of
tightness).

Dressing the weld metal — base metal transition zone increased the resistance to the fracture nucleation due to a de-
crease in the concentration of stresses (Table 2). However, this method did not practically affect the fracture geometry.
Cracks nucleated and developed along the interface line of the weld metal and the base metal.

Samples had a similar fracture pattern, in which the fusion line of the weld and base metal was washed by an arc in
argon without a filler metal (4th method). This caused a decrease in stress concentration. As a result, the resistance to
the failure nucleation increased. At the same time, the resistance to the development of fracture did not practically
change (Fig. 3). The 4th method is more technologically advanced compared to the 1st one, since it does not require
additional equipment other than welding.

Grit-hardening (2nd method) did not practically affect the damage resistance, determined by the number of cycles
before the appearance of a visible crack — N, but increased the survivability — the number of cycles that the sample
withstood after the formation of the first crack until it lost its bearing capacity (leak). This is due to the fact that grit-
hardening does not guarantee uniformity of the surface deformation of the metal, specifically, at the junctions with un-
dercuts, surges, craters, and non-melting outlines of the weld. It is here that failure starts. However, in places of smooth
coupling of the weld metal and base metal, shot blasting, which caused the greatest compression stresses, prevented the
formation of an extended main crack, which increased the resistance to the development of destruction.

To increase the efficiency of the grit-hardening, the 3rd method was proposed. Abrading was performed by the 1st
method, and then shot blasting followed. In comparison to the 2nd method, the durability of the samples increased by
about 20 % before the onset of fracture and before the loss of tightness. Comparison of the 1st and 3rd methods showed
that the number of cycles before the fracture nucleation did not actually change, but the number of cycles before frac-
ture (loss of tightness) increased by 20 %.

The 5th method [16] was washing with an EP—410U filler wire with a diameter of 1.6 mm. When cooled (140 °C
and below), the fillet beads underwent martensitic transformations. When cooled to room temperature, the volume in-
creased by 1.5 % in total [11]. As it was shown earlier, this causes the appearance of residual compression stresses up to
300 MPa. Fillet beads with an increased specific volume contributed to an increase in damage resistance and the devel-
opment of failure, i.e., an increase in survivability. In such joints, the first cracks appeared either on the base metal,
away from the weld, or simultaneously along the transition line from the weld to the base metal (Table 2). Cracks found
on the fusion line, as a rule, developed at a low rate, failure was caused by crack coalescence in the base metal and in
the welded joint. The typical appearance of the welded joints, additionally processed by the 5th method, after the test is
shown in Figure 4.
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Fig. 4. Destruction of a butt-welded joint made by the 5th method (photo of the authors)

The considered type of treatment reduces the stress concentration along the entire length of the weld and creates fa-
vorable residual compression stresses in the area of the fillet beads with an increased specific volume.

The action of compressive stresses inhibits the fracture nucleation. With the development of cracks along the fillet
bead, the action of transverse compressive stresses is no longer effective and is partly eliminated. This can explain the
absence of the influence of beads of increased specific volume on the survivability of welded joints. If the failure nucle-
ates not on the fillet bead, but on the base metal, the survivability of welded joints increases.

Treatment of the transition zone from the base metal to the weld metal by the 5th method increased the resistance to
failure nucleation and development approximately 3—4 times. At the same time, the topography of the failure changed
markedly. The first cracks, as a rule, originated in the base metal (Fig. 4). In the presence of poorly welded craters on
the front surface of the weld, cracks initiated in these places and developed mainly perpendicular to the weld, but even
in this case, the resistance to the failure nucleation and development remained quite high (Table 2, 5th method).

Surface plastic deformation of the near-weld zone [12] in butt joints by rolling with narrow beads (6th method)
made it possible to bring the resistance to nucleation and development of failure to the level of similar characteristics of
the base metal. This conclusion was confirmed by the fracture pattern of welded joints made by the 6th method (Fig. 5).
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b)
Fig. 5. Fracture nucleation and development pattern of the welded joint,
whose interface zone was run between narrow beads (6th method):
a — record of the sample fracture development; b — appearance of the welded joint during fracture (photo of the authors)

It can be seen that the fracture nucleated and developed according to the basic method (Fig. 5 a, Table 2, and the
fracture pattern of the joints, shown in Fig. 5 b). The washing of the fusion line and its subsequent running between the
narrow beads (6th method) increased the resistance to the fracture nucleation by about eight times, the survivability of
welded joints — by about four times.

Discussion and Conclusions

1. As initial samples, we considered welded joints made according to the factory technology without additional pro-
cessing of the transition zone. In this case, during cyclic loading along the transition line from the weld metal to the
base metal, multistage nucleation of fatigue cracks was observed. They developed rapidly and were combined into one
mainline. Then, it developed in depth, which caused loss of tightness. The durability of welded joints turned out to be
2-3 times less than that of the base metal.

2. Two types of additional processing were involved:

— abrading of the transition zone from the weld to the base metal (1st method);

— remelting of the transition zone from the weld to the base metal with a non-melting electrode, an arc burning in an
argon medium (4th method).

This made it possible to increase the resistance to the fracture nucleation by almost 2 times. The survivability of the-
se welded joints did not change much.

3. Grit hardening (2nd method) did not practically affect the number of cycles before the fracture nucleation, but
slightly increased the number of cycles before fracture.

4. Preliminary abrading of the weld metal — base metal transition zone and subsequent grit hardening (3rd method)
increased the resistance of welded joints to the fracture nucleation and development by almost 1.5 times.

5. When the fillet bead was surfaced with a material with suitable volumetric changes (5th method), cracks occurred
in the transition zone and in the base metal. At the same time, the resistance to the fracture nucleation and development
increased approximately 3—4 times.
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6. Washing without filler wire (4th method) and plastic deformation between narrow beads (6th method) provided
an increase in the resistance to fracture and survivability of welded joints almost to the level of similar characteristics of
the base metal.
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