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Abstract:

Introduction/purpose: During exploitation tests of gasoline storage tanks,
cracks can form in an austenitic-ferrite welded joint, which can compromise
the entire tank.

Methods: In order to obtain a welded joint of satisfactory strength and
durability, the paper analyzes the influence of heat input on the tensile
characteristics of welded joints. In the current literature and practice,
additional materials for welding the tank elements are selected according to
the chemical compositions of the elements of basic materials, with the help
of the Schaeffler diagram. In this paper, the characteristics of welded joints
of gasoline storage tanks are examined, when the largest part of the tank is
made of fine - grained microalloyed steel NIOMOL 490 K, while the roof part
of the tank is made of austenitic steel. Slabs of these two materials were
welded by the MIG process with additional material MIG 18/8/6, at different
amounts of heat input.
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Conclusion: The analysis of the results obtained by tensile testing according
to SRPS EN ISO 6892-1: 2020 standard concluded that the behavior of the
joint as a whole depends on the properties of each individual part of the
welded joint and their mutual influence. It was also concluded that the
mutual influence is better if welding is performed with a lower amount of
heat input, because then a lower degree of mixing of additional material with
basic materials is achieved.

Key words: austenitic-ferritic welded joint, strength, plasticity.

Introduction

Lack of storage space and obsolescence of the existing tanks for
storage of petroleum products call for a rapid construction of new tanks.
When designing new tanks, in addition to choosing adequate construction
materials, it is necessary to perform adequate welding of the structure, so
that during operation there would be no cracks that could lead to accidents
with large financial losses and harmful effects on the environment (Jovici¢
et al, 2006).

In this paper, the characteristics of welded joints are analyzed on the
example of tanks whose mantle and battom are made of microalloyed steel
S500NL1, under the commercial name NIOMOL 490K, 16 mm thick. The
roof covering is made of high-alloy austenitic steel X7CrNiNb18.10
according to EN 10088 (C.4574 according to JUS C.B0.600) standard, 12
mm thick (Bukvi¢, 2012).

During exploitation maintenance, cracks were discovered in the
welded joint of the casing and the roof covering. The X-ray reveals the
cracks shown in Figure 1. Two cracks parallel to the fusion line and two
cracks extending radially to the fusion line can be seen in the figure.
Cracks parallel to the fusion line are found in the base materials. In welded
joints of microalloyed steels, cracks usually occur in the heat affected zone
(HAZ) due to structural changes caused by welding. In this case, cracks
appeared in the base material, far from the zone in which structural
changes occurred during welding. Crack positions indicate that in the
combination of the three materials that make up the welded joint, the high-
alloy austenitic steel material X7CrNiNb18.10 is weakest when the highest
heat input values are entered, and that in the case of the lowest heat input,
the base metal S500NL1 is the weakest link.
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Figure 1 — X-ray of the cracked joint
Puc. 1 — PeHmaeHo8CKUU CHUMOK mpecHy8uwea20 coeOUHEHUsT
Cnuka 1 — PeHO2eHCKU CHUMaK crioja ca npcriuHama

The metal weld structure of heterogeneous compounds can be
roughly predicted using the Schaeffler diagram (Bukvi¢, 2012). Based on
the calculated values of the Cr and Ni equivalents, the position points of
the base materials and weld metals are plotted in the Schaeffler diagram
shown in Figure 2.
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Figure 2 — Positions of the points of the basic and additional materials in the Schaeffler

diagram

Puc. 2 — lNonoxeHusi mo4YeK 0CHO8HO20 U OOMOTHUMEIbHO20 Mamepuaros Ha

dQuaepamme Lllecbprnepa

Cnuka 2 — lNonoxaju madyaka 0CHO8HUX u dodamHux Mamepujana y LLleghrieposom

OQujaecpamy
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The chemical composition of the weld metal and its structure are
chosen on the basis of the Schaeffler diagram so that they are in an area
where there is no tendency to defects (hot cracks, martensite formation,
brittleness due to grain growth and o-phase separation). However, the
chemical composition of the weld metal is not unique, but represents a
series of chemical compositions created by melting the basic materials and
the additional material. This is especially pronounced with multi-pass
seams.

Welding technology

In order to determine the adequate welding technology which would
avoid the appearance of cracks in the welded joint, samples of two welded
plates were used. These two experimental plates, marked with numbers 1
and 2, were obtained by welding the basic materials from which the tank
was made (microalloyed and high alloy steel). Table 1 shows the chemical
compositions of the basic materials.

Table 1 — Chemical composition of the basic materials
Tabnuuya 1 — Xumuyveckuli cocmae OCHOBHbIX Mamepuasnos
Tabena 1 — Xemujcku cacmag 0CHOBHUX Mamepujana

[Steel c Isi Imnlp [s Jor Ni Jcu AL Mo [Ti [V Nb
[[microalloyed |0.100.38[0.66]0.0140.02 [0.76/0.10[- [ [0.33]- 0.02 |-
[lhigh alloy  [0,04/0.35[1.73]0.031]0.004]17.9]11.6]0.18[0.061[2.16|0.38]0.079]0.016

Both plates are welded by the MIG process with additional material
MIG 18/8/6, but with different amounts of heat input. The selected welding
process and the additional material are identical to the connection to which
the roof cover and the tank casing are connected. The chemical
composition and the mechanical properties of the additional material are
given in Tables 2 and 3.

Table 2 — Chemical compositions of the additional material MIG 18/8/6
Tabnuua 2 — Xumudyeckue cocmasb! 0ornonHumesnsHo20 mamepuana MIG 18/8/6
Tabena 2 — Xemujcku cacmasu doGamHoe mamepujana MU 18/8/6

C Si Mn Cr Ni
MIG 18/8/6 0.08 <1.0 7 18.5 9
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Table 3 — Mechanical properties of the pure metal weld from the selected additional
material
Tabnuya 3 — MexaHuyeckue ceolicmea HYUCmoz20 Memarsisia ceapHO20 Wea U3
8bI6paHHO20 00MNoIHUMENbLHO20 Mamepuarna
Tabena 3 — MexaHu4yke ocobuHe Yucmoe memarn waea 00 odabpaHoz dodamHoza
mamepujana

[ Re, [NNmm2] | Rm, [N/mm2] | As, [%] | KV,[J]

” MIG 18/8/6 | > 380 560 do 660 | 35 > 40 (at 20
OC)

The additional material MIG 18/8/6 is recommended in (Jesenice
Ironworks, 2005) in which a high-alloy additional material was used for
welding various steels. This choice of additional material is also indicated
by the data from the Schaeffler diagram, Figure 2. When choosing the
additional material, it was taken into account that it has different values of
yield stress and tensile strength in relation to the basic materials. A mixture
of Ar gases and 2% O2 was used as a protective atmosphere during
welding with the chemical composition given in Table 4.

Table 4 — Chemical composition of the gas mixtures
Tabnuua 4 — Xumuyeckuli cocmas 2a308bix cmecell
Tabena 4 — Xemujcku cacmas MewasuHa 2aca

|| Content of components in the mixture [vol%)]
[ o Ar
[l 2.00 Rest

Welding is performed by the electric arc semi-automatic MIG / MAG
process, bearing in mind that in recent years the use of the semi-automatic
MIG / MAG welding process is increasingly common compared to other
welding processes in steel structures.

Figure 3 — Shape and dimensions of the "Y" groove
Puc. 3 — ®opma u pasmepsbi kKaHasku "Y"
Cnuka 3 — Obnuk u dumeH3suje ,,Y” xneba
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The MIG / MAG welding device KEMPACT 3000+ FastMig 400 was
used for welding. The preheating temperature of 60 °C and the
intermediate temperature of 60 + 10 °C were adopted (Bukvi¢, 2012).
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Figure 4 — Appearance of the welded plate scheme and the test tube cutting plan
Puc. 4 — Bud cxembi ceapHOU nnacmuHbl U niaH pesku 3rpysemku
Cniuka 4 — Uzened weme 3agapeHux nroya u rniaH uceyara ernpysema

The obtained welded experimental plates 1 and 2 have dimensions of
500 x 400 mm with the "Y" groove, as shown in Figure 3. Test tubes were
cut from the obtained plates and the scheme of cutting tubes from the
welded plates for testing the characteristics of strength, plasticity, as well
as for microstructural tests and hardness tests, is shown in Figure 4.

The plates were preheated and the intermediate temperatures were
maintained by heating with oxygen and acetylene. Preheating
temperatures and intermediate temperatures were controlled by a contact
thermometer. Figure 5 shows the layout of laying the additional material
during the welding of experimental plates 1 and 2.
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Figure 5 — Welded joint layout diagram for plates 1 and 2:
a) scheme of laying the additional material for plate 1
b) scheme of laying the additional material for plate 2
Puc. 5 — Cxema pacronoxeHusi coeOuHeHuUl ceapusaembix rnnacmuH 1 u 2:
a) cxema cgapHO20 coeOuUHeHUs rmniacmutbi 1
6) cxema cgapHO20 coOeOUHEHUS nnacmuHbl 2
Cnuka 5 — Lllema 3asapeHoe crioja 3a rnove 1 u 2:

a) wema 3agapeHoe crioja 3a o4y 1,
6) wema 3agapeHoe crioja 3a nrioyy 2

Plate 1 was welded at an average value of the amount of heat input
of 8.88 [kJ / cm], as indicated in the last column of Table 5. The upper
(maximum) limit value of the amount of heat input for the selected welding
process was used for welding this plate and the additional material.

Plate 2 was welded at an average heat input of 6.87 [kJ / cm] (see
last column of Table 6). In plate 2, welding was performed with the lower
(minimum) limit value of the amount of heat input for the selected welding
procedure and the additional material.

Welding procedures are described in the literature (Bukvi¢, 2012) for
both welded plates.

After welding, plates 1 and 2 were inspected and subjected to non-
destructive testing. Radiographic irradiation with y-rays did not reveal any
defects in the joints, such as: cracks, porosity, non-penetration, sticking,
edge joints and the like.
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Table 5 — Passages when welding plate 1 with the amounts of heat input
Tabnuua 5 — Npoxodk! fMpu ceapke rnnacmuHbl 1 ¢ y4emom Konudecmsa rnodsedeHHo20 merna
Tabena 5 — lNponasu npu 3asapusarby rode 1 ca Konu4yuHama yHeme morniome

. Amount of heat input
Welding
= [kd/cm]
£ .,
= Es] : Speed <
c2 | Eo T|me [cm/min 2 = B o
> @ £ 5 | [min] ] =] o o = =)
< 9 T O c 5 g = - 2 ©
55 | 52 28| 3 | = | 8T | ¢
S5 |l unb h o > O x = <
10t | 3.30 15.2 132 18.9 9.85 | 5.91
Tate 20m | 212 23.6 228 27.6 16.00 | 9.60
wire | 3wn | 2.33 215 237 28.0 1852 | 11.11 6 88
28/8/ 4w | 212 23.6 240 28.3 17.27 | 10.36 '
50n | 2.13 235 235 28.3 18.06 | 10.84
6 oot | 1.33 37.6 210 27.1 9.08 | 5.45

i root canal ground and re-welded (marked with 6 (o0r)

Table 6 — Passages when welding plate 2 with the amounts of heat input
Tabnuya 6 — NpoxodbI fpu ceapke rracmuHbl 2 ¢ y4ermoM Kornudecmesa no0sedeHHo20 merina
Tabena 6 — lNpona3su rpu 3asapusarky rnioye 2 ca Koau4duHama yHeme mornaome

. Amount of heat input
o Welding [kJ/cm]
53
S5 | 8 <
Q
5T | E o| Time Speed_ = >
c| S ¢ ) [cm/min | < & = = ©
2| £5 | [min] D> 0 e R o =
=0 ) ] & s j= 5 _ © ©
E2| 82 28| & | & | 8% | ¢
- B o S S |les| 2
Lroof 3.55 14.1 135 18.8 10.80 | 6.48
2w | 1.73 28.9 218 27.2 12.31 | 7.39
Plate 3kaH 1.75 28.6 230 27.6 13.32 | 7.99
2.ire 4yan 1.37 36.5 230 27.6 10.44 | 6.26 6.87
18/8/6 | 5am | 1.88 | 26.6 220 273 | 1355 | 8.13
6 oot | 1.42 35.2 210 27.1 9.70 5.82
Teentral | 1.43 35.0 215 27.2 10.03 | 6.02

i root canal ground and re-welded (marked with 6 (o0r)
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Test results

The tensile strength test of the welded joint was performed according
to SRPS EN ISO 6892-1: 2020 on smooth flat tubes with parallel sides.
The test was performed on a SCHENCK — TREBEL RM 100 ripper. As the
plates of both base materials were of different thicknesses (12 and 16
mm), the tubes were machined and reduced to the same thickness to a
thinner plate (12mm) to obtain consistent results before the test.

For comparison, the tensile test tubes were cut from the plates of
basic materials. Based on the obtained results (Fo2, Fm), the resistance
properties were calculated: the yield stress Ro and the tensile strength
Rm. The deformation properties were also determined: the elongation A
and the contraction Z. Table 7 lists the mechanical properties of
microalloyed and high alloy steel.

Table 7 — Mechanical properties of microalloyed and high alloy steel
Tabnuua 7 — MexaHudeckue ceolicmea MUKPOeauposaHHOU U 8bICOKO/Ie2UpPO8aHHOU
cmanu
Tabena 7 — MexaHu4ka ceojcmea MUKpoJsieaupaHoz U 8UCOKO/Ie2upaHoa Yeruka

Yield stress Tensile strength Elongation Contraction
Test tube

Ro2 [MPa] Rm[MPa] A [%] Z [%]
Microalloyed 497 582 21 63
High-alloy 308 573 37 53

Figure 6 shows the o — € diagrams for a) microalloyed and b) high-
alloy steel.

For microalloyed steel, the 0 — € diagram with a pronounced yield
strength was obtained, and for high-alloy steel, the obtained diagram was
without a pronounced yield strength.

Two test tubes (Figure 4, test tube number 5) were cut from both
plates in the part of the metal seam for tensile characteristics tests. The
results of testing the tensile properties of the metal seams for both plates
are shown in Table 8.
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Figure 6 — 0 — ¢ diagrams for the base materials:
a) Microalloyed steel NIOMOL 490K, b) High-alloy steel X7CrNiNb18.10

Puc. 6 — Juaepammbl 0 — € OCHOBHbIX Mamepuaros:
a) MukponeeuposaHHasi cmanb NIOMOL 490K,
6) BricokonezauposarHas cmaiib X7CrNiNb18.10

Cnuka 6 — [ujazpamu 0—¢ 3a OCHO8He Mamepujarne:

a) mukponeauparu Yeruk NIOMOL 490K,
6 ) sucokoneaupaHu 4Yesnuk X7CrNiNb18.10.
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Table 8 — Tensile characteristics of the metal welded tubes on the welded plates
Tabnuya 8 — Xapakmepucmuku pacmsiKeHUsl 3rpo8eMmMKU MemasiudyecKux c8apHbIX

weoe Ha ceapHhblIX nriacmuHax

Tabena 8 — 3amesHe kapakmepucmuke ernpysema u3 Memari wasa o 3agapeHum

rnrovyama
. Tensile strength Rm :
Yield stress R MPa Elongation A [%
lpae [-2bE! 0N the ! 02 [MPa] [MPa] et (]
test tube average average average
Rp0,2 Rm
\value value value
. A-2.1 473 66 678 sa2 43 "
A-2.4 458 685 > 41
A-2.2 450 678 39
2 443 693 39
A-2.3 436 707 38

As it can be seen in Table 8, the obtained yield stresses Rp0.2 and
the tensile strengths Rm of the metal weld for plates 1 and 2 are similar.
This is expected according to (Bukvi¢, 2012; Kassner, 2015), having in
mind that the same basic materials and the same additional material MIG
18/8/6 were used.
After that, three tubes with the marks: 1.1, 1.2 and 1.3 were cut from
plate 1, from the part of the plate where the welded joint is located (Figure
4, tubes under number 4). The test results of the joint specimens for plate
1 are given in Table 9, while the o — € diagram is shown in Figure 7.

o [MPa]

600 (
500 - B

400 /
3004 /
200

100 4

0 5 10 15 20 25

T T T T T T T

30 . (%) 35

Figure 7 — Diagram o — ¢ for test tube 1.1
Puc. 7 — Juaespamma o — € anposemku 1.1
Cnuka 7 — Jujacpam o—¢ 3a enpysemy 1.1
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Figure 8 — Change in the contractions of the tube cross section 1.1
Puc. 8 — UameHeHue cyxeHul rnornepe4yHo2o cevyeHus anpogemxu 1.1
Cniuka 8 — lNpomeHa KoHmMpakyuja nornpeyHoe npeceka enpyseme 1.1

Figure 8 shows the change in the contraction of the cross section of
test tube 1.1 along its measuring part, and Figure 9 shows the appearance
of test tube 1.1 after tearing. The fracture of the test tube is accompanied
by uneven deformation of the measured length.

fracture place

welding joint

Figure 9 — Test tube 1.1 after tearing
Puc. 9 — 3nposemka 1.1 nocne pa3pbiea
Cnuka 9 — Enpysema 1.1 HakoH kuQarba

The tensile characteristics results for plate 1 for all three tested
specimens are shown in Table 9. The points A, B and C are the
characteristic points of the o — € diagram for specimen 1.1 (see Figure 7).
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Table 9 — Tensile characteristics of plate joint tubes 1
Tabnuya 9 — Xapakmepucmuku pacmsiKeHUs1 3rMpo8emKU coeOUHeHUs nnacmuHbl 1
Tabena 9 — 3ame3He kapakmepucmuke ernpysema croja u3 rsode 1

Test Yield stress at the | Stress at the Ztetr;zk;;tr:fggth €
tube point A [MPa] point B [MPa] [MPa] [%]
number
Ra average Rs average Re average average
value value value value
1.1 295 495 580 35
1.2 311 308 495 | 497 566 | 573 35 | 34
1.3 318 500 574 32

The mean stress at the point A is 308 MPa, at the point B it is 497
MPa, and at the point C it is 573 MPa, as shown in Table 9. The mean
percentage elongation of the tubes is 34%. The fracture occurred in high-
alloy steel in all three tubes.

Table 10 compares the stresses at the characteristic points A, B and
C of the 0 — € diagram for tube 1.1, according to Figure 7 and Table 9, and
the mean stress values for the base materials and the value deviations.

Table 10 — Stress at the characteristic points of the o — € diagram for test tube 1.1

Tabnuya 10 — HanpsixeHue 8 xapakmepHbIX moykax duagpammbl O — € ariposemku 1.1
Tabena 10 — HarnoH y kapakmepucmu4yHUM maydkama Oujazpama o—& 3a ernpysemy 1.1

Stress at the -

_— Characteristic stress values o —_
characteristic for basic material > <
points A. Bi C or basic materials = =

i 8

Average stress Mark. average value 8 k=

Mark 1 | alge. table 9 table 8 stress o % >

o = @)
Ra 308 Rpo.2 steel H 324 16 4.9
Rs 497 Rpo.2 steel M 491 8 1.6
Rc 573 Rm steel H 595 22 3.4

Observing the changes in cross-sectional contractions along the
measuring part of the test tube (Figure 8), it can be seen that the weld
metal has a higher cross-sectional contraction than microalloyed steel and
the HAZ towards microalloyed steel. The smallest contraction (about 6%)
occurs at the fusion line of the metal weld and the microalloyed steel.
Fracture occurs in high-alloy steel approximately half the measuring length
of the plate 1 tube. The narrowing towards the melting line from the middle
of the measuring tube is greater on the high-alloy steel side than the
narrowing towards the melting line with the microalloyed steel. The
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measurement showed a greater narrowing of the measuring part of the
test tube on the high-alloy steel side than the measuring part of the test
tube on the micro-alloy steel side.

Three tubes with the marks: 2.1, 2.2 and 2.3 were cut from plate 2,
from the part of the plate in which the welded joint is located (Figure 4,
tubes under number 4). The test results of the joint test tubes for plate 2
are given in Table 11, while the o — € diagram is shown in Figure 10.

600 o
o [MPa] = e
500 B
400 -
300 /A

200

100

0 T T T T T T T
0 5 10 15 20 25 30 ¢ %)%

Figure 10 — Diagram o — ¢ for test tube 2.1
Puc. 10 — Juaepamma o — € anposemku 2.1
Cnuka 10 — Jujazpam o—¢ 3a enpysemy 2.1

Contractions [%]
0
Fracture place
Ax

60 A/
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40
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a-A-AAAA
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20 / \ Ad N
A / A
A . A
/ A /“/
10 A
0 T T T T T T
60 40 40 60

20 0. 20
Connection axis

Distance from the joint axis [mm]

Figure 11 — Change of the contractions of the tube cross-section 2.1
Puc. 11 — UameHeHue cyxeHuli mornepeyHo20 ceyeHus anposemxu 2.1
Cnuka 11 — lNpomeHa KoHMpakyuja nonpeyHoe rnpeceka ernpyseme 2.1
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Figure 11 shows the change in the contractions of the cross section
of tube 2.1 along its measuring part, and Figure 12 shows the appearance
of tube 2.1 after tearing. The fracture of the test tube is accompanied by
uneven deformation of the measured length.

welding joint

fracture place

Figure 12 — Test tube 2.1 after tearing
Puc. 12 — 3nposemka 2.1 nocne pa3pbiea
Cnuka 12 — Enpysema 2.1 HakoH KuOarba

The results of the tensile characteristics of the joint for plate 2 for all
three tested specimens are given in Table 11.

Table 11 — Tensile characteristics of plate joint tubes 2
Tabnuya 11 — XapakmepucmuKu pacmsiKeHuUs1 3rposemku coeOUHEHUS n1acmuHbl 2
Tabena 11 — 3amesHe kapakmepucmuke enpysema crioja u3 risiove 2

Yield stress at Stress at the Tensile strength E
Test the point A point B [MPa] at the point C [%]
tube [MPa] [MPa]
number
Ra average Rs average Rc average average
value value value value
2.1 318 512 588 37
2.2 315 309 499 | 501 586 | 586 34 | 36
2.3 295 493 583 36

The average stress value at the point A is 309 MPa, at the point B is
501 MPa, and at the point C is 586 MPa, as shown in Table 11. The
average value of the percentage elongation of the tubes is 36 %. Fracture
occurred in microalloyed steel in all three tubes.

Table 12 compares the stresses at the characteristic points of the o —

¢ diagram for tube 2.1, according to Figure 10 and Table 9, and the mean
stress values for the base materials and the value deviations.
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Table 12 — Stresses at the characteristic points of the o — € diagram for test tube 2.1
Tabnuua 12 — HanpsixeHus 8 xapakmepHbIX moyYykax duazpaMmbl O — € 3rpoeemku 2.1
Tabena 12 — HaroHu y kapakmepucmu4yHUM mayvkama Oujazpama o—¢ 3a eripysemy 2.1

Stress at the characteristic Characteristic stress values
points in Figure 10 for basic materials c c
i) RS
Mark Average stress Mark. Average stress 8 = ®
value. Table 9 Table 8 value 5L | 3%
oqg= oSy
Ra 309 Rpo.2 steel H 324 15 4.6
Rs 501 Rpo.2 steel M 491 10 2.0
Rc 586 Rm steel M 583 3 0.5

The examination of the test tubes and the analysis of Figure 11 show
that the smallest cross-sectional contraction (about 10%) occurs at the
fusion line of the metal weld and the microalloyed steel. The fracture
occurred in the microalloyed steel, approximately half of the measuring
length of the tube on the side of the microalloyed steel. The narrowing
towards the fusion lines with base materials is greater on the high-alloy
steel side than on the fusion line with the micro-alloy steel. The total
narrowing of the cross section of the measuring lengths of the base
materials is greater on the side of the microalloyed steel.

Both experimental plates 1 and 2 were subjected to hardness tests of
all characteristic structures located on them. The results of the hardness
measurements and the microstructure tests show the usual values for the
steels used (Bukvi¢, 2012).

a)
Figure 13 — Macroscopic image of the welded plates with impressions from the hardness
measurements:

a) Macroscopic image of plate 1, b) Macroscopic image of plate 2

Puc. 13 — Makpockonu4eckuli CHUMOK C8apHbIX MiacmuH ¢ omredamkamu usmepeHul

meepdocmu:
a) Makpockonudeckuli cHUMOK ninacmuHbl 1, 6) Makpockonu4deckutl CHUMOK nracmuHbl 2
Criuka 13 — MakpockoricKu CHUMaK 3a8apeHuXx riioqa ca omucyuma o0 Mepera mepdohe:

a) MakpOCKOrMCKU CHUMaK rsiove 1, 6) MakpOCKOMNCKU CHUMaK riode 2
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Figure 14 — Graphic representations of the material hardness change in plates 1 and 2 by

zZones:

a) Change in hardness in plate 1
b) Change in hardness in plate 2
Puc. 14 — 'paghudeckue usobpaxeHusi usmeHeHuss meepdocmu Mamepuana nanacmuH 1

u 2 no 30Ham:

a) ismeHeHue meepdocmu nnacmuHbl 1
6) NsmeHeHue meepdocmu nnacmuHbl 2
Cnuka 14 — INpacbuyku npukasu npomeHe mepdohe mamepujana y nnodyama 1 u 2 no

30HaMma:.

a) npomeHa mepdohe y nnoyu 1,
6) npomeHa mepdohe y nno4u 2
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According to the macroscopic image of plate 1 (Figure 13 under a),
the hardness of the HAZ towards high-alloy steel (153-192 HV) does not
differ significantly from the hardness of high-alloy steel (168-193 HV). As
it can be seen from Figure 14 under a, the HAZ hardness values for
microalloyed steel (199-333 HV) are higher than the hardness values of
microalloyed steel (180-193 HV). The metal weld structure is austenitic
with about 30% © ferrite (Guo et al, 2015; Liu & Pons, 2017).

The test results of the joint from plate 2 according to the shown
macroscopic image (Figure 13 under b), show that, similarly to plate 1, the
values of the HAZ hardness towards high-alloy steel (151-192 HV) do not
differ significantly from the hardness values of high-alloy steel (165— 189
HV). The values of the HAZ hardness towards microalloyed steel (224—-333
HV) are higher than the hardness values of microalloyed steel (187-196
HV) and beinite was observed, Figure 14 under b (Guo et al, 2015; Liu &
Pons, 2018).

Analysis of results

Plates 1 and 2 are welded with the maximum and minimum allowable
amount of heat input. The values of the amount of heat input used in this
case represent the limit values for the selected welding process and
additional material. Tables 6 and 7 show that the input difference is about
30%. A lower amount of heat input would be achieved by reducing the
current or by increasing the welding speed. Decreasing the current leads
to the appearance of an unstable arc, and increasing the welding speed
leads to poorer formation of metal seams. In both cases, unacceptable
errors in the formation of metal seams (eg porosity, gluing) occur (Mileti¢
et al, 2020; Zhang et al, 2015; Durmusoglu et al, 2015). Higher heat input
would be achieved by increasing the current or reducing the welding
speed. Increasing the welding current leads to the overheating of the liquid
metal and poorer weld formation, and reducing the welding speed leads to
a large volume of liquid metal that is difficult to control.

According to Schaeffler's diagram (Figure 2), in the welding of the
used base materials (microalloyed ferritic-perlite and high-alloy austenitic
steel) it is possible to use additional material MIG 18/8/6, because the
result of this joint is in the safe area (Mileti¢ et al, 2020; Zhang et al, 2015;
Durmusoglu et al, 2015).

After welding, visual and radiographic control of all welded plates was
performed. No errors were observed on either plate 1 or plate 2.

The results of hardness measurements on both experimental plates
were obtained by the Vickers method at 10 daN. It is noticed that in plates
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1 and 2 the highest values of hardness are achieved in the HAZ from
microalloyed steel. In this coarse-grained zone, there was a large increase
in grain, whereby the ferritic-perlite structure of microalloyed steel changed
to beinitic. Microalloyed steel has higher hardness values on both welded
plates than austenitic high alloy steel and its HAZ. The metal hardness
values are higher than those of both base materials in all cases. The lowest
values of hardness were shown by the HAZ on the part of high-alloy steel,
except for plate 1, where the values are approximately the same as the
values of high-alloy steel. The decrease in hardness in the HAZ of high-
alloy steel was due to the increase in grain in the HAZ (Mileti¢ et al, 2020;
Sankar et al, 2021).

The obtained tensile diagrams of the metal weld tubes for plates 1
and 2 are typical for austenitic steels. When compared, the values of the
tensile strength and the yield stress for additional material MIG 18/8/6 differ
somewhat from the values offered by the manufacturer. The obtained
values of the tensile strength Rm for additional material 18/8/6 are higher
than the catalog values by 3.3 to 4.7%. The obtained percentage
elongations for additional material 18/8/6 are higher by 4 to 7%. These
deviations are a consequence of mixing the additional material with the
basic material (Mileti¢ et al, 2020; Zhang et al, 2015; Durmusoglu et al,
2015).

Comparing the values from Table 9 with the values of the yield stress
and the tensile strength of the base materials (Table 7) and the weld metal
(Table 8) for plate 1, it can be established that the point A in Figure 7
corresponds to the yield strength of high alloy steel, the point B
corresponds to the yield stress of microalloyed steel and the point C
corresponds to the tensile strength of high-alloy steel. This is expected
according to (Sankar et al, 2021), since high-alloy steel has the lowest
yield stress and plastic deformation will start in it first (point A). As the
tensile force increases, the yield stress of the microalloyed steel (point B)
is reached. The fracture occurred in high-alloy steel at a stress
corresponding to its tensile strength (point C). The weld metal has a yield
stress significantly higher than the yield stress of high-alloy, but a lower
yield stress than microalloyed steel (Zhang et al, 2015; Durmusoglu et al,
2015). Therefore, the weld metal will deform before the point B is reached.
As the weld metal and high-alloy steel are of similar structure, they will
behave similarly when deformed, so there will be no discontinuity in the o
— ¢ diagram. The results shown in Table 10 show a good agreement
between the voltages in the second and fourth columns, which confirms
the assumptions made.
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Comparing the values from Table 11 with the values of the yield stress
and the tensile strength of the base materials (Table 7) and the weld metal
(Table 8) for plate 2, it can be established that the point A in Figure 10
corresponds to the yield strength of high alloy steel and the point B
corresponds to the yield stress of microalloyed steel, but it is slightly
pronounced in the figure, which distinguishes this diagram from the
diagram obtained for plate 1 (Figure 7). The point C corresponds to the
tensile strength of microalloyed steel. This sequence is possible, since
high-alloy steel has the lowest yield stress and plastic deformation will first
begin in it (Mileti¢ et al, 2020; Zhang et al, 2015; Durmusoglu et al, 2015;
Sankar et al, 2021) (point A). With the increase of tensile force, the high-
alloy steel is strengthened and the yield stress of the micro-alloy steel is
reached (point B). Fracture occurs in the microalloyed steel at a stress
corresponding to its tensile strength (point C). The weld metal has a yield
stress significantly higher than the yield stress of the high-alloy steel, but
a slightly lower one than that of the microalloyed steel. According to the
values from Tables 7 and 8, the tensile strength of the metal welds is
higher than the tensile strengths of the basic materials. Therefore, the weld
metal will deform before the point B is reached, as seen in Figure 11. As
the weld metal and the high-alloy steel are of similar structure, they will
behave similarly when deformed. Table 12 shows a good voltage matching
in the second and fourth columns, which confirms the assumptions made.

Conclusions

When welding, it is recommended to use a lower amount of heat input,
as this results in a lower degree of mixing the additional material with the
base materials. Comparing the obtained results using austenitic additional
material MIG 18/8/6 and lower heat input, we obtained a welded joint with
superior mechanical characteristics, which ensures better work in all
atmospheric conditions.

When cracks are found in the metal weld between the roof covering
and the reservoir sheath, this joint is not the weakest point in the welded
joint, because plastic deformations of the metal weld start only at stresses
at which the basic materials break. The contraction of the weld metal
increases with increasing the distance from its axis. The contraction at the
same distance to the left and right of the axis of the weld metal is not the
same and depends on the characteristics of the steel with which the weld
metal is in contact.
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The hardness measurements showed that, in all cases, the highest
values were found in the HAZ towards the microalloyed base material, and
the lowest values were in the HAZ towards the high alloyed base material.
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TEPMWYECKOE BO3JEVNCTBWVE HA ®N3NKO-MEXAHUNYECKUE
CBOWCTBA AYCTEHUTHO-®EPPUTHbLIX CBAPHbIX LUBOB

AnekcaHOap I. Byksuy?, koppecnogeHT, Janubop I1. MNMeTpoBuy?,
Uzop 3. Pagucaenesuy®, Cawa C. Qumutpmy?

2 YHuBepcuteT 06opoHsl B I. Benrpag, BoeHHas akagemus,
r. benrpag, Pecnybnuka Cepbus

5 MunncTepcTo 060opoHbl Pecnybnuku Cepbusi, BoeHHO-TEXHUYEeCKUi
WHCTUTYT, r. Benrpaa, Pecnybnuka Cepbus

PYBPUKA TPHTW: 81.35.39 CBapHble MeTanmnokoHCTPYKLNK,
81.35.13 TexHonorusa n o6opynoBaHne CBapO4YHOro
npom3BoacTea
BWO CTATbW: opurmHanbHas Hay4yHas cTaTbs

Pesrome:

Beederue/uenb: Bo epemsi  3KcrslyamayuoOHHbIX  uUCrbimaHul
pe3epsyapos O0nsi xpaHeHusi OeH3UHa 6 C8apHOM ayCMmeHUMHO-
eppumHom coeduHeHUU Moaym 0bpa3osambCs MPewuHbl, 4mo
MOXxem ucriopmumab 8ecb pe3epsyap.

Memodebi: C uenbto docmuxkeHusi ydoeriemeopumesibHOU npoYyHocmu u
donzogeyHOCMU  €8apHO20 COeOQUHEeHUss 8 OQaHHOU cmambe
aHanusupyemcs eosdelicmeue nodgedeHHO20 mersia Ha pacmsikeHuUe
ceapHbix coeduHeHul. B cywecmsyrowel numepamype U Ha
npakmuke GonofHUMersbHbie Mamepuarsnsl Ofsi C8apKu 3/1EeMEeHMmMOo8
pe3sepsyapa nodbuparomcs 8 coomeemcmeuu C XUMUYECKUM
cocmaeoM  3/IeMEHMO8 OCHOBHbIX Mamepuasiog C  [MOMOWbH
Ouaepammbl  Lleghgbnepa. B OaHHOU  cmambe  onucaHbl
XapakmepucmuKku c8apHbIX COeOUHeHUU pesepayapos 01 XpaHeHusi
b6eH3uHa, bonbwasi 4Yacmb ~ KOmMOPbIX  U320moO8/ieHa U3
MesikozepHuUcmol MmukponeauposaHHol cmanu NIOMOL 490 K, a
Yacmb KpbIWKU pesepsyapa u320mossieHa U3 aycmeHuUmHou cmaru.
Ceapka nnum, u320MOBJIEHHHbIX U3 3mux 08yXx Mamepuaros,
npoussodumcs memodom MIG ¢ dononHumensHbiM mamepuanom MIG
18/8/6 npu pasHom Konudecmee nodeedeHHO20 merina.

Bbigo0db1: Ha ocHosaHuU pe3yribmamos, nosyyYeHHbIX rpu ucrbimaHuu
Ha pacmsixeHue 8 coomgemcmeuu co cmaHdapmom SRPS EN ISO
6892-1:2020, cdenaH 8bI800, YmMO rosedeHUe COeOUHEeHUsT 8 UesloM
3asucum om ceolicme Kax0Ool omdenbHOU 4Yacmu C8apHO20
coeQuHeHus1 u ux esaumoldelicmeus. Takxe bbin cOenaH 8bi800, 4MO
e83aumodelicmeue 6ydem ny4qwe, €cCriu ceapka BbIro/HSIemcs ¢
MEHbWUM KOonu4ecmeomMm rnodeedeHHO20 mersia, MOCKO/IbKY 8 Makom
cnyyae QonosiHUmeribHble Mamepuarbl 8 MeHbWwel cmerneHu
CMeLwu8aromcesi C OCHOBHLIMU Mamepuanamu.

Kniouesble  crnoga:.  heppumHo-ayCmeHUmMHbIl  cg8apHOU  Wo8,
meepdocmab, Nacmu4YHoOCMeb.
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YTULAJ YHETE TOIMJIOTE HA 3ATE3HE KAPAKTEPUCTUKE
AYCTEHNTHO-®EPUTHNX SABAPEHNX CIMNOJEBA

AnekcaHOap I. Byksuh?, ayTtop 3a npenucky, Janubop I. MNetposuh?,
Uzop 3. Pagucaerbesuh®, Cawa C. Oumutpuh?

@ YHuBepanteT onbpaHe y beorpaay, BojHa akagemuja,
Beorpapg, Penybnuka Cpbuja

6 MunuctapcTeo onbpare Peny6nvike Cp6uje, BojHOTEXHUYKM UHCTUTYT,
Beorpan, Penybnuka Cpbuja

OBJIACT: MawwnHCTBO, MALLUHCKN MaTepujanu
BPCTA YJTAHKA: opvruHanHu Hay4Hu pag

Caxemak:

Yeod/uurb: TokoMm eKcrioamauujckux ucrumuearba pesepeoapa 3a
cknaduwmerbe 6eH3UHa, y ayCcmeHUMHo-ghepUmHOM 3a8apeHOM Criojy
Mo2y Hacmamu fpciuHe Wimo MOXe KOMITPOMUMOoeamu Ueo pe3epsoap.

Memode: Padu nocmusar-a 3agapeHoe crioja 3adoeosbasajyhe uspcmohe
u mpajHocmu, y pady je aHanusupaH ymuuyaj yHoca morjiome Ha 3amesHe
Kapakmepucmuke 3asapeHux criojeea. Y docadauwH0j npakcu 0o0amHu
Mamepujanu 3a 3asapusarbe efieMeHama pe3epeoapa bupajy ce npema
XeMUjcKoM cacmasy efieMeHama OCHOBHUX Mamepujana, a y3 rnomoh
LLlegbrnieposoe Oujazpama. Y o8om pady ucrumueaHe cy Kapakmepucmuke
3asapeHux criojesa pe3epsoapa 3a cknaduwmere beH3uHa. Hajeehu deo
pe3sepgoapa uspafleH je 00 CUMHO3PHO2 MUKporieaupaHoe 4Yeruka
NIOMOL 490 K, dok je kposHu deo pesepesoapa uspaljeH 00 aycrmeHUmHoa
yesnuka. lNnoye 00 oea dea Mamepujarna 3asapeHe cy MIG nocmynkom ca
dodamHum mamepujariom MIG 18/8/6, npu pasnuyumum KonuduHama
yHeme morisiome.

Sakrbyyak: AHanuzom pesynmama QobujeHUX ucrnumuear-eMm Ha
3amesarbe, npema cmaHdapdy SRPS EN ISO 6892-1:2020, 3akrby4yeHo je
Oa rnoHalwar-e crioja Kao yesnuHe 3asucu 00 0cobuHa ceakoe rojeduHaqyHoz
Oena 3asapeHoz crigja u 00 Huxogoe MmelycobHoe ymuuaja. Takohe,
3aKk/by4eHo je Oa je MelycobHu ymuuaj egbukacHUju YKOMUKO ce
3asapusarbe 8pWIU HUXXOM KOSTUHUHOM moriiome, jep ce mada ocmeapyje
Marbu cmernieH Mewara 0o00amHOo2 Mamepujaia ca OCHOBHUM
Mamepujanuma.

KrbyyHe peuu: aycmeHUmMHO-¢bepumHu 3aeapeHu croj, 4Yepcmoha,
naacmu4YHocm.
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