FRACTAL EVALUATION OF GRAIN BOUNDARIES BRANCHING IN THE STRUCTURE

Table 1. Chemical composition of weld metal

Chemical element, wt.%
Weld
C Si Mn S P Cr Ni Mo Cu Al Ti

Base 0.050 0.290 1.32 0.024 0.014 0.16 2.19 0.27 0.36 0.039 0.019
TiC 0.054 0.263 1.28 0.025 0.011 0.13 222 0.26 0.49 0.035 0.009
TiN 0.035 0.317 1.40 0.019 0.009 0.14 2.29 0.26 0.56 0.036 0.011

SiC 0.066 0.370 0.92 0.016 0.024 0.14 1.72 0.23 0.54 0.021 0.005
TiO, 0.035 0.405 1.24 0.016 0.021 0.11 1.97 0.27 0.72 0.032 0.015
Al 0, 0.034 0.424 1.40 0.017 0.023 0.12 2.15 0.29 0.60 0.023 0.030

Table 2. Composition of secondary structure of weld metal

l Averaged fraction of components in the microstructure of welds, vol.% Size of structural grains,

Weld Lower bainite Upper bainite Martensite Ferrite nm

Base 50 30 10 10 15+1

TiN 30 57 10 3 15+0.7

SiC 30 50 10 10 19+1

TiO, 25 45 10 10 20+ 1
AlO, 15 50 15 15 16 +1

TiC 25 60 10 5 18+1

For fractal analysis, five optical images of the sec-
ondary structure at a magnification x1000 for each
weld metal were selected (Figure 1). After process-
ing with the use of the Imegel software, binary im-
ages of the corresponding structures (Figure 2) were
obtained, for which the fractal parameter was deter-
mined. The results of fractal parameterization are giv-
en in Table 3.

The cell method was used to calculate fractal
dimensions. [7]. According to this method, the pre-
pared fractal image (Figure 1) is covered with grids
of square cells (“box counting method”) with the grid
step d scaled to 1px = 0.0377 um and a number of
cells N(d) is calculated, in which information bound-
ary (grain boundary) of the investigated fractal ob-
ject — structure was captured. The fractal dimensions
of the image D are determined as a result of approx-

Figure 1. Microstructure of metal and binarized weld microstructure: a — base; b — SiC; ¢ — TiN; d — TiC; e — TiOz; f— AIZO3
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Figure 2. Microstructure and grain boundaries of weld metal modified by compounds: a — base; b — SiC; ¢ — TiN; d — TiC; e —

TiO,; /— ALO,
imation of the obtained set of points using the least
squares method according to the expression (2).
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The results of the analysis of optical images of the
metal structure of the studied welds according to the
MIPAR software (Figure 2), which allowed determin-
ing the total length of grain boundaries, are given in
(Table 4).

DISCUSSION OF RESEARCH RESULTS

The fractal parametrization of the structure is preceded
by the binarization of its black and white images, which
is based on the determination of a certain level of black
colour as a carrier of information. Therefore, the images
shown in Figure 1 should be considered as information
grain boundaries. In the images, black colour shows the
regions of metal corrosion of elevated intensity in the
process of etching. Due to the fact that etching pits coin-

g

—— y=9.448 x 105— 1,026 x 106x + 2.826 X IWTN

2

:

Total perimeter of grain boundaries, pm
2

1400 -
1300 |-
1200 I 1 I 1 1 I
1.80 1.82 1.84 1.86 1.88 190 192 194
Fractal parameter, D,

Figure 3. Impact of the fractal parameter on the total perimeter of
grain boundaries
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cide with the places of elevated concentration of dislo-
cations and liquation elements, the highlighted bound-
aries can be considered as regions with an increased
tendency to brittle fracture of the metal.

The MIPAR software detects “pure” idealized
grain boundaries. The total length of grain boundaries
calculated based on this software can be used to find
the medium grain size (d) in the formula (1) to deter-
mine the values of metal strength.

The analysis of the obtained results showed (Fig-
ure 3) that there is a fairly simple dependence between
the fractal parameter D , of grain boundaries branching
and the total length of grain boundaries L, (correlation
coefficient R* = 0.93), which can be described by a qua-
dratic expression. Le., at a relatively low level of the
fractal parameter D < 1.86, its change has almost no
impact on the total perimeter of grain boundaries, where-
as when approaching this parameter to ng = 2.0, the to-
tal perimeter of boundaries increases sharply.

The results of the analysis shown in Figure 3, allow
visualizing the dualism of the impact of nonmetallic in-

Table 3. Fractal parameter D, of grain boundaries branching
obtained as a result of analysis of optical images of weld metal
structure

Weld Base | SiC TIN TiC | TiO, | ALO,
Fractal
1.9069 | 1.8916 | 1.9387 | 1.8765 | 1.8149 | 1.8252
parameter (ng)

Table 4. Total length of grain boundaries (L) in the regions of
weld metal

Weld Base SiC TiN TiC TiO, | ALO,

16112.14 | 14226.94 | 17078.15 | 13893.75 | 13174.61 | 12949.53

L pm
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clusions on the indices of grain boundaries in the struc-
ture of weld metal. Thus, for example, during inocula-
tion of TiO, and Al,O, particles to the welding pool, both
the total perimeter of the boundaries, as well as the size
of the region with an increased tendency to brittle frac-
ture are noticeably reduced compared to the Base vari-
ant. The introduction of TiN particles to the welding pool
leads to an increase in these two indices relative to the
Base variant. The presence of SiC and TiC particles in
the welding pool make it possible to raise the index L,
without a significant growth in the index D .

Thus, the given example of the system analysis
indicates the possibility of expanding the knowledge
base on the features of the impact of nonmetallic in-
clusions on grain boundaries in the structure of weld
metal and making a more reasonable choice of weld-
ing consumables in the manufacture of metal struc-
tures of high-strength low-alloy steels.

CONCLUSIONS

The studies on the visualization of the dualism of the
influence of nonmetallic inclusions on the indices of
grain boundaries in the structure of weld metal of
low-alloy steels were carried out. To analyze the im-
pact of nonmetallic inclusions TiO,, TiC, TiN, SiC,
AL O, and TiO,, the procedure of fractal analysis and
the MIPAR software were involved. As a result of the
conducted investigations, it was found that:

1. Involvement of the MIPAR software for analyz-
ing optical images of the structure allows carrying out
a numerical description of boundaries of structural
grains by setting the value of the total perimeter of
boundaries L .

2. The methods of fractal analysis can be used to
perform a numerical description of grain boundaries
through the fractal parameter D,

3. Parameter L, describes the idealized (“pure”)
size of grain boundaries.

4. Parameter D, describes information grain
boundaries.

5. The system analysis of indices L and D, allows
expanding the idea of dualism of the influence of non-
metallic inclusions on the structure of grain boundaries.
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USE OF STRUCTURAL STEELS
IN STORAGE TANK CONSTRUCTION
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ABSTRACT

The work investigates the structure and ductility of sheet rolled steels of the strength class 355 and 420 in the plane X-Y. It is
shown that the use of normalized rolling does not provide sheet rolled steel S355+N the state, which is equivalent to the state
after normalization. As a result of carrying out normalized rolling, due to the additional compression of the sheet in the tempera-
ture region near the temperature 4 ;, a banded structure is formed in steel, which has a high anisotropy of mechanical properties.
The formation of such a fibrous structure leads to a brittle state of the metal in the plane X—Y at a calculation temperature. To
prevent brittle layered fracture, it is necessary to use structural steels of the strength class S355 and S420, produced in accor-
dance with the standard DSTU EN 10025-3:2007 in a state after normalization and limit the content of sulphur S <0.10 %. In
the case of using the mentioned steels in the state after normalized rolling, it is recommended to use a metal with a thickness
of not more than 15 mm, which will provide a safe service of a metal in welded assemblies over the direction of thickness. An
additional criterion for stability of sheet rolled steels S355 and S420 to the brittle layered fracture, in addition to the rolled metal
Z quality group, it is proposed to use such an indice as impact work, which is determined on the specimens with a V-shaped
notch in the rolling plane X-Y (along the sheet axis).

KEYWORDS: structural steels of strength class 355 and 420, normalized rolling, brittle layered fracture, vertical cylindrical

steel tanks

INTRODUCTION

Due to the transition of the construction industry
on using structural steels, which are manufactured
in accordance with the standards DSTU EN 10025,
the problem of compliance of the mechanical prop-
erties of these steels and their welded joints with the
requirements of the current regulatory framework
of Ukraine is relevant. Traditionally, in Ukraine
for welded metal structures, a carbon steel St3sp5-
zv [1] (strength class S255) and a low-alloy steel
09G2S-12 [2] (strength class S325 at a thickness
10 <¢<20 mm) were used, which were delivered in a
hot-rolled state or after normalization. The mentioned
steels have a high ductility, a sufficient level of cold
resistance and a good weldability, which led to their
widespread use in critical structures [3], in particu-
lar, for vertical cylindrical tanks [4]. Structural steels,
according to DSTU EN 10025-2-S355J2+N [5],
DSTU EN 10025-S-355N(NL)) [6] and DSTU EN
10025-3-S420N(NL) [6], refer to a higher strength
class and quite often are delivered after normalized
rolling. The peculiarity of the mentioned steels is their
production by metallurgical plants with a low content
of sulphur: S <0.010 % and phosphorus: P <0.015 %,
which should provide their high cold resistance [3].
The standards [5, 6] indicate that the state of steel
after normalized rolling is equivalent to the state after
normalization. At the same time, the works [7-9] note

Copyright © The Author(s)
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that unlike normalization, in the process of normalized
rolling at the final stage, an additional metal deforma-
tion is performed in the austenitic zone at values of
temperature close to the point 4 ,, which at sufficient
compression allows obtaining a fine-grained structure
due to a multiple full recrystallization [9]. In this case,
additional deformation should lead to greater struc-
tural heterogeneity compared to the normalized state
and, accordingly, to greater anisotropy of mechanical
properties of the metal [10]. From this point of view,
it is appropriate to carry out additional studies of the
properties of sheet rolled steels made in accordance
with DSTU EN [5, 6] in a state of normalized rolling,
which are widely used in construction in order to take
into account their features. In the case of vertical cy-
lindrical tanks, it is necessary to take into account the
work of the metal in the direction of thickness (Z-di-
rection), which occurs in welding-in branch-pipes
(overlapped welded joint, which reinforces the sheet-
wall; T-joint by welding-on the wall to the branch-
pipe) and in the assembly of the joint “wall-contour
sheets of the bottom”. In order to prevent the emer-
gence of a layered metal fracture, postweld heat treat-
ment (PWHT) is carried out to remove welding resid-
ual stresses in places of welding-in branch-pipes and
hatches into the wall in order to offset their influence
during the metal work in the direction of thickness
[11-13]. The conditions under which it is necessary
to carry out PWHT of places of welding-in branch-
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Table 1. Standard requirements for carrying out postweld heat treatment (PWHT) of places of cutting-in of branch-pipes and hatches

into the wall of vertical cylindrical tanks

Design standard Grade of steel Thickness of the girth, Dlamete'r of the
mm branch-pipe, mm
S235 t>25 >300
AP1650-13 [11] S275J0; $355J0; S355(J2 abo K2); 13 - 50
A841M, grade A, class 1,2 (ReH > 461 MPa) B
S275; 8355 t>25 >300
EN 14015 [12]
S420 t>20 All diameters
DSTU B V.2.6-183:2011 [13] ReH > 345 MPa t>25 >300
Notes. 1. In table the requirements for an incomplete list of steel grades are provided. 2. ReH is the minimum guaranteed yield strength.

pipes in the wall differ significantly depending on the
design standard (Table 1).

The data analysis given in Table 1 shows that there
is no single approach to solving the prblem of select-
ing the conditions, under which it is necessary to carry
out PWHT. The main factors affecting the need for
its conducting are the strength class of steel and the
hole diameter. The most rigid requirements are spec-
ified in the standard API 650-13 [11]: for the steel of
strength class S275J0 and more than the thickness of
the sheet # > 13 mm, PWHT is already required. In the
standard EN 14015 [12]: for the steels S275 and S355
at a thickness 7 > 25 mm, and for the steel of strength
class S420 at a thickness ¢ > 20 mm. The least rigid
requirements are contained in the domestic standard
DSTU B V.2.6-183:2011 [13], which requires carry-
ing out additional studies for the conditions of PWHT
treatment.

One of the criteria for the quality of sheet rolled
metal and its resistance to layered fracture, which has
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become widespread in practice, is its guaranteed com-
pliance with the quality class Z15, Z25, Z35 based on
the results of tensile tests of the specimens in the di-
rection of sheet thickness [14, 15]. However, it should
be noted that the size of reduction in area y_ is mainly
affected by the presence of nonmetallic inclusions in
steel [3, 16, 17]. In our case, it is possible to expect
an increased structural banding of metal and a low
content of globular nonmetallic inclusions. Taking
into account that propagation of cracks is determined
by the toughness of metal matrix [16], the use of the
specified criterion may be insufficient. In addition,
the determination of reduction in area y, occurs at a
positive temperature that does not correspond to the
calculated operation temperature, which also cannot
fully guarantee the absence of brittle layered fracture
of welded metal structure during its further operation.

Considering the abovementioned, the evaluation
of the resistance to brittle layered fracture of the sheet
rolled steels S355 and S420 in the rolling plane X-Y

20
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Cyllindrical
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20; 25

Figure 1. Scheme of cutting out specimens from cruciform welded joints: ¢ — on impact bending with notches in the plane X-Y; b —

on tension to determine the quality class of steel
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Table 2. Chemical composition of sheet rolled steels S355J2+N, P3555NL2 and S420NL

Mass fraction, %

Data source
C Mn Si P S Cr Ni Cu Al A" Ti
S355J2+N, ¢ = 25 mm, normalized rolling
Control analysis of PWI 0.14 1.34 0.18 0.022 | 0.016 | 0.036 0.03 0.05 0.028 | <0.005 | 0.023 0.015
S355J2+N, ¢t = 20 mm, normalized rolling
Control analysis of PWI | 0.15 1.37 0.20 | 0.017 | 0.009 Was not determined 0.028 - 0.023 | 0.017
DSTU EN10025-2:2007, <0.23 | <1.70 | <0.60 | <0.35 | <0.35 — - <0.55 <0.13
Table 4
P355NL2, t =20 mm, normalization
Control analysis of PWI | 0.17 1.33 0.33 0.009 | 0.002 | 0.036 | 0.045 | 0.010 | 0.033 | 0.006 | 0.033 | 0.003
DSTU EN10028-3:201 1.10-
STU EN10028-3:2018, <0.18 0 <0.50 | <0.020 | <0.005 | <0.30 | <0.50 | <0.70 | 0.025 | <0.10 | <0.05 | <0.03
Table 1 1.70
S420NL, ¢ =25 mm, normalization
Control analysis of PWI 0.13 1.50 0.26 0.015 | <0.002 | 0.07 0.07 0.05 0.041 0.054 | 0.035 | <0.005
DSTU EN 10025-3:2007, <0.22 0-95- <0.65 | <0.030 | <0.025 | <0.35" | <0.85 | <0.60 - V+Nb+Ni <0.26 %
Table 3 1.80
"‘Mo+Cr < 0,38 %.
Table 3. Mechanical properties of base metal of tested specimens of steels S355J2+N, P355NL2 and S420NL
Impact toughness KCV, , J/cm?, at a temperature
Data O | Ow || O |V 20°C -30°C 50°C
source MPa|MPa| ¥ | % %
L T L T L T
S355J2+N, =25 mm
Tests o pwy L B33 009|359 | 729 | 265: 352: 214 | 168: 192 185 | 1631 170: 171: 179 | 63: 60: 58: 57 - -
346.8[492.8] 0.70  35.0 | 73.9 277 182 171 59.5
S355J2+N, =20 mm
Tests of PWI 41011530 | 0.77] 33 | 67 | g2:275:201 | 131; 163; 127| 306:287:304 |141: 134; 140
ests o — —
402 | 526 [0.76 | 37 | 71 283 140 299 138
DSTU EN 470— Is not
> — > — > — — — —
10025-2:2007 =345 630 =22 =34 normalized
P355NL2, t =20 mm
241:282:32 . 104; 11
414 | 544 (076 | 31 | - - - - - §2.329 |73:.104. 113
Tests of PWI 284 97
410 | 549 [ 0.75| 33 - - - - - - -
DSTU EN 490—
> — > — — — — — — >
10028-3:2018 2345 630 222 234
S420NL, =25 mm
430 583 | 0.73 | 33 |66.2 327:344:338 | 246.4-333.6 | 160: 120; 138; 139
Tests of PWI — - _
433|589 [0.74 | 33 |67.3 336 294,1 139
DSTU EN 520—
> — > — — — — > > —
10025-3:2007 | =% 680 =19 =29 =34

Note. L — tests on longitudinal specimens, T — tests on transverse specimens.
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Table 4. Investigations for the Z quality group of sheet rolled steels S355J2+N, P3555NL2 and S420NL

Specimen Grade of steel, . Z quality Mass fraction
As-del teel 9
number thickness of the sheet s-delivered stee v, % group of sulphur, %
1
2 S355J2+N, t =25 mm Normalized rolling 22.0 Z15 0.016
3
1 . . 41
2 S355J2+N, t =20 mm Normalized rolling 0 > 735 0.009
1 . 69.1
> P355NL2, t=20 mm Normalization 732 > 735 0.002
1 - 66.2
> S420 NL, =25 mm Normalization 73 > 735 0.002

was carried out on the basis of evaluating the value of
impact toughness according to the results of testing
standard Charpy specimens with a V-notch.

CHARACTERISTICS OF SOURCE
MATERIALS AND RESEARCH PROCEDURE

To study the resistance of the sheet rolled steels S355
and S420 to brittle layered fracture, cruciform billets
were made [18] (Figure 1), from which the specimens
were cut out to determine the impact toughness KCV
with a notch in the plane X~} and the specimens to de-
termine the size of transverse reduction in area during
tension in the direction of metal thickness [15].

The specimens of the sheet rolled steels S355J2+N
[5], P355NL2 [19] and S420NL [6] with a thickness
t =20 mm and ¢ = 25 mm were investigated. The
chemical composition and type of heat treatment of
the steels are given in Table 2. The mentioned steels
are microalloyed with niobium Nb and aluminum Al,
and the steel S420NL is additionally alloyed with va-
nadium V. The actual sulphur content for the steels
P3555NL2 and S420NL is S = 0.003 wt.%. For the
steel S355J2+N, the sulphur content S = 0.016 wt.%
at =25 mm and S = 0.009 wt.% at # = 20 mm. The
mechanical properties of the mentioned steels are giv-
en in Table 3.

The microsections for metallographic examina-
tions were cut out along the rolling direction and pol-
ished to the purity class 14 using diamond pastes. To
reveal microstructure, the specimens were etched in
a 4 % alcohol solution of nitric acid. The microstruc-
ture was examined with the use of the NEOPHOT-32
microscope. The Vickers hardness was measured by
the M-400 LECO hardness meter at 98 mN and 9.8 N.
The content of nonmetallic inclusions in the studied
specimens was determined on polished unetched mi-
crosections [21].

The analysis of experimental data of Tables 2, 3
shows that the chemical composition and mechanical
properties of the steels S355J2+N, PS3555NL2 and
S420NL meet the requirements [5, 6, 19]. The value
of the ratio of yield/ultimate strength Gy/Gm <0.75is

close to the requirements [13]. Moreover, at a tem-
perature 7 = -30 °C, the value of impact toughness
KCV ,, for the steel S355J2+N of 25 mm thick, which
is determined with the use of transverse specimens,
meets the requirements [6] for the steel S355NL.
According to the results of reference tests, the steels
PS355NL2 and S420NL can be attributed to the same
strength class S420.

RESEARCH RESULTS AND DISCUSSION

The results of studies of the quality of the rolled steels
S3555J2+N, P3555NL2 and S420NL in the direction
of thickness [15] are presented in Table 4. Analysis
of these data shows that to the lowest quality group
Z15, the steel S355J2-+N with a thickness f = 25 mm
belongs, which is delivered in a state of normalized
rolling with a high sulphur content of 0.016 %. The
structural steel S355J2+N (¢ = 20 mm) after normal-
ized rolling and the normalized steels P3555NL2 and
S420NL belong to a high-quality group Z35, which is
associated with a lower sulphur content: S <0.010 %
[3]. From the given data it can be concluded that the
main factor that affects the quality of the abovemen-
tioned rolled steels (Z group) is the content of sulphur
in steel, not the type of heat treatment [3].

At the second stage of investigations, the impact
toughness of the mentioned steels in the rolling plane
KCV, ,(Tables 5, 6) and the impact of high-tempera-
ture tempering 7 = 650 °C (PWHT simulation) on it
for the steel S355J2+N were determined (Table 6).

The analysis of the results given in Tables 5, 6 indi-
cates that in the case of sulphur content S <0.010 %,
the main factor affecting the toughness of the rolled
metal in the plane X-Y is the type of heat treatment
of steel. Thus, based on the results of impact bend-
ing tests, the steel S355J2+N, ¢t = 20 mm after nor-
malized rolling has a low impact toughness in the
plane X~Y: KCV = 9.7 J/cm* (Table 6), which is less
than required by the standard — KCV > 35 J/cm?
[13]. Here, sheet rolled metal belongs to the quality
class Z35: y = 41 %, with a low sulphur content:
S =0.009 %.

1
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Table 5. Impact of the type of heat treatment (state of delivery) on impact toughness KCV, , of sheet rolled steels S355J2+N, P3555NL2

and S420NL2 when the notch is placed in the plane X~}

Standard, grade of steel, sheet | Mass fraction of Impact toughness KCV, ,, J/em?’, at a temperature
. Type of heat treatment
thickness Sulphur, % -30°C ~50°C
DSTU EN 10025-2 . . 11.4:9.6: 8.1
S355124N. £ = 25 mm 0.016 Normalized rolling 9.7 -
DSTU EN10028-3 0.002 Normalization 58.9:51.6: 67.4 26.9:13.4;27.7
P355NL2. /=20 mm ' 59.3 22.7
DSTU EN 10025-3 o 19.9; 18.2; 16.3 21.0:21.7:19.9
S420NL. £ =25 mm 0.002 Normalization 18.1 20.9
>35.0; at Ry <360 MPa;
-183: <
DSTUB B.2.6-183:2011 <0010 Any >50.0; at Ry > 360 MPa transverse specimens”
N o
DSTU EN 10025-2:2007 <0.035 Normalized rolling = 34.00(27) longitudinal -
specimens
izati > >
DSTU EN 10025-3:2007 <0.025 Norm.ahzatlon./ >29.00 (23‘.]) tra?sverse >20.00 (16.J) traflsverse
Normalized rolling specimens specimens
> >
DSTU EN10028-3:2018 <0.005 Normalized rolling 23750 (30 J) transverse | 234.00 (27 J) transverse
specimens specimens
"Impact toughness (impact work) in the plane X-Y is not normalized.

Table 6. Impact toughness KCV,_ of sheet rolled steel S3555J2+N with a thickness ¢ = 20 mm after different types of heat treatment

Impact toughness KCV, , J/em?, at a temperature
Standard, grade of steel Type of heat treatment
-20°C 0°C +20 °C
Normalized rolling 28:5:5.5 5.5:26:24 26:37: 15
DSTU EN 10025-2:2007 9.7 18.5 26
S355J2+N Normalized rolling + high-temperature tempering 11;13: 7 7:27:23
(T=650°C, 1h) 10.3 19 B
Requirements of the standard >35.0
DSTU B V.2.6-183:2011 [13] For all types of heat treatment transverse - -
to the value of KCV specimens”
Requirements of the standard >34.75(271)
DSTU EN 10025-2:2007 [5] Normalized rolling longitudinal - -
to the value of KCV (KV) specimens”
“Impact toughness (impact work) in the plane X-Y is not normalized.

Table 7. Impact toughness KCV, | in the plane X~Y of sheet rolled
steel S420NL with a thickness =25 mm after normalization and
high-temperature tempering

Temperature Impact toughness KCV, J/cm?
of testing o
specimens AS-delivered After high ter.nperature
B , (normalization) fempering
C (T'=650°C, 1 h)
0 104: 105; 95 33:81:39
101 51
10 51:74: 48 82:91: 62
58 78
20 51:97.45 48:61; 38
64 49
30 20: 16: 29: 31 65:37:38
24 47
21:22:20 20:11:9
0 21 13
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A high level of toughness in the plane X-Y that
meets the requirements [19] is inherent to the nor-
malized steel P3555NL2, ¢ = 20 mm, the content of
sulphur S = 0.002 %: KCV ,, = 59.3 J/em* (Table 5),
which is also confirmed by tensile tests in the direc-
tion of thickness: y_= 69 %. For the steel S420NL2,
¢t =25 mm, in the normalization state at a sulphur con-
tent: S =0.002 % and a high ductility in the direction
of the plane y, = 66 % (Tables 4, 7), impact toughness
in the plane X~V is equal to KCV , = 18-24 J/cm?
(Tables 5, 7), which does not meet the requirements
of KCV , >29.75 J/cm* [6]. However, unlike the steel
S355J2+N, the metal of the the axial zone after nor-
malization maintains a sufficient toughness [6, 13] to
a temperature 7= —20 °C, and in the case of carrying
out high-temperature tempering, the critical tempera-
ture drops to 7=-30 °C (Table 7).
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The studies of the dependences of impact tough-
ness KCV,_ inthe axial zone of the steel S355J2+N,
t =20 mm, the sulphur content S = 0.009 % (Table 6)
on the temperature showed that even at a tempera-
ture 7= +20 °C, it is located in the lower zone of the
S-shaped curve, respectively, and the risk of forming
lamellar cracks even during welding in factory con-

ditions at a positive temperature can be sufficiently
high. A high-temperature tempering does not affect
the toughness of the steel S355J2+N in the plane X-V.

Based on the results of metallographic examina-
tions, it was established, that microstructure of the
steels S355J2+N, P355NL2 and S420NL is ferrit-
ic-pearlitic (Figure 2). The evaluation of banding [20]

Figure 2. Microstructure of axial zone of investigated steels: @ — steel B3555J2+N, 20 mm thickness; b — steel B355J2+N, 25 mm
thickness; ¢ — steel P355J2+N, 20 mm thickness; d — steel S420NL2, 25 mm thickness

13
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Table 8. Banding of structure of sheet rolled steels S355J2+N, P355Zh2 and S420NL according to DSTU 8974:2019 [20]

Standard, grade of steel, thickness

Banding evaluation

DSTU EN 10025-2 S355J2+N, =20 mm

Figure 8(4), scale 3, row B (x100)

DSTU EN 10025-2 S355J2+N, ¢ =25 mm

Figure 8(4), scale 3, row B (x100)

DSTU EN 10028-3 P355NL2, t =20 mm

Figure 8(3), scale 3, row B (x100)

DSTU EN 10025-3 S420NL, # =25 mm

Figure 9(5), scale 3, row C (x100)

of these steels (Table 8) shows that S355J2+N after
normalized rolling has a much larger banding degree,
than P355NL2 and S420NL.

Based on the analysis of the microstructure of the
steels (Figure 2), it is seen that unlike S355J2+N,
where pearlite is lamellar (Figure 2, a, b), in the steel
P3555NL2 after normalization, sorbite-like pearlite
with disoriented grains is formed (Figure 2, ¢). In
ferrite, a large amount of carbide precipitates is ob-
served, which transforms the ferrite component into

a ferrite-carbide mixture. This leads to an increase
in the hardness of ferrite of the steel P355NL2 com-
pared to S355J2+N (Table 9) and a reduction in the
mechanical heterogeneity of the structure. In the steel
S355J2+N (¢ = 20 mm, 25 mm), a larger difference
between the values of hardness of ferritic and pearlit-
ic components is observed, the content of carbides in
ferrite is low (Table 9, Figure 2, a, b).

The steel S420NL occupies an intermediate posi-
tion: in it both lamellar as well as sorbite-like pearlite

Table 9. Results of measurements of hardness of metal of sheet rolled steels S355J2+N, P355NL2 and S420NL

Hardness of microstructural components AV (0.098 N) Difference
Standard, grade of steel, thickness, in ferrite and Integral hardness HV
place of measurement Structural component Hardness. MPa pearlite hardness, (9.8 N), MPa
MPa
. 1088; 1088; 1264; 1176
DSTU EN 10025-2 Ferrite
S355124N. £ = 20 mm 1154 70 1548; 1548: 1450; 1470
axiai art Pearlit 1813; 1784; 1813; 1686 1504
p carlite 1874
. 1284; 1245; 1264: 1274
- Ferrit
SI;SS;;ENLO%smzm ere 1266 - 1450; 1499; 1499; 1480
surfac,e art Pearlite 1931:1931; 1813: 1764 1482
P 1979
DSTU EN 10025-2 Ferrite 1587; 1587; 1587; 1587
S355024N £ = 25 mm 1587 392 1597: 1637; 1558; 1558
axial part Pearlite 1891:2009; 2009: 2009 1587
P 1979
. 1528; 1646; 1646: 1528
DSTU EN 10025-2 Ferrite
S355024N £ = 25 mm 1587 304 1529; 1539; 1666; 1588
. 1813; 1813; 1930; 2009 1580
surface part Pearlite
1891
. 1646; 1744; 1617; 1646
- Ferrit
P??;\ligli iozoozijn erme 1663 24 1646; 1852; 1627; 1752
.’ L . 1970; 1852; 2009; 1999 1719
axial part Sorbite-like pearlite
1957
. 1499; 1548; 1617; 1499
Plgg\l]igli e Ferrite 1540 s 1646: 1646: 1656; 1558
’ o . 1617; 1744; 2009; 1646 1626
surface part Sorbite-like pearlite
1754
. 1303; 1480; 1401; 1480
Ferrite 1416
éiiggLEIj:lggzs-?, Pearlite 2009; 2009; 2009: 2009 393 1784; 1833: 1612; 1950
: . 2009 1795
axial part 2044 2519; 2254; 2421
Sorbite-like pearlite 2359 943
. 1324; 1480; 1372; 1372
Ferrite 1387
- 390
DSTU EN'10025-3 o . 1715; 1784; 1784; 1784 1637: 1735; 1735; 1656
S420NL, ¢ = 25 mm, Sorbite-like pearlite
surface part 1777 1691
P pearlite 2225: 2401 2450; 2254 045
2332
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Table 10. Evaluation of contamination of sheet rolled steels S355J2+N, P3555NL2 and S420NL [21] with nonmetallic inclusions

Contamination
Standard, grade of steel, thickness Si By globular oxides Si By sulfides
1 Series Thickness, pm 17 Series Thickness, pm
number number

DSTU EN 10025-2
S355J2+4N, ¢ = 20 mm 05 From2to4

DSTU EN'10025-2 1.0 0.5 Thin From 13 to 76
S355J2+N, t =25 mm .

Thin From 3 to 8

DSTU EN 10028-3 15 From 2 to 4
P355NL2, =20 mm '

DSTU EN 10025-3

S420NL. (= 25 mm 0.5 Not revealed

is formed (Figure 2, d), the precipitation of carbides
in ferrite is absent. Mechanical heterogeneity of the
structure (difference in hardness of ferrite and lamel-
lar pearlite) HV 0.098N is somewhat lower, than for
the steel S355J2+N, ¢ = 20 mm (Table 9). For sor-
bite-like pearlite, the difference in hardness with fer-
rite reaches 943HV, which is much larger than for the
steel S355J2+N (Table 9). However, in this case, the
negative impact of mechanical heterogeneity is low-
er due to a smaller banding of the rolled metal and
a greater toughness of a sorbite-like pearlite than a
lamellar one. For the steel S355J2+N, an increase in
the pearlite component in the axial zone [7] is ob-
served, which is associated with carbon diffusion to
the center of the sheet. This leads to an increase in
the integral hardness H) (9.8 N) and the difference in
hardness HV 0.098N of ferrite and lamellar pearlite
(anisotropy of structure) for the axial zone (Table 9).
Accordingly, in the axial zone, the minimum tough-
ness of the metal across the thickness of the sheet
should be expected.

Considering the fact that the studied steels are
characterized by fine-dispersed nonmetallic inclu-
sions that do not significantly affect the toughness
of the metal (Table 10), it may be concluded that the
main cause for the decrease in toughness in the plane
X-Y for the sheet rolled steel S355+N, subjected to
normalized rolling, is the formation of expressed
banded structure with the formation of fibers of ferrite
and pearlite as a result of such treatment, which have
a high anisotropy of mechanical properties (Figure 2,
a, b, Table 9).

The presence of such anisotropy is the cause of
brittle fracture during the test on impact bending
in the plane X=Y [10] for the steel after normalized
rolling, during which its additional deformation in
the austenitic area at temperatures close to the point
A, is performed, which causes the formation of ex-
pressed fibrous structures. In the steels P355NL2
and S420NL subjected to normalization, as a result
of reducing the level of banding and a decrease in
mechanical anisotropy between ferrite and pearlite,
as well as the formation of fine-grained structure of

Figure 3. Fractures of Charpy specimens of investigated steels: a — steel S355J2+N, 20 mm thickness, notch in the plane X—Y (axial
zone), test temperature 7= 0 °C; b — steel S355J2+N, 25 mm thickness, longitudinal specimen, testing temperature 7'=-20 °C; ¢ —
steel S420NL2, 25 mm thickness, notch in the plane X-Y (axial zone), testing temperature 7'=-30 °C
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sorbite-like pearlite with disoriented boundaries (Fig-
ure 2, ¢, d, Table 9), the toughness of metal in the
plane X-Y grows considerably and, respectively, a
transition from brittle coarse-crystalline fracture [22]
for the steel S355J2+N to a brittle-tough fracture for
the steel P355NL2 and S420NL occurs (Figure 3, a,
¢). A significant anisotropy of mechanical properties
between the fibers of ferrite and pearlite in the steel
S3555J2+N is also revealed in the layered metal frac-
ture in the case of testing Charpy specimens, cut out
along the rolled metal, on impact bending (Figure 3,
b) as a result of a bulk stress state before the crack
front [16].

It should be expected that due to a low content of
nonmetallic inclusions in the steel after normalized
rolling, deformation of the axial zone metal during
welding will occur in the temperature range, where
the material has a sufficient ductility, respectively, the
layered fracture will be absent. Manifestation of brit-
tle or quasi-brittle layered fracture may occur during
the further operation of the welded structure at low
temperatures in the presence of crack-like defects in
the axial zone of the rolled metal in the case of action
of tensile tests in the direction of thickness. Such initi-
ating defects may be available delaminations of metal
or separate elongated clusters of nonmetallic inclu-
sions in steel. In this case, to prevent such layered de-
laminations, it is important to use a sheet rolled metal
with the control of continuity and limit the content of
sulphur S < 0.010 % and phosphorous: P <0.015 %.

Thus, the structure of the steel S355J2+N [5] af-
ter normalized rolling is fibrous, with an expressed
anisotropy, which is different from the structure ob-
tained after normalization. Accordingly, this also ap-
plies to mechanical properties [10], such as toughness
of metal in the rolling plane X-Y. This means that to
use the steels [5, 6] after normalized rolling for tanks
or other critical structures (bridges, platforms, etc.) in
assemblies, where the operation of metal in the direc-
tion of thickness should be taken into account, addi-
tional conditions must be applied [23, 24]. For cylin-
drical steel tanks, it is rational to limit the thickness of
the sheet steel delivered after normalized rolling with
the size ¢ < 15 mm, for which the standard [15] does
not envisage the requirements for the Z quality group.

A high-temperature tempering, which simulated
PWHT for the steel S355J2+N after normalized rolling
does not significantly reduce banding and mechanical
heterogeneity between ferrite and pearlite. Therefore
after its end, an increase in impact toughness KCV,
in the plane X-Y is absent (Table 6). For the normal-
ized steel S420NL, high-temperature tempering pro-
motes further coagulation of carbides, which increas-
es the volumetric fraction of sorbite-like pearlite and,
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accordingly, reduces the mechanical heterogeneity
between pearlite and ferrite. As a result, the transition
temperature shifts into the region of lower tempera-
tures: from 7'=-20 °C to T'=-30 °C (Table 7).

CONCLUSIONS

1. The use of normalized rolling does not provide the
sheet rolled steel S355+N the state, equivalent to the
normalization state. As a result of normalized roll-
ing, due to the additional compression of the sheet
in the temperature region near the temperature 4 ,,
a microstructure is formed in the steel, which has an
expressed banding and in which the fibers of ferrite
and pearlite are formed with a high anisotropy of me-
chanical properties. The formation of such a fibrous
structure leads to brittle fracture of the metal in the
plane X-Y at a calculated temperature.

For the axial zone of the sheet, anisotropy of the
structure is maximum. Accordingly, in this zone, the
minimum toughness of the metal should be expected
across the thickness of the sheet, and it can be con-
sidered as a probable location for lamellar crack for-
mation.

2. Providing Z quality to the rolled steel in accor-
dance with DSTU EN 10164:2009, which is deter-
mined during tension of the specimens in the direc-
tion perpendicular to the surface of the product, may
be insufficient to prevent brittle layered fracture of
the metal in the welded joints when using the steels
after normalized rolling with a low sulphur content:
S <0.010 %. In this case, as an additional condition
for resistance of the sheet rolled steels S355 and S420
to a brittle layered fracture, in addition to the rolled
metal of the Z quality group, it is recommended to
use such an indice as the minimum impact work,
which is determined on the specimens with the notch
in the rolling plane X-Y (along the axis of the sheet)
KCV, , and the value of which, before the accumula-
tion of static data, is proposed to be taken according to
DSTU-N B EN 1993-1-10:201: KCV,_, >27 (40) J or
according to DSTU EN 10025-2:2007 and DSTU EN
10025-3:2007, depending on the operating conditions,
type of structure and degree of responsibility of weld-
ed assemblies. The temperature of testing specimens
is determined taking into account the requirements of
the relevant standard for designing metal structures of
tanks, bridges, etc.

3. For metal structures of tanks of A group (wall,
contour sheets of the bottom) under the condition of
necessary providing the metal work in the direction of
thickness, it is proposed to use the sheet rolled steels
S355 and S420 in a state after normalization or nor-
malization with a high-temperature tempering. In this
case, the sulphur content in steel should not exceed
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S <0.010 %, and it is necessary to control the con-
tinuity for it. In the case of using steels in a state of
normalized rolling for the wall and contour sheets of
the bottom of tanks, it is rational to limit the thick-
ness of the sheet with a size t < 15 mm, for which
the requirements to provide special properties in the
perpendicular direction to the surface of the sheet are
not envisaged.

The authors express their gratitude to PJSC
“Ukrstal Konstruktsiya” for support of the research
works.
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ABSTRACT

Arc welding of joints of carbon steels 20-100 mm thick can be performed both by consumable and nonconsumable electrode,
using shielding gases or flux. In order to increase the efficiency of welding operations, multilayer narrow-gap welding (NGW)
with filler wire feeding can be used for metals of medium and large thicknesses. This study deals with application of tungsten
electrode NGW process with and without superposition of a controlling magnetic field for welding samples from steel 20 of 40
mm thickness. Results of investigations of the macro- and microstructure and microhardness of the welded joints are given. It
was found that application of an external controlling magnetic field for NGW of steel 20 joints ensures a higher quality of the

welded joints.

KEYWORDS: narrow-gap argon-arc welding, tungsten electrode, steel 20, controlling magnetic field, structure, microstruc-

ture, microhardness

INTRODUCTION

Arc welding of joints of carbon steels 20—100 mm
thick can be performed both by consumable and non-
consumable electrode with application of shielding
gases or flux. At present tungsten electrode welding is
believed to be a reliable, but an unproductive process
of arc welding of thick butt joints. One of the meth-
ods to improve the productivity of welding operations
for different metals of medium and large thickness is
narrow-gap multilayer welding, namely NGW with
filler wire feed. Its special feature is the shape of edge
preparation in the form of a rectangular slot, in which
one bead is deposited on the other by the arc process
across the entire width of the gap. It results in forma-
tion of a metal layer, which fills the gap to a certain
height. Successive performance of these operations
leads to filling the entire volume of the gap by the
deposited metal [1, 2]. The main advantages of NGW
are a significant reduction of the required quantity of
the deposited metal (compared to treatment of edges
of a regular shape), reduction of filler wire consump-
tion, weld width, and HAZ width, as well as decrease
of welding stresses and strains [2]. NGW of steel parts
is mainly performed with application of consumable
electrode welding technology [3]. To produce sound
welded joints, it is necessary to ensure reliable melt-
ing of the side walls at NGW and fusion of the weld
metal with the base metal [5, 6]. In consumable elec-
trode welding deformed wire or welding with filler
wire oscillation, and welding with filler wire rotation
are used [3, 7, 8]. The process of consumable elec-
trode NGW has such an advantage over tungsten elec-
trode NGW, as a higher productivity [4].

Copyright © The Author(s)

18

PWI developed a technology of tungsten electrode
NGW which has proven itself well for welding tita-
nium and some other nonferrous metals [1, 9]. Suc-
cessful realization of this process requires overcom-
ing certain difficulties, the main of which is ensuring
reliable melting of the groove side walls. To ensure
reliable melting of the side walls, it is necessary to
redistribute the thermal energy between the edges
being welded. With this purpose both mechanical
displacement of the tungsten electrode and external
magnetic field can be used at NGW [10]. As carbon
steels have their own magnetic field and high mag-
netic properties, application of an external controlling
magnetic field for NGW becomes complicated, as the
own magnetic field of the parts being welded, can be
superposed on the external controlling magnetic field,
formed by the magnetic system of the welding head.

OBJECTIVE OF THE WORK

Was to study the possibility of performance of tung-
sten electrode NGW with an external controlling
magnetic field of welded joints of 40 mm carbon steel.

INVESTIGATION METHODS
AND MATERIALS

Welding of 40 mm thick samples from steel of grade 20
to GOST 105088 was conducted to study the possibility
of tungsten electrode NGW performance. Filler wire of
1.6 mm diameter of Sv-08G2S grade was used for weld-
ing. Welding was conducted both without an external
controlling field, and with an external controlling mag-
netic field. The process schematic is shown in Figure 1.
Welding was performed by 5 mm tungsten electrodes of
EVI-1 grade. VDUS501 welding power source was used.
Welding current was 460—500 A, arc voltage was 12 'V,
rate of feeding the filler metal of 1.6 mm Sv-08G2S wire
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Figure 1. Schematic of the process of tungsten electrode NGW
with application of an external controlling magnetic field: /7 —
electromagnet coil; 2 — electromagnet core; 3 — tungsten elec-
trode; 4 — filler wire; 5 — protective nozzle

into the weld pool was on the level of 20-25 g/min. The
set arc voltage was maintained by an automatic system,
which adjusted the arc voltage. Welding arc deflection to
the side walls was ensured by superposition of an external
magnetic field of 1020 Hz frequency, which is generat-
ed by an external electromagnet (Figure 1). The welding
process and tungsten electrode position in the groove
were controlled by a videorecording system (Figure 2).
Figure 2 shows the schematic of sample set-up for NGW,
the substrate for sample set-up was also made from steel
20. Length of samples for welding was equal to 600 mm.

INVESTIGATION RESULTS

Tungsten electrode NGW is characterized by partici-
pation of a large fraction of filler metal in weld metal
formation, in our experiments it was equal to ~ 90 %,
so that the properties of metal of NGW welded joints
are determined mainly by the properties of filler wire
material and influence of the external controlling
magnetic field.

Metallographic investigation of transverse macro-
sections did not reveal any pores in the metal of the
weld produced with an external controlling magnetic
field. The metal of the weld made without an external
controlling magnetic field and without redistribution
of thermal energy of the welding arc, contained lacks
of fusion, lacks of penetration and individual pores
were observed.

Photographs of transverse macrosections of the
produced welded joints are given in Figure 3.

Conducted metallographic investigations of joints
made by NGW without application of an external
controlling magnetic field with filler material feed-
ing at the rate of 20-25 g/min showed that the welds
had great depth of penetration of the lower wall of the

40 mm

! 10-12 mm 2

Figure 2. Schematic of sample set-up for tungsten electrode nar-
row gap welding: / — substrate; 2 — samples to be welded
groove and small width in the lower part, the welds
had lacks of penetration and lacks of fusion (Figure 3,
a). Penetration of the vertical side walls turned put
to be nonuniform, as was the shape of the deposited
layers, which is related to appearance of such defects
as lacks of penetration and lacks of fusion. Applica-
tion of a magnetic field for welding arc deflection en-
sured uniform penetration of the side walls and sound
weld formation (Figure 3, b). Deposited layers have a
smooth concave surface, which is indicative of reli-
able fusion of the filler and base metal. Penetration of
the base metal and the previous bead is small. X-ray
inspection of the welded joints produced using an ex-
ternal controlling magnetic field in the optimal modes
did not reveal any lacks of penetration, lacks of fusion
or pores in the metal of the weld, made with applica-
tion of an external controlling magnetic field.
Alongside the influence of an external controlling
electromagnetic field (ECEMF) on the welded joint
macrostructure, of considerable interest is evaluation
of the impact of such a treatment on its microstructure.
Presence of such an impact was established in many
investigations, in particular works [11, 12, 14] give
a review of treatment variants and possible mecha-
nisms of the magnetic field influence on the alloy
microstructure. Note that there is no single generally
accepted mechanism describing the influence of the
field. This is related to the fact that there exist many
variants of treatment technology and it is applied for

Figure 3. Transverse macrosections of joints of carbon steel 20
produced by tungsten electrode NGW: a — without an external
controlling magnetic field; » — with an external controlling mag-
netic field
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Figure 4. Microstructure of metal of the weld without the impact (a, ¢, ¢) and with the impact (b, e, f) of an external magnetic field: a,

b — x200; ¢, d — x500; e, f— %1250

alloys of different chemical composition with differ-
ent physical properties (ferromagnetic and nonferro-
magnetic materials). Therefore, there can be several
variants of the influence mechanism, depending on
such factors as specific power of the field, frequency,
duration and temperature range, in which treatment
is conducted. However, the most certain fact is that
ECEMEF superposition leads to structure refinement.
Figure 4 gives the microstructure of weld metal,
not subjected to the impact (ECEMF) and of the weld
made under the conditions of the field application.
One can see that a homogeneous dispersed structure
forms in both the cases at magnification x200 (Fig-
ure 4, a, b). No obvious difference between the struc-
tures is revealed. However, at magnifications x500
(Figure 4, ¢, d), it can be seen that ECEMF impact
makes the structure more dispersed. Another feature
of ECEMF impact becomes obvious when magnifica-
tion x1250 is used (Figure 4, e, f). It consist in that the
grain morphology also changes in addition to struc-
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ture refinement, and they transform from elongated
(Figure 4, e) into equiaxed ones (Figure 1, f). Such an
influence of the field was earlier revealed when study-
ing the crystallization of nonferromagnetic material
(tin bronze) [13], but the data of this analysis suggest
that this effect is of a more general nature.

Manifestation of this effect is also visible at analy-
sis of the fusion zone structure (Figure 2).

At magnification of x50 (Figure 5, a, b) a primary
dendritic structure of the metal is revealed in the fusion
zone, which in both the cases is similar and ECEFM ef-
fect is not obviously manifested, but at magnifications
%500 (Figure 5, ¢, d) and x1250 (Figure 5, e, f) one can
see that the microstructure becomes more dispersed and
pearlitic colonies practically disappear, being replaced
by a uniformly distributed carbide phase.

Microhardness distribution of the metal of weld-
ed joints from steel 20 made both with and without
ECEMF impact was conducted, using PMT-2 micro-
hardness meter with 100 g load (Figure 6).
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Figure 5. Microstructure of metal of the fusion zone without the impact (a, ¢, €) and with the impact (b, e, f) of an external controlling

magnetic field: a, b — x50; ¢, d — x 500; e, f— x 1250
Microhardness values of base metal (steel 20) are
on the level of 1700 MPa (Figure 7 and Figure 8).
In the metal microhardness values are on the level of
2000 MPa on average, which, in its turn, is most prob-
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Measurement
. direction
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I3 e
= BM Weld BM
¥ A 4
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Figure 6. Schematic of measurement of microhardness distri-
bution in the welded joint of steel 20 produced by NGW with
1.6 mm Sv-08G2S filler wire

ably related to formation of a new hardening structure.
Microhardness of metal in the weld produced without
the magnetic field impact is on the level of 2300 MPa
(Figure 7), and that of the metal of the weld, produced
under the impact of an external magnetic field is on
the level of 1900 MPa (Figure 8). This may be re-
lated to the fact that during external magnetic field
application a more fine-grained structure forms with a

HV, MPa

2600
22001
lmo-.v\ \ N
1400t
BM [HAZ Weld HAZ| BM
- 1 1 1 1 1 1 1 1 L
0 2 4 6 8 10 12 14 16 18 fmm

Figure 7. Microhardness distribution in the welded joint of steel
20, produced by NGW with 1.6 mm Sv-08G2S filler wire, without
ECEFM impact in as-welded condition
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Figure 8. Microhardness distribution in the welded joint of steel
20 in as-welded condition, produced by NGW with 1.6 mm Sv-
08G2S filler wire and ECEMF impact

changed morphology of the cementite phase. Carbide
particles do not form colonies with lamellar morphol-
ogy, but they are uniformly distributed in the ferrite.
As a result, the weld metal produced by such a meth-
od has higher ductility and lower microhardness than
the same sample produced without the influence of
the external magnetic field.

DISCUSSION OF THE RESULTS

Technology of tungsten electrode NGW with an ex-
ternal controlling magnetic field, which has earlier
proven itself well for welding titanium and some oth-
er nonferrous metals can be applied for welded joints
made from magnetic steels, such as steel 20 of 40 mm
and greater thickness. Magnetic control of redistri-
bution of thermal energy of the welding arc fulfills
its function — welding arc deflection and anode spot
shifting to the required value, which ensures absence
of lacks of penetrations, lacks of fusion, and pores in
the welds. Side wall penetration is uniform with good
weld formation. In welds made without application of
magnetic control and without redistribution of the arc
thermal energy, numerous defects are recorded, name-
ly lacks of penetration and lacks of fusion. Applica-
tion of NGW with magnetic control of the welding
arc also allows increasing the deposition rate and rais-
ing the feed rate of filler metal of 1.6 mm Sv-08G2S
wire into the weld pool to the level of 35 g/min. The
authors failed to perform deposition by the process
of tungsten electrode NGW without magnetic control
with such a feed of filler metal. Thus, application of
magnetic control of the welding arc allows somewhat
compensating the main disadvantage of tungsten elec-
trode argon-arc welding — the low deposition rate.
More over, investigations of welded joint microstruc-
ture and establishing the microhardness distribution
in the metal of steel 20 welded joints produced both
under the impact of ECEMF, and without it, led to the
conclusion that, on the whole, the level of microhard-
ness in the weld with ECEMF impact is characterized
by a high uniformity, without any significant gradi-
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ents or excess hardening of the weld zone, compared
to hardness distribution in a sample produced without
ECEMEF impact. This allows expecting a higher resis-
tance of welded joint metal to the impact of dynamic
and cyclic loads.

Thus, ECEMF application during welding not only
allowed preventing formation of weld macrostructure
defects, but also had a positive impact on its micro-
structure. Further investigations should be aimed at
establishing the dependence of microstructural char-
acteristics on ECEMF parameters, in order to enhance
the observed effects.

CONCLUSIONS

1. Joints from 40 mm thick steel 20 were welded us-
ing the technology of tungsten electrode NGW with
an external controlling magnetic field, which had ear-
lier proven itself well for welding titanium and some
other nonferrous metals.

2. Investigations of welds produced by tungsten
electrode NGW with application of an external con-
trolling magnetic field showed a practically complete
absence of lacks of penetration, lacks of fusion and
pores in the welds with uniform penetration of the
side walls and good weld formation.

3. Performed studies lead to the conclusion about
the higher quality of steel 20 welded joints, produced
by tungsten electrode NGW with an external con-
trolling magnetic field with filler material feed at the
level of 20-25 g/min, compared to tungsten electrode
NGW without an external controlling magnetic field.

4. Application of an external controlling electro-
magnetic field during narrow-gap welding of joints of
steel 20 had a positive influence on the joint micro-
structure. The joint microstructure became more dis-
persed, pearlitic colonies disappeared, being replaced
by a uniformly distributed carbide phase, which is
accompanied by achieving a uniform microhardness
distribution in the weld metal.
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ABSTRACT

Applying the method of HVOF spraying with the use of mechanically-alloyed powders based on the amorphizing FeMoNiCrB
alloy with the additions of (Ti, Cr)C and FeTiO, compounds, the coatings with amorphous crystalline heterophase structure
were produced. The coatings of FeMoNiCrB—(Ti, Cr)C and FeMoNiCrB-FeTiO, systems have a dense fine-grained structure
with a porosity of 2.4 and 1.2 % and a hardness of 5510 + 250 and 4410 + 190 MPa, respectively. The study of corrosion
resistance and resistance to fretting corrosion of the developed coatings was conducted. It is shown that the use of composite
powders based on FeMoNiCrB alloy with the addition of (Ti, Cr)C and FeTiO, compounds as spraying materials allows in-
creasing the protective properties of the coatings compared to the coating of FeMoNiCrB alloy. It was found, that in the case
of producing composite FeMoNiCrB—(Ti, Cr)C and FeMoNiCrB-FeTiO, coatings on the steel base St3, the corrosion resis-
tance of the specimens in the solutions of 3 % NaCl, 10 % H,SO, and 10 % KOH is increased by 7.3, 9; 3.9, 5.3 and 9.5, 9.7
times, respectively. FeMoNiCrB—(Ti, Cr)C and FeMoNiCrB-FeTiO, coatings have a fairly high resistance to fretting corrosion,
which is 4.6 and 5.8 times higher than the resistance of titanium OT4-1 alloy. The obtained results indicate the prospect of using
HVOF spraying of the developed FeMoNiCrB—(Ti, Cr)C and FeMoNiCrB-FeTiO, coatings to strengthen and restore surfaces
operating in aggressive environments and those subjected to fretting corrosion.

KEYWORDS: HVOF spraying, amorphous phase, amorphous iron-based alloy, composition coating, corrosion resistance,

fretting corrosion

INTRODUCTION

Compared to crystalline materials, materials with an
amorphous structure as a result of absence of the grain
boundaries and dislocations have such properties as
high strength, high elasticity limit, wear and corro-
sion resistance [1]. Among the systems of amorphous
metallic materials iron-based alloys are of great in-
terest for application in industry, not only owing to
their properties, but also due to relatively low cost and
availability of the material [2]. More over, the lower
cost or absence of Ni and Co in amorphizing iron-base
alloy makes application of these alloys more cost-ef-
fective than that of standard nickel- and cobalt-based
materials (such as self-fluxing alloys, Ni—Cr—B-Si,
stellite alloys, etc.).

Application of amorphizing Fe-alloys, as materi-
als for thermal spraying of coatings allows forming
layers with amorphous and nanocrystalline surface
on the part surface, which have protective properties.
Coatings based on amorphous Fe-alloys are produced
using the methods of plasma [3, 4], supersonic plas-
ma [5], electric arc [6], detonation [7, 8], HVOF and
HVAF [9, 10] processes. The produced coatings are

Copyright © The Author(s)
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characterised by a combination of hardness, corro-
sion and wear resistance, ability to absorb neutrons
and hydrophobicity, making them rather promising
for application in different areas (defense, nuclear, oil
and gas and other industries) [11].

Protective properties can be further improved by
adding a small (up to 30 vol.%) quantity of ceramic
particles (for instance, WC/Co, B,C, TiN, Al,O,, ZrO,,
etc.) to the coating. Composite coatings of FeSiB-
CrMo-TiN, FeCSiBPCrMoAl-B,C, FeCrMoCB-
WC/Co, produced by plasma and HVOF spraying
processes, have not only higher hardness, but also
self-lubrication ability, demonstrating 2—5 times high-
er wear resistance compared to single-phase coatings
[12—14]. It is shown [15] that addition of 20 wt.% ZrO
to plasma coating based on FeCrMoCB increases the
coating wear resistance two times under the condi-
tions of sliding friction: its addition to plasma coat-
ing based on FCrMnBSi alloy improves the thermal
protection properties [16]. Addition of 20 wt.% Al O,
to a coating of FeCrMoCBY alloy spray-deposited by
HVOF process, improves the wear and corrosion re-
sistance of the coatings in 3.55 % NaCl environment
by 2-3 times [17].
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The objective of the work was investigation of the
corrosion resistance and fretting corrosion resistance
of composite coatings produced by high-velocity ox-
ygen flame (HVOF) spraying by powders based on
amorphizing FeMoNiCrB alloy, with addition of (Ti,
Cr)C and FeTiO, hardening compounds to their com-
position.

EXPERIMENTAL MATERIALS
AND PROCEDURES

Used as materials for HVOF spraying of coatings was
powder of amorphizing FeMoNicrB alloy and com-
posite cermet powders based on FeMoNiCrB alloy
with strengthening additives of double carbide (Ti,
Cr)C and iron titanate FeTiO,. Selection of strength-
ening components of the studied coatings was based
on their corrosion resistance and tribological charac-
teristics [18, 19]. Composite powders were produced
by mechanical alloying in Activator 2SL planetary
mill of powder mixtures, which consists of FeMoNi-
CrB alloy and additive of one of the following com-
pounds: (Ti,Cr)C (solid solution of 24 vol.% Cr,C, in
TiC) and FeTiO, (ilmenite). Content of strengthening
components in the powder mixture was selected on
the base of the recommendations on development of
cermet coatings based on amorphous Fe-alloys, in
keeping with which the optimal content of strengthen-
ing phases in cermet coating is 10-30 vol.% [12-17,
20]. Mechanical alloying (MA) resulted in formation
of amorphous-nanocrystalline cermet powders based
on oversaturated solid solution of Fe(Ni, Cr) with ad-
ditives of strengthening phases. A detailed description
of the process of mechanical alloying of powders of
these compositions is given in work [12]. Table 1
gives the characteristic of powders, used in this work
for HVOF-coatings.

HVOF spraying of coatings was performed in
UVShGPN-M1 unit using the following technology
parameters [22]: propane-butane pressure — 4 atm,
oxygen pressure — 7 atm, air pressure — 6 atm, nitro-
gen pressure — 5 atm, spraying distance of 120 mm.
To increase the strength of adhesion to the steel sub-
strate FeMoNiCrB—(Ti, Cr)C and FeMoNiCrB—Fe-
TiO, cermet coatings were sprayed on NiCr sublayer

Table 1. Characteristics of powders for HVOF spraying of coatings

(50—100 pm thickness), which was deposited by elec-
tric arc spraying process.

The structure of the coatings was studied by metal-
lographic methods (NEOPHOT 32 microscope, fitted
with an attachment for digital photography of SIGE-
TA model); microdurometric analysis of the coatings
was performed in microhardness meter PMT-3 at 50 g
load on the indenter. X-ray diffraction analysis (XRD)
was performed in DRON-3 diffractometer in CukK -ra-
diation with graphite monochromator at step displace-
ment of 0.1° and 4c exposure time in each point 4¢
with further computer processing of the derived dig-
ital data. Phases identification was conducted using
PSTM data base. Coating porosity was determined on
metallographic sections by the method of image anal-
ysis (standard) ASTM B-276 using Image-Pro Plus.

Corrosion resistance of coatings deposited on sam-
ples from St3 500 um thick were studied by potentio-
static method in P-5827M potentiometer at sweep rate
of 2 mV/s in the solutions of 10 % H,SO,, 3 % NaCl
and in 10 % KOH. These electrolyte were selected for
studying the influence of the nature of the aggressive
environment (different kind of anions) on the corro-
sion processes. Chlorine-silver electrode was used as
the electrode, with platinum as an auxiliary electrode.
Experimental values were used to plot the cathode
and anode polarisation curves in the following coor-
dinates: £ = E = f(lgi), where E_is the corrosion po-
tential, V; i_is the current, A/cm? [23, 24]. The corro-
sion current and corrosion potential were determined
by the graphic method by the polarisation curves by
extrapolation of tafel areas of the cathode and anode
curves to £ = E . Corrosion current values were used
to calculate the massometric (K ) and depth (K ) cor-
rosion values were calculated by formulas of [23]:

KW:i-A-IOOO’
n-F

where K is the weight index of corrosion, g/m*h; /is
the corrosion current, A/cm?; A is the atomic weight
of' metal, g/mol, (for iron and steel A = 56); n is the va-
lence of metal ion, which moved into the solution (for
iron n = 2); F is the Faradey number, 26.8 A-h/mole:

Composition, wt.% Particle size, um

Method
of producing

Phase composition

FeMoNiCrB

Melt atomisation

(36.2Fe-29.9Mo-23.6Ni-7.6Cr—2.7B) 40 by nitrogen Fe(Ni, Cr), Fe,B, Mo,FeB,, CrB, solid solution
77FeMoNiCrB—23(Ti, Cr)C <40 MA 1.5h Fe(Ni, Cr), Mo,FeB,, (Ti, Cr)C, TiC, Cr,C,
’ ’ solid solution, amorphous phase
75FeMoNiCrB—10FeTiO, <40 MA15h Fe(Ni, Cr), Mo,FeB,, FeTiO,

solid solution, amorphous phase
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K-k 876
p
where K. is the depth index of corrosion, mm/y; p is
the metal density, g/cm’ (p, = 7.85 g/cm’); 8.76 is the
conversion factor for transition from the weight index
of corrosion to calculation per 1 hour to depth index to
1 year, calculated from the number of hours per year
(24 h x 365 = 8760 h) and divided by 1000.
Protective effect of coatings was evaluated using
the corrosion deceleration coefficient y:

_ K,
K, ()

where y is the corrosion deceleration coefficient;
K (s) and K (c) are the weight indices of corrosion
rate of steel and of coated steels in corrosive environ-
ments (g/m*h).

Degree of protection from corrosion Z (%) was
calculated by the following formula:

7 = Kw (S) _Kw (C)
K, (s)

-100 %.

Comparative characteristic of corrosion resistance
was derived using a ten-point scale of assessment,
based on application of the depth index of corrosion
(K, [23].

P = v N
; '-*-.:"-'--\rT*:.;?w?“.'»’.%

Figure 1. Microstructure of coatings produced by HVOF: a — FeNiCrMoB; b — FeNiCrMoB — (Ti, Cr)C; ¢ — FeNiCrMoB-FeTiO,
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Testing for evaluation of comparative wear resis-
tance of the studied coatings was conducted under the
conditions of fretting-corrosion wear. Coating thick-
ness was 500 um, spraying was followed by machin-
ing with preservation of 300 um thickness, including
the underlayer.

Conditions of vibrocyclic loading were as follows:
amplitude of relative vibrational displacement of the
samples 4 = 120 pm, specific load on the sample con-
tact surfaces P =20 MPa, vibration frequency /=25 Hz,
number of cycles of sample vibrational displacement
(test base) n = 5-10° cycles. Samples were tested in air
at temperature 7 = 293 K. In each friction pair the sam-
ples with the studied coating were stationary, and coun-
tersamples from steel 45 quenched to the hardness of
HRC ~ 48-50 were mobile. OT4-1 titanium alloy was
the basic variant for wear-resistant comparison. Sample
wear was determined by the linear method after testing.

INVESTIGATION RESULTS
AND THEIR DISCUSSION

Investigations of the microstructure of HVOF coat-
ings (Figure 1) showed that dense coatings of uniform
thickness form at spraying of powders both from
FeMoNiCrB alloy and FeMoNiCrB—(Ti, Cr)C and
FeNiCrMoB-FeTiO, composite powders. Porosity
and microhardness of coatings FeMoNiCrB, FeMoNi-
CrB—(Ti, Cr)C and FeNiCrMoB-FeTiO, are equal to
34,2.4,1.2% and 4390, 5510 and 4410 MPa, respec-
tively. Coatings have a fine-grained structure typical
for HVOF, which is formed from completely molten
particles, which spread and solidified, and partial-
ly deformed particles, having an oval or close to the

spherical shape. Interlayers of a dark-gray colour are
observed on the boundaries of partially deformed par-
ticles, which is a result of interaction of the powder
particles with oxygen and formation of oxide layers
during spraying.

XRD analysis (Figure 2) revealed that multiphase
coatings with an amorphous-crystalline structure form
as a result of HVOF of powders based on FeMoNiCrB
alloy.

Phase composition of the produced coatings is
somewhat different from that of the initial powders.
At spraying of crystalline FeMoNiCrB powder its
partial amorphisation takes place, which is evidenced
by the presence of a halo from the amorphous phase in
the roentgenograph (Figure 2, a). At spraying of com-
posite powders the interaction of the initial FeMoNi-
CrB alloy with the strengthening additives takes place
with formation of Fe Ti phase in FeNiCrMoB—(Ti,
Cr)C coating (Figure 2, b) and of NiTi phase in FeNi-
CrMoB-FeTiO, (Figure 2, c). Iron oxides are pres-
ent in all the coatings, and in FeMoNiCrB—(Ti, Cr)C
and FeNiCrMoB-FeTiO, composite coatings they are
found in a small quantity. It should be noted that due
to formation of hard phase of titanium carbonitiride
in FeNiCrMoB—(Ti, Cr)C coating it has a somewhat
higher (by 1100 MPa FeNiCrMoB) microhardness,
compared to FeNiCrMoB coatings.

The characteristic of HVOF coatings based on Fe-
MoNiCrB alloy is given in Table 2.

Investigations of the kinetics of electrode potential
of FeMoNiCrB-based coatings showed that the sta-
tionary potential value is stabilised after 1540 min.
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Table 2. Characteristics of coatings based on FeMoNiCrB alloy, produced by the method of HVOF spraying

Microhardness
Coating material Porosity, % Phase composition
HV,,, MPa
FeMoNiCrB 34+0.7 4390 + 290 Mo,FeB,; Fe,B; FeCr; Fe,0,; Cr,Ni, amorphous phase
. . Fe,Ti; Cr Ni,; TiC, N _; TiC N _; Fe . C; Ni,Fe; amorphous phase;
. 4+0. + 2 73 0377077 7702708 " VIS 3
FeMoNiCrB~(Ti, Cr)C 24x04 3310230 phases in small quantities: Ni,C; MoC; FeMoO,; FeO; FeC,
. . Solid solution (Fe, Ni); Cr.Ni,; MoNi,; NiTi; Fe, Ti,0; amorphous phase;
— + + 73 4 3773
FeMoNiCrB—FeTiO, 1203 4410+ 190 phases in small quantities: FeTi; TiO; FeO; Fe,0,; NiO; CrO
Table 3. Results of electrochemical tests of HVOF-coatings
3 % NaCl 10 % H,SO, 10 % KOH
Coating
E,,V E,V i, Alem’ E,,V E,V i, Alem? E,,V E,C i, Alem?
FeMoNiCrB -0.43 —-0.44 6.5:10* -0.2 -0.18 5.8:10°° -0.44 -0.4 510
FeMoNiCrB—(TiCr)C -0.38 -0.34 4.3-10° -0.06 -0.04 4.2:10° -0.50 -0.48 4210
FeMoNiCrB-FeTiO, -0.34 -0.3 2.9:10° -0.06 -0.05 2.5:10°° -0.56 —0.53 4-10°
Uncoated St3 sample -0.52 -0.5 2:10°° -0.24 -0.22 3-10° -0.6 -0.58 4-10°

On the coating surface the corrosion potential shifts to
the positive side, compared to St3 sample, corrosion
current decreases by one-two orders, and deceleration
of both the cathode and the anode process takes place
(Figure 3). In 10 % H,SO, solution a lowering of hy-
drogen overvoltage occurs on the coating surface, in
3 % NaCl solution and 10 % KOH solution inhibition
of oxygen reduction process takes place (Figure 3).
Irrespective of the coating composition, in 3 % NaCl
solution the cathode and anode polarisation curves
have practically the same shape, in 10 % H,SO, solu-
tion and in 10 % KOH solution passive areas appear
on anode polarisation curves. No pittings or crevices
are observed on the surface of coated samples after
exposure to these solutions. After cleaning the surfac-
es become darker which is indicative of anodic disso-
lution process.

Analysis of the obtained results shows that for all
the studied coatings the corrosion current in 3 % NaCl
(Ph 7) and in 10 % KOH (pH 11) is by an order of
magnitude higher than that in 10 % H,SO, (pH 2-3)

E,V ENV

solution, i.e. the corrosion rate correlates with the
solution pH. The corrosion resistance is also influ-
enced by a change in the nature of depolarisation of
the corrosion process (from hydrogen in the sulphate
acid solution to predominantly oxygen one in 3 %
solution of sodium chloride and in alkali solution).
Electrochemical studies in 3 % NaCl solution
showed that in the coated samples the corrosion current
decreases by an order compared to uncoated St3 samples
(from 2-107 for steel to 2.9-6.5-10-° A/cm? for coatings)
(Table 3). Absence of passivation in 3 % NaCl solution
can be due to the fact that this solution is aggressive
with a high CI', in the presence of which gradual driv-
ing of oxygen from the protective film on the electrode
surface takes place, and by the impossibility of passive
film formation. In 10 % H_SO, solution on the coating
surface, the corrosion potential shifts to passive state re-
gion, corrosion current decreases by two orders (3-10°°
for steel to 2.5-5.8:10° A/cm?) for coatings compared
to uncoated St3 samples. Investigations of coatings in
10 % KOH solution showed that, compared to uncoated

EV
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Figure 3. Polarisation curves of HVOF coatings in 3 % NaCl solution (a), in 10 % H,SO, solution (b); in 10 % KOH solution (c)
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Table 4. Corrosion resistance of HVOF-coatings in 3 % NaCl solution

Coating K ,g/m*h K, mm/year Y Z, % resiit(:)arrfgsif;ing
FeMoNiCrB 0.052 0.05 5.8 82.7 4
FeMoNiCrB—(TiCr)C 0.036 0.04 7.3 86.3 4
FeMoNiCrB-FeTiO, 0.031 0.032 9.0 89.2 4
Uncoated St3 sample - 0.293 - - 6
Table 5. Corrosion resistance of HVOF-coatings in 10 % H,SO, solution
Coating K, g/m*h K, mm/year Y Z,% resiit(;:::):iro;ing
FeMoNiCrB 0.18 0.16 3.6 72.2 6
FeMoNiCrB—(TiCr)C 0.16 0.15 39 74.3 6
FeMoNiCrB-FeTiO, 0.12 0.11 5.3 81.1 6
Uncoated St3 sample - 0.59 - - 7
Table 6. Corrosion resistance of HVOF-coatings in 10 % KOH solution
Coating K, g/m*h K, mm/year v Z.% .Corrosion.
s ¢ resistance rating
FeMoNiCrB 0.05 0.056 8.2 87.8 4
FeMoNiCrB—(TiCr)C 0.044 0.048 9.5 89.4
FeMoNiCrB-FeTiO, 0.042 0.047 9.7 89.6 4
Uncoated St3 sample - 0.34 - - 6

St3 samples, the corrosion current decreases by an order
of magnitude (from 4-107° for steel to 4-5-10° A/cm? for
coatings).

It was found that at application of composite pow-
ders with additives of (Ti, Cr)C and FeTiO, the corro-
sion resistance in the studied solutions increases 1.2-2.3
times, compared to a coating from FeMoNiCrB. The
highest corrosion resistance is found in FeMoNiCrB—
FeTiO, coating that may be related to its low porosity
and presence of NiTi compounds and Fe,Ti,O com-
plex oxide in its phase composition, which increase
the corrosion resistance (Table 2).

Values of corrosion currents, calculated from po-
larisation curves, allowed calculation of the weight
and depth indices of corrosion (Tables 4-6).

By ten point scale of corrosion resistance [24]
amorphous coatings based on FeMoNiCrB alloy in
3 % NaCl solution and in 10 % KOH solution have
resistance point 4 and belong to the “resistant” group,
in 10 % H,SO, solution they have resistance point 6
and belong to “lower resistance” group.

Conducted electrochemical testing showed that at depo-
sition of composition coatings based on FeMoNiCrB, the
rate of St3 corrosion in 3 % NaCl solution, in 10 %
H,SO, solution and in 10 % KOH solution decreas-

es by 7.3-9, 3.9-5.3 and 9.5-9.7 times, respectively.
Degree of protection here is equal to 86.3—89.2, 74.3—
81.1 and 89.4-89.6 %, respectively.

Results of the conducted investigations of HVOF
coatings based on FeMoNiCrB alloy are indicative of
their corrosion resistance in 3 % NaCl solution at the
level of VT-6 alloy (i, ~ 10°° A/cm?) [25].

Results of investigations of the coatings for fretting
corrosion resistance (Figure 4) showed that wear re-
sistance of HVOF coatings from FeMoNiCrB, FeNi-
CrMoB—(Ti, Cr)C and FeNiCrMoB-FeTiO,; is higher
than that of OT4-1 titanium alloy by 3.3, 4.6 and 5.8
times, respectively. Such a high wear resistance of the

200 198

—

W

(=3
T

3HOIIEHHA, MKM
>
(=)
1

60
43

w
(=4
T

34

0

FeMoNiCrB  FeMoNiCrB-(Ti,Cr)C FeMoNiCrB-FeTi03 Ti-alloy OT4-1

Figure 4. Results of investigations of HVOF-coatings for fretting
corrosion resistance
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coatings is achieved due to the specific structure of
the coatings of heterogeneous type, where hard in-
clusions are uniformly distributed in a softer ductile
matrix. Under the conditions of fretting corrosion and
under the impact of high specific loads in service the
ductile matrix is easily transferred to the connected
surface, protects it from damage and promoted stress
relaxation [26]. Presence of dispersed hard inclusions
that take the main force load, results in the increase
of fatigue fracture resistance of contacting materials.

In keeping with the results of the conducted inves-
tigations, the most fretting-resistant is FeNiCrMoB—
FeTiO, coating, and the sequences of increase of
HVOF coating resistance are as follows: FeMoNi-
CrB — FeNiCrMoB—(Ti, Cr)C — FeNiCrMoB-Fe-
TiO,. Such a regularity is, obviously, related to the
relative pore content in the coatings, as porosity de-
creases the coatings resistance under the conditions of
friction without lubricants, considering that pores are
stress raisers and microcrack nuclei.

Proceeding from the conducted investigations of
protective properties, the produced composite amor-
phizing HVOF coatings based on FeMoNiCrB alloy
can be proposed to improve the durability of the parts
of machines and mechanisms, exposed to aggressive
environments and prone to fracture at fretting-corro-
sion, in particular, for protection of titanium parts of
aviation equipment.

CONCLUSIONS

The method of high-velocity oxygen flame spraying
of mechanically-alloyed powders based on amorphiz-
ing FeMoNiCrB alloy with additives of (Ti, Cr)C and
FeTiO, compounds was used to produce dense het-
erogeneous coatings with not more than 3 % porosity.
Results of phase analysis of FeMoNiCrB—(Ti, Cr)C
and FeMoNiCrB-FeTiO, coatings demonstrate their
amorphous-crystalline structure.

Corrosion resistance of thermally-sprayed composite
coatings based on FeMoNiCrB alloy measured in the
solutions of 3 % NaCl, 10 % H,SO, and 10 % KOH, by
the deep corrosion indices exceeds St3 steel durability
7.3-9; 3.9-5.3 and 9.5-9.7 times, respectively, with the
values of 0.032-0.04; 0.11-0.15 and 0.047-0.048 mm/y.
By the index of corrosion current the obtained amor-
phous coatings have corrosion durability at the level of
titanium alloy VT-6 (i, ~ 10° A/em?).

Determination of fretting-corrosion resistance of
the coatings showed that wear resistance of FeMoNi-
CrB—(Ti, Cr)C and FeMoNiCrB-FeTiO, cermet coat-
ings is 4.6 and 5.8 times higher that that of OT4-1
titanium alloy, making these coatings promising at ap-
plication for strengthening the parts of aviation equip-
ment components, prone to fretting-corrosion.
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ABSTRACT

In order to lower the level of residual stresses, welded joints of a number of structural steels are subjected to general or local
postweld heat treatment by the high-temperature tempering mode. Mathematical modeling methods are widely used, alongside
the experimental investigation methods, to satisfy the continuously growing requirements to welded joint quality and to opti-
mize the welding technology. Mathematical modeling of the process of welded joint heat treatment is often performed using a
simplified creep function by Norton—Bailey law at a fixed soaking temperature, but here the processes of ductile deformation
taking place during slow prolonged heating and cooling, are ignored. The effectiveness of application of different models of
temperature creep for mathematical modeling of the processes of relaxation of residual stresses in welded joints was studied
in this work with the purpose of developing recommendations for their application for various characteristic cases of postweld
heat treatment. Comparison of the results of modeling the process of stress relaxation performed on a number of examples,
showed that the simplified creep function at short-term soaking during general furnace treatment can give an error compared
to a more general creep model. Modeling of the local heat treatment technology revealed that the complex geometry of the
component and poor choice of the heating element arrangement may lead to negative consequences, namely formation of new
high residual stresses. Proper modeling of the processes of relaxation and redistribution of residual stresses in welded joints and
structures as a result of general (furnace) or local post-weld heat treatment may optimize the process of furnace heat treatment
and improve the quality and fatigue life of the welded structures.

KEYWORDS: postweld heat treatment, high-temperature annealing, residual welding stresses, stress relaxation, mathematical

modeling, creep function

INTRODUCTION

Provision of increasing industrial requirements to
welded joint quality from point of view of their re-
liability is related with corresponding fundamental
investigations of the main physical processes which
determine quality of mentioned above products after
manufacture and some period of operation. Methods
of mathematical modeling and current information
technologies have found wide application alongside
the experimental investigations.

Welded joints of a series of structural steels (fer-
rite-pearlite, bainite, martensite classes), in particu-
lar, welded joints of large thicknesses are subjected
to general (in furnace) or local heat treatment (HT)
by high-temperature tempering mode to decrease the
level of residual welding stresses [1, 2]. This tech-
nological operation is particularly necessary in the
case when a structure is going to be operated at low
temperatures, cyclic loads, in aggressive medium, i.e.
when a role of residual stresses in provision of struc-
tural integrity can become very important [3, 4].

The modes of postweld HT are not always opti-
mum. In series of cases of application of local or gen-
eral tempering of welded joints the residual stresses
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during heating can partially relax, but after that in
cooling the new ones form if heating or cooling of
joint material was nonuniform [5, 6] or thermal-phys-
ical properties of materials do not match as in the case
of dissimilar joints and deposits [7, 8]. Therefore, de-
velopment of the proper modes of postweld HT tech-
nology, in particular, using mathematical modeling
methods, can allow significant decrease of material
expenses related with provision of safe operation of
critical equipment. Thus, the aim of the work is inves-
tigation of efficiency of application of different mod-
els of temperature creep for mathematical modeling of
processes of relaxation of residual stresses in welded
joints and development of recommendations on their
application for different typical cases of postweld HT.

METHODOLOGY

On the strain plasticity theory there is dependence
between deformation and stresses for elastic-plastic
body. Strain intensity for an isotropic body equals a
sum of plastic and elastic strains intensities [9, 10].
Plastic strain, which increases with time at constant
stress, is called a creep strain (). Graphic presenta-
tion of dependence of plastic strain on time # of tests
in case of effect of constant stresses and temperature
is called a creep curve (Figure 1) [9].




MATHEMATICAL MODELING OF RESIDUAL STRESS RELAXATION DURING PERFORMANCE

In the general case of thermomechanical loading a
nature and value of deformations of product is deter-
mined using the data on elasticity modulus, Poisson’s
coefficient, material yield point depending on tempera-
ture as well as rate of creep strain of material at set tem-
perature depending on values of loads (stresses).

In welded elements subjected to HT the total effect
of high temperatures and inner residual stresses pro-
voke appearance and development of elastic-plastic
strains. For mathematical model used in modeling of
elastic-plastic deformation of material of welded joint
it is assumed that increment of tensor of strain dsl.j ina
random point (x, y, z) in moment of time ¢ is presented
in form of sum [3]:

dsl.j=d8;. +def +dgg, (1)
where dg;; is the elastic component of strain tensor;
de; is the component from instant plasticity and dj,
is the component of creep strain (diffusion plasticity).
A function of material creep corresponding to Nor-
ton—Bailey [11] law is often used for modeling of
a process of heat treatment of welded joints. It is a
power dependence between the stress intensity ¢, and
creep rate at fixed soaking temperature of HT:

de’
dt

or in modified shape with additional effect of soaking
time ¢ [12]

= Ao}, ()

de’
dt

= Act", (3)

where A, n, m are the coefficients which determine
experimentally the characteristics of material at set
temperature 7'= const.

Provided model is developed for prediction of
accumulation of creep strain depending on time
on stage | of non-steady-state creep and stage II of
steady-state creep (Figure 1) that corresponds to the
conditions of deformation during postweld HT. How-
ever, application of such creep model in modeling of
the processes of relaxation of residual stresses does
not consider creep processes taking place at tempera-
tures lower than temperature of soaking in HT, i.e.
in heating and cooling of material or in the zones of
welded joint where temperature of material during lo-
cal HT is lower than the set soaking temperature.

Let’s consider a mathematical model of Arrhenius
creep that considers accumulation of creep strain in a
wide range of material temperature [13].
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£
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Figure 1. Creep curve: I — stage of non-steady-state creep; Il —
stage of steady-state creep; Il — stage of failure; g is the instant
initial deformation

where Q is the energy of creep activation; k is the
Boltzmann constant; 7'(K) is the absolute temperature
by Kelvin scale; T (°C) is the temperature in Celsius
degrees; B, G, n are the constants.

Provided creep model (4) at elevated temperatures
is relatively general, it allows tracing deformation
processes in HT. This model is effective in modeling
of the processes of relaxation of residual stresses at
local or furnace HT of welded structures in short-term
soaking when uniform heating until the set soaking
temperature is not provided on a volume of welded
structure or assembly:.

According to the provided models of high-tem-
perature creep and known models of elastic-plastic de-
formation of material [3] it is possible to develop the
mathematical models of joint development of elastic
strains, instant plasticity and creep for high-tempera-
ture heating of elements as a result of postweld HT.
Mostly in this case it is possible to use the current de-
velopments for solution of the problems of theory of
elasticity and building mechanics based on wide ap-
plication of finite elements method. A method of suc-
cessive tracing allows taking into account the kinetics
of development of stressed state not only from succes-
sively made welding passes, but also from operation
of postweld HT. Reliability of the results obtained by
described procedure to significant extent depends on
output data on thermophysical and mechanical prop-
erties of material of tested object and parameters of
heat and power effect.

Let’s consider a series of examples of application
of mathematical models of creep (1) and (4) in mod-
eling of typical cases of postweld HT.

EXAMPLE No. 1. LONGITUDINAL WELDED
JOINT OF CYLINDER SHELL OF IN-VESSEL
CAVITY OF WWER-1000 REACTOR

In-vessel cavity (IVC) of nuclear reactor WWER-
1000 is a welded cylinder shell from austenite steel
08Kh18N10T of outer diameter 3610 mm and wall
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thickness 60 mm, that contains longitudinal and cir-
cumferential butt joints which can be produced by
multipass submerged-arc welding with following HT
for relaxation of residual stresses.

Distributions of the residual welding stresses [14]
for longitudinal multipass welded joint (10—12 passes)
of cylinder IVC shell were obtained using the mathe-
matical modeling method. After welding a procedure
of general (furnace) HT of welded joint was modeled
for mode: 7= 650 °C, duration of soaking 10 h. For
steel 08Kh18N10T at temperature 7= 650 °C the val-
ues of 4 and n coefficients in Norton—Bailey equation
(2) were take as following [15]:

A=6.07307-10"* MPa™"/h, n = 4.8351.

For this mathematical model parameters 4 and n
were taken equal for the base and weld metal. Fig-
ure 2 shows a diagram of creep function for steel
08KhI8NI10T at temperature 7 = 650 °C and taken
parameters A and n. It demonstrates that at high val-
ues of stress intensity (more than 100 MPa) formation
of creep strains takes place with sufficiently high rate
(0.0003-0.01 h™"). At low stresses the processes of
their relaxation dramatically slow down.

Welded structure of I[IVC can be subjected to gener-
al furnace HT. Such HT can be modeled based on ap-
plication of two fundamentally different approaches
for determination of temperature distributions. First
approach is simplified to the maximum and assumes
that during heating, soaking and cooling the tempera-
ture of material is forcibly set equal to equilibrium on
whole volume of welded assembly. Second approach
takes into account possible nonuniformity of tempera-
ture distribution on structure thickness due to convec-
tive heating from surface.

The results of calculation of stress-strain state of
IVC after welding and HT showed that the maxi-
mum axial stresses 6_, which equaled 200 MPa after
welding, reduced to 48 MPa after HT. The maximum
circumferential stresses Oy as a result of HT reduced
from 174 to 50 MPa, radial 6_ from 63 to 10 MPa.

1:1072

11041

1-106F

Desldt, (1/h)

1-1078

1 1 1

0 50 100 150 a;, MPa

Figure 2. Creep function for 08Kh18N10T steel at 7 = 650 °C
temperature

Figure 3 shows the change of temperature of air in
furnace volume, which correspond to the set param-
eters of HT as well as calculation results of kinetics
of maximum temperature of heating of welded joint
metal due to convective heat exchange and results of
kinetics of relaxation of residual stresses o_ at differ-
ent rates of heating and cooling. Coefficient of con-
vective heat exchange on surface of welded joint with
air in furnace volume was taken in a range o = (1.5—

I.°C; o, MPa
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Figure 3. Change of air temperature in furnace (dashed line) and
calculation results of kinetics of maximum temperature of heat-
ing of metal of welded joint and relaxation of maximum residu-
al stresses (axial component ¢ ) at different rates of heating and
cooling: @ — 100 deg/h; b — 50; ¢ — 30
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Figure 4. Kinetics of relaxation of maximum residual stresses G
in HT in welded joint zone with different rates of heating and
cooling (100, 50, 30 deg/h), soaking time 10 h, 7 = 650 °C, for
model of convective heating in furnace

3.0)-10* J/(mm?-s-deg) depending on temperature of
heated metal.

Heating promotes relaxation of residual stresses
due to instant plasticity and after heating to 650 °C
during soaking this takes place due to the process of
temperature creep. It should be noted that the devel-
oped simplified model uses an assumption that the
creep process starts at soaking temperature. Thus, the
creep process at 650 °C has sufficiently intensive start.
Substantial stress relaxation takes place in course of
first hour of soaking after that creep rate noticeably
decreases. After cooling the level of residual stresses
slightly rises due to increase of temperature depen-
dence of material yield limit.

At considered variants of heating and cooling rates
the welded joint of 60 mm thickness has uniform
enough heating on thickness and differs by delay val-
ue at reaching the soaking temperature 650 °C. At suf-
ficiently long period of soaking (10 h) that was taken
in calculation the results by efficiency of relaxation
of residual stresses for different heating and cooling
rates virtually have no difference (Figure 4). Maxi-
mum c_, which after welding were at 200 MPa level,
reduce to 45-48 MPa after HT.

Figure 5 presents the dependence of efficiency of
relaxation of residual welding stresses c_ on soaking
time. The results of calculation in HT for a variant of
convective heating in a furnace at heating rate up to
650 °C and cooling 100 deg/h show that soaking time
is a very important parameter.

The difference in relaxation of residual stresses at 10
and 5 hours soaking is not large: residual stresses c_ de-
crease to 45 and 50 MPa, respectively. Efficiency of HT
decreases at shorter soaking of 650 °C. At three h soak-
ing o_ deceased to 60 MPa, for 2 hto 86 MPa.

Figure 6 provides a comparison of the results of
modeling of relaxation of residual stresses o_ in HT
in the case of forced uniform heating (approach 1)
with the results of modeling of HT by heating due

G--, MPa

M,

150

100
1P, e et T Sl -
50 S/ i
0 10 20 30 40 r.h

Figure 5. Kinetics of relaxation of maximum residual stresses
in HT in welded joint zone on soaking time (2, 3,5, 10 h, =

max

650 °C), at heating and cooling rate 100 deg/h for model of con-
vective heating in furnace
to convection (approach 2) for soaking during 2 and
10 h at 650 °C, heating and cooling rate is 100 deg/h.
At sufficiently long-term soaking, when welded
joint is completely heated on thickness, the results of
numerical prediction of relaxation of residual stress-
es by simplified approach 1 are close to more accu-
rate approach 2, which takes into account a level of
heating on thickness and delay of heating to soaking
temperature. Thus, at 10 h soaking the results of re-
laxation of the maximum residual stresses o_ (Fig-
ure 6), obtained by approaches 1 and 2, give 45 and
43 MPa, respectively. For short-term soaking (2 h) the
simplified approach 1 gives significant error, namely
59 MPa against 86 MPa using more accurate approach
2, therefore, an error makes approximately 30 %.

EXAMPLE No. 2. CIRCUMFERENTIAL
WELDED JOINT OF PIPELINE FROM
INCREASED STRENGTH STEEL

OF PEARLITE CLASS

Welded joints of pipelines of power equipment are as
arule subjected to postweld HT. For example, welded
joints of reactor coolant pipe (RCP) Du850 from steel
10GN2MFA (pearlite class) are made using manual
or automatic welding. A weld root is made manual-
ly using argon-arc welding with filler wire 08G2S of

a--, MPa
= Approach 1 - 10 h
\ e== = Approach1-2h
4 A =+ =Approach 2 - 10 i
150 \‘\f_ ====Approach2-2h
|
100 i T
'l "_ -------------------------
50 ke S o e et o i
\‘:-::'--‘-'._...;"“—r o
0 10 20 30 40 rh

Figure 6. Comparison of conditions of forced uniform heating
(approach 1) with heating due to convection (approach 2) in HT
by the results of modeling of relaxation of maximum residual
welding stresses ¢_ for different time of soaking2and 10 h, 7 =
=650 °C, heating and cooling rate 100 deg/h
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Table 1. Results of calculation of coefficients of creep functions
(2) and (4) using experimental data [3]

A, 1/(MPa*h) B, 1/(MPah) G, K
T, °C
n==6 n=6 n==6
550 0.43-10°"7
600 1.13-10°%
exp(41.28) — 66394
650 1.73-104
700 3.77-10"2

2-3 mm diameter, height of root pass is 6—8 mm. Fill-
ing of main part of the weld is carried out by manual
welding with electrodes PT-30 of 4 mm diameter and
wire SVIOGNIMA of 2 mm diameter is used at au-
tomatic welding. Welding is performed with prelimi-
nary and concurrent heating to 150 °C.

For determination of residual welding stresses
there was carried out the mathematical modeling in
2D axially symmetric problem statement of the non-
stationary heat conductivity and thermoplastic defor-
mation in welding heating of a circumferential multi-
pass welded joint (112 passes) of a cylinder shell with
inner diameter D, = 850 mm, thickness 6 = 60 mm,
mode of arc weldingrun/ =250A, U =11.5V,v =
=55 mm/s,’ O, = 520 J/mm, coefficient of thermal
efficiency equals 0.8.

There was obtained a sufficiently high level of cir-
cumferential component of residual stresses Gy, UP to
400-500 MPa, i.e. to a material yield limit and in a lo-

HYV, MPa Gy MPa
(1{ 400
N\ ' k
o E 1 600
. gl|s Eg:i
340 - NP Seof - 500
320/ 1 {400 ,,
\ Z
\ 5
300 10GN2MFA 1300 F
\ Hardness
280 - \ - 200
o
260 — 100
Residual stresses
240 ! 1 : 0
500 600 700 °C

Temperature of two-hour
tempering after welding

Figure 7. Effect of temperature of two-hour tempering after weld-
ing on level of residual stresses and hardness in zone of welded
joint of steel 10GN2MFA [16]
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cal zone of final welding passes the maximum calcu-
lation circumferential stresses reach almost 690 MPa.

High-temperature tempering at 650 °C tempera-
ture is used after welding for the purpose of relaxation
of residual stresses. Time of soaking at set tempera-
ture is 67 h, cooling to 200 °C in a furnace at set rate
of cooling to 100 deg/h then free cooling to tempera-
ture 20 °C on air.

Two creep functions were used in modeling of the
process of relaxation of residual stresses in HT for de-
termination of possible difference of results and pro-
vision of necessary prediction accuracy. First — sim-
plified (2), does not depend on temperature and acts
only at reaching soaking temperature in HT. Second
(4) — more general and depends on material tempera-
ture starting from temperature of 550°C and higher.

Coefficients of creep function for base material
of RCP pipeline (steel 10GN2MFA) are determined
based on processing of experimental data. Figure 7
provides the data of work [3] corresponding to the
level of relaxation of tensile residual longitudinal
stresses for soaking period 2 h HT after welding of
plates of steel I0GN2MFA depending on tempering
temperature 7' = 550-700 °C. Table provides the re-
sults of calculation of constants 4, B, G, n of creep
functions (2) and (4) using these experimental data.

Simplified creep function can be obtained only
based on data for soaking temperature 7= 650 °C in
HT and present in form (2)

atn=6,4=1.7310" 1/(MPa"h).

Respectively the creep function in general depending
on material temperature starting from 550 °C and higher
can be approximated by typical dependence (4) with cor-
responding coefficients B, G, n from the Table 1.

Obtained results of modeling of residual stress
relaxation in a zone of circumferential welded joint
of RCP Du850 after HT and complete cooling to
20 °C indicate on sufficiently high level of efficien-
cy of relaxation of residual stresses at set parameters
(T = 650 °C, soaking time 7 h). The level of max-
imum residual tensile stresses, namely circumferen-
tial component 6, and axial 6_ one does not exceed
30—40 MPa, compression stresses on inner surface are
somewhat higher from — 70 to — 80 MPa.

Comparison of accuracy of modeling of the pro-
cess of stress relaxation using simplified creep func-
tion based on Norton—Bailey law for fixed soaking
temperature and more general creep function are
given on Figure 8. The comparison was carried out
for efficiency of relaxation of residual circumfer-
ential stresses Opg in a zone of butt welded joint of
RCP Du850 in HT depending on selection of creep
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Figure 8. Dependence of efficiency of relaxation of residual
stresses o (circumferential component) in zone of butt welded
joint of RCP Du850 in HT on selection of creep function and time
of soaking (7= 650 °C): a — 0.5;b—2andc—5h

function and time of soaking at 7= 650 °C (0.5; 2
and 5 h), heating and cooling rate 100 deg/h. It can
be noted that depending on creep function there is a
change of stress relaxation kinetics, namely at more
general creep function the processes of relaxation due
to creep start earlier at 7= 550 °C temperature, but at
soaking the creep curves approach and almost match.
The maximum residual stresses Opg decrease from 710
to 50 MPa in a welded joint zone. Only in the case of
very short soaking (0.5 h) stress relaxation by sim-
plified model does not have time to take place and
difference in values of residual stresses after HT be-
comes noticeable — 50 and 65 MPa. Thus, the simpli-
fied creep function in the cases of very short soaking
can give significant error in the results of modeling of
relaxation of residual stresses relatively to the more
general creep function which considers dependence
of the creep process on temperature of heating and
cooling stage. In the considered case the relative error
made approximately 30 %.
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Figure 9. Diagram of HT by high-temperature tempering mode

EXAMPLE No. 3. LOCAL HT OF WELDED
JOINT No. 111 OF COLLECTOR TO NOZZLE
Du1200 OF PGV-1000 STEAM GENERATOR

Nozzle Dul200 of steam generator and collector is
made from pearlite class steel 1I0GN2MFA. A weld
is carried out manually or automatically, weld root is
made manually using argon-arc welding with filler
wire Sv08G2S, height of root pass is 6—8 mm. Filling
of the main part of weld is carried manually using TsU
or UONI-13/55 electrodes of 4 or 5 mm diameter and
SvO8GSMT and SvIOGNIMA wires of 2 mm diam-
eter and FTs-16 or AN-17 fluxes are used for auto-
matic welding. Operations of intermediate and final
high-temperature tempering (Figure 9) are carried
out by circular heaters (Figure 10) for the purpose
of relaxation of residual stresses related with assem-
bly welding or local repair of separate defects by a
scheme of multilayer filling of corresponding groov-
ing of welded joint No. 111.

Additional heat sources that provide local HT of
the welded assembly can be set by corresponding heat
flow through heating surface or change of surface tem-
perature in a heating zone, if the latter is performed by
a set program as indicated for high-temperature tem-
pering mode.

There was carried out a mathematical modeling
of a problem of nonstationary heat conductivity and
thermoplastic deformation in welding heating during

Weld
KT4 No. 111/1 KT1

o o e

&A

T e ]
ST,

O
‘{3"

I TITIIS

G

Armored
basalt

KT2
panel

Kt3

Assembly
weld Du-850

Ceramic
plate

Figure 10. Scheme of installation of heaters and heat-insulating
materials in sections of welded joint No. 111 in postweld HT
(CP1 = CP5 — control points)
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Figure 11. Distribution of residual welding stresses of axial 6_ (@)
and circumferential g (b) on thickness of welded joint No. 111
after welding and after general and local HT
performance of all (up to 100) passes of groove filling
of welded joint No. 111 and further complete cooling.
As a result there were obtained the distributions of
components of residual stresses which are rather non-
uniform on welded joint thickness. Tensile circum-
ferential stresses o, (to 650 MPa) have the highest
level. Axial residual stresses o_ are compression ones
(to — 170 MPa) on inner surface of the joint and ten-
sile ones on outer (to 350 MPa). Radial component G
has tensile stresses to 200 MPa.

From point of view of failure resistance of welded
joint No. 111 by stress-corrosion cracking mechanism
the distributions of circumferential and axial residual

Figure 12. Distribution of temperature in process of soaking in
local postweld HT

stresses on the joint inner surface are particularly im-
portant. After assembly welding rather high circum-
ferential residual tensile stresses (to 300 MPa) and
axial compression stresses were determined in the
indicated zone. Taking into account geometry com-
plexity of the assembly of welded joint No. 111, tech-
nological operation of local postweld HT can not only
decrease the level, but also promote formation of new
residual stresses.

During performance of this investigation, similar to
previous examples, there were used two approaches for
modeling of temperature distributions during postweld
HT. Thus, the first simplified approach corresponds
to the conditions of general furnace HT, when whole
welded joint is forcedly uniformly heated according
to set HT mode. The second approach corresponds to
the real conditions of heat treatment, i.e. in a zone of
heater installation (Figure 10) the surface temperature
changes in time ¢ (beginning from start of heater op-
eration) by diagram of HT mode (Figure 9). The rest
of assembly surface has an insulation or heat exchange
with environment by Newton—Richmann law.

Performance of general HT of welded joint
No. 111, modeling of which is provided by uniform
heating (approach 1) of the assembly to soaking tem-
perature 650 °C results at soaking time 8 h to signif-
icant relaxation of residual stresses, namely the level
of all components of residual stresses reduced from
100 MPa and lower (Figure 11).

In modeling of relaxation and redistribution of re-
sidual stresses in welded joint No. 111 the obtained
results are different in essence when performing local
HT by means of application of heat flows from the
heater from assembly surface (approach 2). First of
all, heating using locally located heaters does not pro-
vide uniformity of distribution of temperature in the
zone of welded joint in the process of soaking due to
complex assembly geometry (Figure 12). As a result,
significant nonuniform heating promotes formation of
new residual stresses, distribution and level of which
dramatically differ from residual stresses after weld-
ing (Figure 11).

After local HT the circumferential welding residu-
al stresses G0N the inner joint surface virtually do not
change and reach the level of 350 MPa and sufficient-
ly high after welding circumferential residual tensile
stresses at 400 MPa level reduce to 0—-100 MPa (Fig-
ure 11, a) on the outer surface. Axial residual stress-
es 6_ on inner surface which after welding were the
compression stresses at — 100 MPa level become the
tensile stresses and reach the level of 200-300 MPa
after local HT and on outer surface have compression
values to — 300 MPa (Figure 11, b).
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Thus, the local high-temperature tempering with
nonuniform distribution of temperature in a zone of
welded joint under conditions of sufficiently rigid as-
sembly of welded joint No. 111 results in some de-
crease of circumferential residual stresses on the weld
outer surface, however a new zone of high axial ten-
sile stresses is formed on the inner joint surface.

Provided results as for investigation of efficiency
of technology of local HT of welded joint No. 111
showed that improper selection of a place for heater
positioning in local HT can result in negative conse-
quences, namely formation of the new residual tensile
stresses in the dangerous zones of welded assembly.
Low efficiency of considered technology of postweld
HT and probably even its negative effect on integri-
ty of welded joint No. 111 indicate the necessity of
optimization of technology of local HT including, in
particular, mathematical modeling methods.

CONCLUSIONS

1. In case of general furnace HT of welded structure
the heat processes can be modeled based on applica-
tion of two different approaches. The first, more eco-
nomical by realization approach assumes that in heat-
ing, soaking and cooling the material temperature is
set forcedly uniform by welded assembly volume ac-
cording to given mode of heat treatment. The second
one more accurate approach considers the possible
nonuniformity of structure temperature distribution
as a result of heating and cooling from surface due to
convection with ambient air in the furnace.

2. Comparison of the results of modeling of re-
laxation of residual welding stresses in HT in case of
forced uniform heating with the results of HT mod-
eling due to convection showed that in case of long
enough soaking in HT, when the welded joint has time
for complete heating on thickness, the first approach
provides the results on relaxation of residual stress-
es very close to the second one, which considers the
level of heating on thickness and delay of heating to
soaking temperature. In case of short soaking time the
first approach can give significant error.

3. Modeling of process of HT of welded joints is
often based on a simplified function of material creep
by Norton—Bailey law as power dependence between
stress intensity and creep strain rate at fixed soaking
temperature. More general mathematical models of
creep, for example, Arrhenius model, can take into
account accumulation of creep strain in a wide range
of material temperatures and allow tracing the defor-
mation processes not only at soaking temperature, but
at lower temperatures of material and can be effective
in modeling of the processes of relaxation of residual
stresses in local HT of welded structures or in the case

of the general furnace heat treatment at short soaking
time, when uniform heating to set soaking tempera-
ture is not provided by volume of welded structure or
assembly.

4. Comparison of the results on efficiency of re-
laxation of residual stresses showed that the calcula-
tion kinetics of stress relaxation changes depending
on creep function. Thus, in the case of more general
creep function the relaxation processes start earlier
due to creep in heating, however in process of soak-
ing the creep curves by simplified and general mod-
els approach and almost match. In case of very short
soaking the simplified creep function can provide
significant error in the results of modeling of residual
stresses relaxation in relation to more general creep
function which considers dependence of creep pro-
cess on temperature on heating and cooling stages. In
the considered case of HT of RCP butt welded joint
Du850 the relative error made 30 %.

5. Study of efficiency of a technology of local HT
of the welded joints showed that complex assembly
geometry and improper selection of heaters location
can result in negative consequences, namely forma-
tion of the new residual tensile stresses in the dan-
gerous zones of welded assembly. It is related with
significant inhomogeneity of temperature distribution
at local heating of the assembly. It is relevant to carry
out optimization of the new technologies of local HT
involving mathematical modeling methods in order to
increase efficiency of a technology of postweld local
HT and elimination of its possible negative effect on
integrity of welded joints.
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ELECTRON BEAM MELTING OF TITANIUM ALLOYS
FOR MEDICAL PURPOSES
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E.O. Paton Electric Welding Institute of the NASU
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ABSTRACT

The established regularities of the processes of alloying element evaporation and crystallization at electron beam melting were
the base for determination of the melting modes and optimization of the technology of producing defect-free and chemically
homogeneous ingots of a promising Ti-6AI-7Nb titanium alloy for medical purposes, having a homogeneous fine-grained
structure without any traces of zonal segregation. Microstructural studies showed that Ti—-6Al-7Nb alloy is a two-phase a+f
titanium alloy of martensitic type, in which 1-2 mm thick precipitates of a-phase are observed on the boundaries of primary
B-grains, and in the grain body formation of a platelike (widmanstaetten) morphology of a- and -phase precipitates is found,
the length of which inside the grains is equal to 10—40 pm. Such a structure ensures the best combination of the alloy mechan-
ical characteristics, namely high values of strength (905 MPa) and ductility (13.5 %), which meet the requirements of interna-
tional standards for titanium alloys for medical purposes.

KEYWORDS: titanium alloys, electron beam melting, medicine, evaporation, chemical composition, structure, mechanical

properties

INTRODUCTION

Functional reliability of medical implants and struc-
tures, applied in orthopedics, traumatology, stomatol-
ogy and other medical fields, primarily depends on a
set of service properties, which are exhibited by the
material under the real conditions of its service in a
living body and the impact of this material on the sur-
rounding tissues, biological liquids and the body as a
whole [1-4]. At present, the main materials, used in
implant manufacture, are metal alloys (titanium and
cobalt), stainless steels, polymers and ceramics [5].
Despite intensive application of polymers and ceram-
ic materials in implant products, metallic materials
preserve their leading role (Figure 1). The best of the
modern metallic biomaterials is titanium and alloys
on its base.

Modern medicine uses a wide range of titanium al-
loys, varying by their chemical composition and me-
chanical parameters. Al, V, Mo, Mg, Cr, Si, Sn are the
most often used of them as alloying elements.

However, vanadium poses a certain danger in ti-
tanium alloys. In the main Ti—-6Al-4V medical alloy
the content of toxic vanadium is just 4 % by weight,
while in stainless steels the mass concentration of tox-
ic nickel and chromium (in total) is more than 30 %.

Today traditional Ti-6A1-4V is replaced by new
medical alloys, such as Ti—6Al-7Nb, Ti—13Nb—13Zr
and Ti—12Mo—6Zr, not containing vanadium, which
has, even though an insignificant, but toxic influence
on live tissues.

Copyright © The Author(s)

Ti—6Al-7Nb alloy (international designation UNS
R56700) is a special high-strength titanium alloy with
excellent biocompatibility for surgical implants [6],
developed for application for medical and surgical
purposes.

Alloying is one of the efficient methods to improve
the mechanical properties, and since niobium belongs
to the same group as vanadium does, it usually acts
as an o-f stabilizing element (similar to Ti-6A1-4V
alloy). Although its properties are almost identical to
those of Ti—-6A1-4V, vanadium was replaced by niobi-
um as a f-stabilizer, which increases the biocompati-
bility [7-9]. Ti-6Al-7ND is one of the titanium alloys,
which consists of hexagonal a-phase (aluminium-sta-

Figure 1. Main materials used for implant manufacture, %: / —
titanium alloys; 2 — medical steels; 3 — cobalt alloys; 4 — poly-
mers; 5 — ceramics, 6 — other materials
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Table 1. Mechanical characteristics of titanium alloys

Alloy o,,» MPa o, MPa o !, MPa E, MPa 3, % v, %
BTI-0 320 400 170 11.1-10¢ 25 -
Ti-6Al-4V 795 860 400 11.5-10% 10 25
Ti—6Al-7Nb 793 862 - - —»— —»—
Bone 250 - 200 2.5-10 0.5 -
bilized) and regular bulk-centered B-phase (niobi- Ti +0,— TiO,; (1)
um-stabilized). The alloy is pharacterlzc?d by addl.tlon- 2Ti +N,—2TiN; )
al advantages as to mechanical properties, has higher
corrosion resistance and bioresistance, compared to Ti+H, — TiH; 3)
Ti—6A1-4V alloy [10, 11]. . .
y [10, 1] Ti + 2H,0 — TiO, + 2H, @)

Mechanical characteristics of Ti—6AIl-7Nb alloy
are given in Table 1, in comparison with those of oth-
er titanium alloys.

Ti—6Al-7Nb alloy is traditionally twice or three
times remelted under vacuum to obtain a highly ho-
mogeneous composition of the ingot. The ingot is
subjected to hot pressing or treatment of the round or
flat rods by the traditional methods of titanium alloy
treatment. Over the recent years, research work has
been performed to produce medical products from
Ti—6Al-7Nb titanium alloy, using different 3D print-
ing technologies, such as SLM and EBM [12, 13].

The biocompatibility of Ti—-6Al-7Nb alloy is high,
and it can be applied in manufacture of implant-devic-
es: artificial hip and knee joints, bone plates, screws
for fracture fixation, heart valve prosthesis, pacemak-
ers and artificial hearts [5, 10, 11].

As noted above, the determinant characteristic
of materials for medical purposes is their biological
compatibility with the human body, alongside the re-
quired physical-mechanical characteristics. This ne-
cessitates the use of technological processes, ensuring
a higher degree of refining from impurities (sulphur,
arsenic, phosphorus, lead, tin, copper, etc.) and gases
in manufacture of such materials and products from
them. Therefore, for a wide introduction of titanium
alloys in medicine, it is necessary not only to devel-
op new titanium-based materials with higher service
properties, but further on to improve production of the
existing titanium semi-finished products. Any imper-
fections of chemical and structural homogeneity in
titanium alloys lead to lowering of the strength and
fatigue life of the products. Producing titanium alloys
involves difficulties, caused by the high sensitivity of
titanium to interstitial impurities, particularly, to oxy-
gen, nitrogen, hydrogen, and carbon, and by interac-
tion with many chemical elements, resulting in for-
mation of solid solutions or chemical compounds. For
instance, oxygen, nitrogen and hydrogen can react
with titanium to form different chemical compounds,
as a result of the following reactions:

High activity of titanium leads to running of phys-
ical-chemical processes of interaction with gases
even in the solid state. Therefore, the intermetallic
inclusions (hydrides, nitrides, oxides) may form both
during the ingot production, and at different stages
of technological processing to manufacture finished
products.

More over, one of the main structural imperfec-
tions of the titanium alloys is the presence of non-
metallic inclusions [14]. Nonmetallic inclusions can
penetrate into the finished product from the charge
materials during melting, and can be formed at heat
treatment of the finished product. Titanium actively
interacts not only with gases, but also with other el-
ements, including alloying components of the alloys,
so that local enrichment of individual volumes of the
ingots by alloying elements can lead to formation of
intermetallic inclusions, for instance, Ti,Al, TiAl, etc.

At present not all the methods of manufacturing ti-
tanium ingots allow producing sound metal, and at vi-
olation of the technological process of titanium ingot
production defects are found in the ingots, lowering
the metal quality. Thus, solving the problem of pro-
ducing sound ingots of high-strength titanium alloys
from different charge materials is rather urgent.

Nowadays the most efficient refining of the metals
and alloys is realized when conducting the processes of
their vacuum melting. Electron beam melting (EBM) is
the most efficient vacuum metallurgy process to produce
the alloys, including the refractory and highly reactive
ones with super low content of gases, low-melting im-
purities and nonmetallic inclusions. EBM enables reg-
ulation of the ingot melting rate in a wide range, due to
an independent heating source that, in its turn, allows
controlling the duration of the metal staying in the liquid
overheated state. EBM is a technology, allowing prac-
tically completely ensuring removal of high-melting
inclusions of high and low density [14]. Thus, EBM al-
lows a significant improvement of the quality of titanium
alloy ingots [14, 15].
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A peculiarity of the work on producing materials
and products for medical purposes is the fact that ap-
plication of electron beam technologies allows, along-
side metal refining, also obtaining the required physi-
cal-mechanical properties.

The majority of the titanium alloys, however, have
a high content of alloying elements that complicates
their production by EBM. Therefore, when producing
titanium ingots for medical purposes there is the prob-
lem of ensuring the specified chemical composition of
the ingot, as melting in relatively deep vacuum pro-
motes selective evaporation of alloying elements with
a high vapour pressure [16, 17]. This problem primar-
ily concerns aluminium, as it has one of the highest
values of vapour pressure, and this element is present
in practically all the titanium alloys [14, 18]. Concen-
tration of elements in an ingot with vapour pressure
below that of titanium vapour, niobium in this case,
can be even somewhat increased.

CALCULATION
OF TECHNOLOGICAL MODES OF MELTING

In order to analyze the influence of EBM technologi-
cal parameters and chemical composition of the initial
charge on chemical composition of the produced in-
gots, the mathematical model of the processes of alloy
component evaporation during EBM [17] was used to
determine the dependencies of the alloying element
content in 110 mm ingot of Ti—6Al-7Nb titanium al-
loy on the melting rate at different chemical composi-
tion of the initial charge [Al], [Nb],.

Analysis of the obtained calculation results shows
that losses of alloying elements for evaporation de-
pend on their physical-chemical properties. While al-
uminium content during melting decreases (Figure 2),
niobium content increases, on the contrary (Figure 3),
compared to the content of these elements in the ini-
tial charge.

Such behaviour of alloying elements during melt-
ing is explained by the fact that aluminium vapour
pressure at the specified temperature is higher than
that of titanium vapour, while niobium vapour pres-
sure is lower than that of titanium vapour. Conse-
quently, in keeping with Longmuir law [19, 20], tita-
nium evaporation rate is lower than that of aluminium
evaporation and higher than that of niobium evapora-
tion. Therefore, aluminium concentration in EBM in-
got decreases, accordingly, compared to its concentra-
tion in the initial charge, and niobium concentration
becomes higher.

Studying the behaviour of such alloying element
as aluminium is critical for optimization of the pro-
cess of EBM of Ti—6Al-7Nb titanium alloy. This is
due to aluminium losses in EBM and considerable in-

~1

N

Aluminium content, %

10 20 30 40 50
Melting rate, kg/h

Figure 2. Dependencies of aluminium content in the ingot of
Ti-6Al-7Nb alloy on melting rate at different content of alumini-
um [Al ] in the initial charge, %: / —6.5; 2—7.0; 3 — 7.5

fluence of aluminium on titanium alloy structure and
mechanical properties.

Dependence of aluminium content in EBM ingot
on melting rate is nonlinear. At a fixed composition of
the initial charge at low melting rates (up to 30 kg/h)
aluminium losses for evaporation are quite signifi-
cant, and they strongly depend on the melting rate. So,
for instance, at 7 % content of aluminium in the initial
charge, lowering of melting rate from 30 to 10 kg/h
leads to increase of aluminium losses for evaporation
from 0.72 to 1.92 %, i.e. 2.7 times. At melting rates
above 30 kg/h aluminium losses for evaporation are
much smaller, and their dependence on the melting
rate is rather weak. At increase of the melting rate
from 30 to 50 kg/h aluminium losses for evaporation
decrease from 0.72 to 0.45 %, i.e. 1.6 times.

It should be noted that aluminium losses for evapo-
ration strongly depend on the melting rate, i.e. the time
of titanium staying in the liquid state, when aluminium
intensively evaporates from the melt (Figure 4).

Despite the relatively weak dependence of alumin-
ium losses for evaporation on aluminium concentra-
tion in the initial charge (Figure 4), a detailed analysis
of the dependence of these losses on aluminium con-
tent in the initial charge showed (Figure 5) that the
higher the aluminium content in the initial charge, the
greater are the aluminium losses for evaporation.

Niobium content, %
“
o
I~

6.0 1 1 1

10 20 30 40 50
Melting rate, kg/h

Figure 3. Dependencies of niobium content in an ingot of
Ti-6Al-7Nb alloy on melting rate at different content of niobium
[Nb], in the initial charge, %: I —6.5; 2—7.0; 3 —7.5
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Figure 4. Aluminium losses for evaporation, depending on melt-
ing rate at different concentration of aluminium [Al] in the initial
charge, %: 1 —6.5;2—7.0,3—7.5

Analysis of aluminium losses for evaporation at
ecach EBM stage (Figure 6) showed that, depending
on the melting rate, at the end of the consumed billet,
the relative losses of aluminium for evaporation are
equal to approximately 25 % % of the total losses of
aluminium during EBM, the relative losses of alumin-
ium for evaporation in the cold hearth are equal to 51
% of the total aluminium losses, and in the crucible
they are close to 24 %. Such a distribution of alumini-
um losses between the melting stages weakly depends
on the melting rate, and is due, primarily, to the area
of the melt free surface at each melting stage, from
which aluminium evaporates. This fact should be tak-
en into account when designing the technological fix-
tures for producing ingots by EBM.

Conducted analysis of the process of aluminium
evaporation during EBM shows that the main factors
influencing aluminium concentration in EBM ingot
are its content in the initial charge and the melting
rate.

Results of calculations conducted by the mathe-
matical model revealed that niobium concentration
in Ti-6Al-7Nb alloy practically does not change in
EBM ingot at the melting rate higher than 40 kg/h (see
Figure 3). It should be noted that at melting rates of
up to 30 kg/h niobium content in the ingot rises by
0.09—-0.24 %, compared to its concentration in the ini-
tial charge that is associated with relatively high loss-

1.2
O e e = 7’
0.8 -

0.6 - 2

Aluminium losses, %

04

0.2 ] 1 1 1
6.5 6.7 6.9 il 7.3 7.5
Aluminium content in the initial charge. %

Figure 5. Aluminium losses for evaporation, depending on alu-
minium content in the initial charge at the following melting rate:
1—20;2—50
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Figure 6. Relative losses of aluminium for evaporation at the con-
sumable electrode end face (7), in the cold-hearth (2) and in the
mould (3), depending on melting rate

es of aluminium for evaporation at these melting rates
(see Figure 4).

Thus, results of the conducted investigations lead
to the conclusion that to ensure the specified chemical
composition of 110 mm ingot of Ti—6Al-7Nb titani-
um alloy for medical purposes the melting should be
performed at the rate of 40-50 kg/h, and aluminium
should be added to the initial charge in the quantity
0.5 % higher than the targeted aluminium concentra-
tion in the ingot.

In order to improve the technology of manufac-
turing ingots from titanium alloys for medical pur-
poses, PWI performed work on producing ingots
of an alloy of Ti—Al-Nb system. Ingots of 110 mm
diameter were produced by the technology of cold-
hearth EBM with portioned feed of liquid metal
into a water-cooled mould.

EXPERIMENTAL PART
OF THE INVESTIGATIONS

Investigations of the processes of alloy component evap-
oration from the melt in vacuum were the base for cal-
culations of the predicted chemical composition of the
produced ingots, the results of which were used to adjust
the charge billet components. Alloying components with
high vapour pressure (Al) were blended taking into ac-
count the compensation of evaporation losses.

The charge billet was a slab preproduced from
titanium sponge TG-100 with alloying components
in the form of pure niobium and primary aluminium
(Figure 7).

UE-208M electron beam unit was used to con-
duct experimental melts to produce 110 mm ingots of
Ti—6Al-7Nb titanium alloy.

During melting the following technological pa-
rameters were monitored: accelerating voltage of
electron beam guns, beam current, speed of feeding
the initial charge into the melting zone, speed of
ingot pulling out of the mould, and cooling water
temperature.
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Figure 7. Charge billet (@) and electron beam melting (b) of 110 mm ingot of Ti—-6Al-7Nb titanium alloy

Table 2. Distribution of alloying elements and impurities along EBM ingot of Ti—-6Al-7Nb titanium alloy, wt.%

Ingot part Al Nb Ta Fe C H O N
Upper 6.2 6.8 0.01 0.09 0.01 0.005 0.11 0.012
Middle 6.3 6.7 —»— 0.10 —»— - - -
Lower 6.2 —»— —»— 0.08 —»— - - -

UNS R56700 5.6-6.6 6.5-7.5 <0.5 <0.25 <0.03 <0.05 <0.20 <0.05

Numerical values of the technological param-
eters of melting used to produce 110 mm ingots of
Ti—6AI-7ND titanium alloy are as follows:

Meltingrate, kg/h .. ... o o 40-50
Height of portions simultaneously poured into the

mould, mm . ... . 10
Powerinthemould, KW .. ............................ 16
Power in the cold hearth, kKW .. ........................ 80

At the end of melting, shrinkage cavity removal
was performed by gradual lowering of the power of
heating the ingot upper end face in the mould.

The side surface of the produced ingots after cool-
ing in vacuum to the temperature below 300 °C is
clean, and there is no higher concentration of impu-
rity elements in the form of oxidized or alpha layer
(Figure 8). The depth of surface defects of corrugation
type is 1-3 mm, defects in the form of tears, cracks or
lacks of fusion are absent.

To assess the quality of metal of the produced in-
gots, chemical composition of the samples cut out
along the sample from the upper, middle and lower
parts was investigated. Results of analysis of chemi-
cal composition of the produced ingot metal showed
that alloying element distribution along the ingot

Figure 8. Ti-6Al-7Nb titanium alloy ingot of 110 mm diameter

length is homogeneous, and corresponds to the grade
composition (Table 2).

Considering the small dimensions of 110 mm in-
got of Ti—-6Al-7Nb titanium alloy, it was subjected to
surface machining in a lathe. The surface layer was
removed to the depth of not more than 3 mm to the
side, and its end faces were machined (Figure 9).

Ingot macrostructure was studied on transverse
templates, cut out from the ingot middle. The struc-
ture was revealed by etching the templates in 15 %
solution of fluoric acid with addition of 3 % nitric acid
at room temperature.

Ingot metal structure is dense, homogeneous, with-
out any zones which etch differently over the ingot
cross-section (Figure 10). No significant difference in
the structure of the central and peripheral zones of the
ingot was observed. No defects in the form of pores,

Figure 9. Machined ingot of Ti—6Al-7Nb titanium alloy
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Figure 10. Macrostructure of cast metal of an ingot of Ti-6Al-7Nb
titanium alloy

cavities, cracks, nonmetallic inclusions or alloying el-
ement segregation characteristic for VAR ingots was
found.

The crystalline structure of the metal was the same
along the entire ingot length, and it is characterized by
crystals, the shape of which is close to the equiaxed
one. Areas of columnar structure are absent.

The most important criterion of the quality of tita-
nium alloy ingots is absence of nonmetallic inclusions
in the metal, particularly in the form of nitrogen-con-
taining alpha particles or titanium nitrides. At titani-
um remelting by cold-hearth EBM technology ther-
mal and physical-chemical conditions are in place,
which ensure removal of the above inclusions.

The method of ultrasonic flaw detection was used
to investigate the presence or absence of internal de-
fects in the form of nonmetallic inclusions, as well
as pores or discontinuities in the titanium ingots. In-
vestigations were conducted with application of ul-

%

trasonic flaw detector UD4-76 by echo-pulse method
at contact variant of testing. Working frequency of
analysis was equal to 1.25 MHz, which ensured the
maximal signal-to-noise ratio. Multiple reflections of
a small amplitude were observed when studying the
ingots. This is typical for cast metal and is the result
of signal reflection from the grain boundaries. Con-
ducted analysis did not reveal any reflections, which
could be interpreted as large nonmetallic inclusions,
pores, or shrinkage cavities. Backwall pulse reflection
was clearly visible on the scan (Figure 11). Noises are
present in the area of introducing the probing signals,
which are due to loose contact between the sensor and
the ingot surface, which cannot be compensated by
application of sealing lubricant.

Thus, conducted investigations showed that
110 mm EBM ingots of Ti—-6Al-7Nb titanium alloy
do not have any discontinuities, nonmetallic inclu-
sions of more than 1 mm size, or dense clusters of
finer inclusions.

The produced metal microstructure was studied in
a light microscope. General view of the microstruc-
ture of Ti—-6AI-7Nb titanium alloy produced by the
developed EBM technology is given in Figure 12.

Metal of Ti—-6Al-7Nb titanium alloy consists of
equiaxed grains of 100-500 pm size (Figure 12). A
positive moment is formation of a homogeneous
structure, without any manifestations of zonal seg-
regation traces (Figure 12, a). This is indicative of
the optimal mode of producing the ingot in electron
beam melting. The grain boundaries have an a-fringe,
sometimes continuous, sometimes intermittent. The
thickness of a-fringe is 0.8-3.0 um (Figure 12, d).
The intragranular structure of deep metal layers is
lamellar, and it consists of a-colonies of different size.
The thickness of a-plates is equal to 0.8-3.0 um. In-

80 +}-
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Figure 11. Scan of the central part of 110 mm ingot
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Table 3. Mechanical characteristics of Ti-6Al-7Nb titanium alloy produced by EBM

Ti-6Al-7Nb c,,» MPa 6, MPa 3, % v, % KCV, J/em?
EBM 840.8 905.1 13.5 35.8 48.8
UNS R56700 793.0 862.0 >10 >25 —

terlayers of B-phase are located between the plates.
The interlayer width is 0.3—1.0 mm.

Formation of lamellar (widmanstaetten) morphol-
ogy of a- and B-phase precipitates is observed in the
grain body. The length of the phase packets inside the
grains is equal to 1040 pm (Figure 12, d).

Thus, microstructural studies give grounds to consid-
er that the alloy of the abovementioned composition is a
two-phase titanium o+f-alloy of martensitic type.

Standard samples for studying the mechanical char-
acteristics were cut out of 110 mm ingot of Ti—-6Al-7Nb
titanium alloy produced by EBM (Table 3).

Obtained results were indicative of high ductility
values of Ti—6Al-7Nb titanium alloy at preservation
of the strength values. Such data can be explained
by formation of an equiaxed fine-grained structure
in EBM ingots. As one can see from the comparison
table, values of mechanical characteristics of the pro-
duced samples fully meet the requirements of interna-
tional standard UNS R56700, which is indicative of
the high quality of the metal produced by the devel-
oped technology.

Thus, results of the performed work were used
to develop an EBM technology of producing a

Ti—6Al-7Nb titanium alloy for medical purposes, the
quality of which fully complies with the standard re-
quirements as to its chemical composition, structure
and mechanical properties.

CONCLUSIONS

1. A technology of producing 110 mm ingots of
Ti—6Al-7Nb titanium alloy for medical purposes by
electron beam melting method was developed with
process productivity of 40-50 kg/h and 16 kW power
of electron beam heating in the mould.

2. The methods of mathematical modeling were
used to determine the dependencies of alloying ele-
ment content in 110 mm ingot of Ti—-6Al-7Nb tita-
nium alloy on the melting rate at different chemical
composition of the initial charge, and it was estab-
lished that the dependence of aluminium content in
EBM ingot on the melting rate is nonlinear: at melting
rates up to 20 kg/h aluminium losses for evaporation
are higher than 1 % and they increase considerably at
lowering of the melting rate, while at higher melting
rates aluminium losses are equal to 0.5-0.7 %.

3. It was determined that the relative losses of alu-
minium for evaporation in the cold hearth are equal to
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approximately 50 % of the total losses of aluminium
during EBM, while at the end face of the consumable
billet and in the mould they are 25 % each, which is
due, primarily to the area of the melt free surface at
each melting stage.

4. It is shown that the selected modes of electron
beam melting ensure formation in Ti—6Al-7Nb tita-
nium alloy of a homogeneous fine-grained structure
without any manifestations of traces of zonal segre-
gation.

5. It is also shown that the developed EBM tech-
nology is an efficient method to produce ingots of
Ti—6AI-7Nb titanium alloy for medical purposes with
a high-quality surface, homogeneous chemical com-
position and high mechanical properties.
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ABSTRACT

The work is a study of the influence of mixtures of gaseous hydrogen with natural gas with the ratios of 10 % H,/90 % CH,
and 20 % H,/80 % CH, on PE-80 polymer pipes. The paper presents the results of complex structural investigations of the ma-
terial of polyethylene pipes from PE-80, which were used earlier in the operating gas distribution networks of Ukraine, after 6
months of their hydrogenation. The influence of gas mixtures on the material structure was established, which is manifested in
reduction of the quantity of the crystalline phase, polyethylene crystallite dimensions and their orderliness. No changes in the
chemical structure of the polyethylene pipe material were found.

KEYWORDS: polyethylene, PE-80, natural gas mixtures, hydrogen mixtures, hydrogen transportation

INTRODUCTION

Existing ecological trends for substitution of natural
gas as the main type of fuel for both industry as well
as household consumers present new challenges for
polymer materials science and science as a whole.
In terms of armed aggression of the Russian Feder-
ation against Ukraine, the problem of using alterna-
tive fuel sources is currently more than relevant for
both Ukraine and the world. In this work, the effect of
mixtures of hydrogen with natural gas on the physical
and chemical structure of the material of polyethylene
pipes from PE-80 as the most widespread material in
the operating gas distribution networks of Ukraine
was studied. The presented results are the basis for
a future large-scale study, whose aim is to study the
possibility of transporting pure hydrogen and hydro-
gen mixtures with natural gas by gas distribution net-
works operating in Ukraine and the EU.

MATERIALS

For complex studies, two gas mixtures of hydro-
gen with methane were used with the ratios of 10 %
H,/90 % CH, and 20 % H,/80 % CH,. To study the

Copyright © The Author(s)

influence of gas mixtures on the structure of the mate-
rial of polyethylene pipes using their full-scale spec-
imens, a research bench was constructed (Figure 1).
For research works, specimens of polyethylene pipes
from PE-80 with an outer diameter of 63 mm, wall
thickness of 3.6 mm, SDR 17.6 were selected, which
served in operating gas pipelines during 15 years [1],
produced by the companies LLC Plastkonstruktsiya
(Figure 2, a) — marked further as ST1 and LLC Plas-
tpipe (Figure 2, b) — marked further as ST2.

Rewelding with polyethylene thermistor plugs
from PE-100 for pipes with an outer diameter of
63 mm and SDR range of 11-17 of Trans Quadro pro-
duction was performed using the Optima 231 welding
unit produced by LLC Terpolymergaz in accordance
with acting standards and instructions for welding
equipment [2].

For hydrogenation in the specified thermistor
plugs piped transition pieces of the polyethylene PE-
80 (with an outer diameter of 20 mm) — metal (with
an outer diameter of 2/3 inches) with a milled thread
were preliminary welded-in. The tightness of the
joints was checked up pneumatically by a compressed
air at a pressure of § bar.
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a

METHODS OF RESEARCH

For structural studies, from the walls of polyethylene
pipes, specimens of 1 mm thick were cut out, as is
shown in Figure 3.

Structural studies of the material of the inner sur-
face of the wall of polyethylene pipes in a longitudinal
direction to the main axis of the pipe were carried out
by the method of wide-angle scattering of X-rays on
reflection by means of the X-ray diffractometer XRD-
7000 (Shimadzu, Japan) according to the X-ray Bragg—
Brentano scheme on reflection of the primary beam by
the tested specimen using CuK -radiation (A = 1.54 A)
and a graphite monochromator. The study was carried
out by the method of automatic step-by-step scanning
in the mode of 30 kV, 30 mA in the interval of scatter-
ing angles (20) 3—60° per exposure time of 5 s [3, 4].
The temperature of studies was 20 + 2 °C.

The infrared spectroscopy of the material of the in-
ner surface of the walls and the volume (at a depth of

Figure 2. Specimens of polyethylene pipes from PE-80: ST1 (@)
and ST2 (b)

Figure 1. Research bench for

studying the influence of hydro-

gen and its gas mixtures with

methane on the material of poly-

ethylene pipes: general appear-

ance of the research bench (a);

process of electrofusion welding

of the bench (b)

1 mm from the inner surface of the wall) of polyeth-
ylene pipes was carried out on reflection in the Ten-
sor 37 spectrometer with the Fourier transformation of
the Bruker Corp. production (Germany) in the range
of wavelengths of 600-3800 cm™ [5] at a temperature
of 20 £ 2 °C in the mode for reflection on both sides
of the specimens. According to the certificate of the
device, the relative measurement error was <2 %. At
the second stage of works, polyethylene pipes, hydro-
genated with gas mixtures, were dehydrogenated and
purged with gaseous nitrogen.

To transport specimens of polyethylene pipes with
the least influence of the environment, they were vac-
uum packed directly at the testing ground (Figure 4),
then transported to laboratories in the box, which also
excluded the action of light.

RESEARCH RESULTS.
4.1. X-RAY STRUCTURAL ANALYSIS

Figure 5 shows the results of X-ray structural analysis
of the material of polyethylene pipes before hydroge-
nation. The analysis of wide-angle X-ray diffraction
patterns of the specimens of polyethylene pipe materi-
al showed that they all have an amorphous crystalline

o

Figure 3. Direction of cutting out sections y from the walls of
polyethylene pipes for structural and thermophysical studies
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Figure 4. Specimens of vacuum packed polyethylene pipes for structural studies
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Figure 5. Wide-angle diffraction curves of X-ray structural analysis of the material of polyethylene pipes before hydrogenation (a) and
their comparative diagram (b): I, rel. un. — relative intensity of reflected X-ray beam

structure, which is indicated by the presence of crys-
talline diffraction maxima on the background of imag-
inary amorphous halo with a vertex at 26~ 20° [6].

The relative level of crystallinity (X ) of the stud-
ied polymer specimens was calculated by the Mat-
thew’s method [7]:

X,=0,.9,+0,,)"100, (D
where Q_is the area of diffraction maxima that char-
acterize the crystalline structure of the polymer;
Q.+ Q. 1is the area of the entire diffraction pattern
in the interval of scattering angles (20 +26,), in which
the amorphous crystalline structure of the polymer is
revealed.

The results of the calculation of the degrees of
crystallinity of the material of polyethylene pipes are
given in Table 1. The evaluation showed that for the
specimen of the ST1 polyethylene X = 63.18 %, and
for the specimen and ST2 X = 62.38 %.

The evaluation of effective size of crystallites
(L) of the specimens was carried out by the Scherrer
method [8]:

L=KMBcosO_ )", )

where K is the constant associated with the shape
of crystallites (their shape being unknown K = 0.9),
and P is the angular half-width (width at a half of the
height) of the diffraction maximum, showed that the

average value L =~ 17.22 nm and 14.39 nm for ST1 and
ST2, respectively. The size of the crystallites by indi-
vidual diffraction maxima for ST1 and ST2 specimens
is given in Tables 2, 3, respectively, where FWHM is
the full width at a half of the maximum (width of the
spectral curve, measured between those points on Y
axis, which are the half of the maximum amplitude),
FWHM tot. is the total full width at a half of the max-
imum, FWHM instr. is the instrumental full width at a
half of the maximum.

The results of X-ray structural analysis of the ma-
terial of polyethylene pipes after 6 months of hydro-
genation are shown in Figure 6. It was established that
specimens of polyethylene pipes ST1 and ST2, which
were under the action of gas mixtures, as well as the
initial specimens, are characterized by amorphous
crystalline structure, which is indicated by the pres-
ence of crystalline diffraction maxima on the back-
ground of an imaginary amorphous halo with a vertex
at 20 = 20°. It was found that under the action of gas

Table 1. Degree of crystallinity of the material of polyethylene
pipes, calculated according to the data of X-ray structural analysis

Specimen X, % L, nm
ST1 63.18 17.22
ST2 62.38 14.39
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Table 2. Sizes of crystallites according to diffraction maxima of ST1 pipe specimen

20, deg d, A Attempts FWHM tot., deg | FWHM instr., deg FWHM of the | Size of erystallites,
specimen, deg A
21.100 4.2106 19324 0.4000 0.1303 0.2697 299.9
23.500 3.7858 10260 0.6000 0.1303 0.4697 172.9
29.700 3.0081 640 0.8000 0.1267 0.6733 122.2
35.800 2.5083 899 0.6000 0.1132 0.4868 171.6
39.300 2.2926 1127 0.8000 0.1074 0.6926 121.9
40.300 2.2380 2986 2.6000 0.1059 2.4941 43.0
42.500 2.1271 692 0.8000 0.1029 0.6971 122.4
46.400 1.9570 428 0.8000 0.0984 0.7016 123.3
52.600 1.7400 607 0.8000 0.1011 0.6989 126.9
Table 3. Sizes of crystallites according to diffraction maxima of ST2 pipe specimen
20, deg d, A Attempts FWHM tot., deg | FWHM instr., deg FWHM of the |Size of crystallites,
specimen, deg A
20.900 4.2505 29650 0.6000 0.1313 0.4697 172.1
23.250 3.8259 7690 0.6000 0.1313 0.4697 172.8
35.550 2.5253 534 0.4000 0.1137 0.2863 291.6
39.100 2.3039 800 0.8000 0.1077 0.6923 121.9
40.050 2.2514 462 0.6000 0.1063 0.4937 171.9
40.950 2.2039 557 0.9000 0.1050 0.7950 106.8
42.300 2.1367 529 0.8000 0.1032 0.6968 122.3

mixtures in the material of polyethylene pipes, their
crystalline structure changes, in particular, new crys-
talline peaks appear at 20 = 15.9°, as well as the
intensity of peaks grows at 20 = 29.5° and 35.5°,
which is associated with an increase in the crystal-
linity of polyethylene [9]. It was established that the
relative degree of crystallinity X of the material of
polyethylene pipes ST1 and ST2, which were under
the action of gas mixtures 10 % H,/90 % CH, and
20 % H,/80 % CH, respectively, is higher compared
to the source material (Table 4).

1, rel. un.

16 |-

12 |-

8 |-

4|

| I|
’F_anl l\)“'.
B SUEWAEEESS e
0 10 20 30 20, deg

Figure 6. Comparative diagram of wide-angle diffraction curves
of X-ray structural analysis of material of polyethylene ST1 and
ST2 pipes before and after hydrogenation: 7/ — ST1; 2 — ST2;
3—ST110%H,; 4—ST220 % H,
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The analysis of the results of X-ray structural anal-
ysis showed that under the action of gas mixtures, the
crystalline structure changes, in particular, the av-
erage size of crystallites L is reduced (specimens of
STI and ST1 10 % H,). For calculations, diffraction
maximaat 20 ~21.0° and 23.4° were used. The size
of crystallites and interplanar distances at individual
diffraction maxima for the specimens of ST1 10 % H,
and ST2 20 % H,, which were under the action of gas
mixtures of 10 % H,/90 % CH, and 20 % H,/80 %
CH, respectively, are given in Tables 5, 6.

4.2. INFRARED SPECTROSCOPY

Figure 7 shows the spectra of infrared (IR) spectros-
copy of the material from the inner surface and vol-
ume of walls of the specimens of ST1 (Figure 7, a),
ST2 (Figure 7, b) pipe before hydrogenation.

It is seen that the absorption spectra for all the
specimens are similar and typical of polyethylene.
However, it is necessary to focus the attention here
on the appearance of additional absorption lines on
the spectra of the specimen material from the inner
surface of the walls of ST1 and ST2 pipes compared

Table 4. Degree of crystallinity of the material of polyethylene
pipes, calculated according to data of X-ray structural analysis

Specimen X, % L, nm
ST1 63.18 17.22
ST2 62.38 14.39

ST110 % H, 68.91 13.19
ST220 % H, 76.01 15.81
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Table 5. Sizes of crystallites according to diffraction maxima of ST1 specimen 10 % H,

20, deg d, A Attempts FWHM tot., deg | FWHM instr., deg FWHM ofthe |Size of crystallites,
specimen, deg A

17.250 5.1386 8 0.2000 0.1303 0.0697 1153.7

22.400 3.9658 821 0.7000 0.1303 0.5697 142.3

24.750 3.5943 321 0.8000 0.1303 0.6697 121.5

37.050 2.4246 61 0.8000 0.1110 0.6890 121.7

Table 6. Sizes of crystallites according to diffraction maxima of ST2 specimen 20 % H,

20, deg d A Attempts FWHM tot., deg | FWHM instr., deg FWI—.IM of the |Size of crystallites,
specimen, deg A

17.250 5.1355 21 0.2000 0.1303 0.0697 1153.7

22.450 3.9571 269 0.4000 0.1303 0.2697 300.5

24.700 3.6012 149 0.6000 0.1303 0.4697 173.3

37.050 2.4245 47 0.8000 0.1110 0.6890 121.7

39.000 2.3076 6 0.4000 0.1078 0.2922 288.7

to the spectra of the material from the volume of the
walls of these pipes. The presence of absorption lines
near the wavelength of 2400 cm™, which are respon-
sible for oscillations of CO, groups, may be an ar-
tefact of measurements, which is associated with the
environment and carbon dioxide present in it. The
emergence of new abovementioned absorption lines
in the specimens from the inner surface of the walls of
ST1 and ST2 pipes and their absence in the specimens
from the volume of the walls of these pipes may indi-
cate a certain effect of natural gas, which for 15 years

was transported through these pipes, on the chemical
structure of polyethylene, from which ST1 and ST2
pipes are manufactured. This fact should be taken into
account during further studies of all the pipes after the
next stages of work, i.e. after their hydrogenation.
The results of infrared spectroscopy after 6 months
of hydrogenation are presented in Figure 8. From the
comparative IR spectra before and after 6 months of
hydrogenation of the specimens of all materials of
polyethylene pipes, it is seen that the chemical structure
of polyethylene did not undergo changes that follows

—— ST1 Volume of inner wall
—— S5T1 Surface of inner wall

Intensity

. S——

—— ST2 Volume of inner wall
— ST2 Surface of inner wall

! I L L
500 1000 1500 2000 2500 3000 3500 4000

a

L
2000 2500 3000 3500 4000
I

|
500 1000 1500
b Wavelength, cm

Figure 7. IR spectra of the material of the inner surface and volume of the walls of pipe specimens before hydrogenation: « — ST1;

b—ST2

— ST1 Volume of inner wall
— ST1 Surface of inner wall
= ST1 10 % surlace of inner wall

Intensity

— ST2 Volume of inner wall
— ST2 Surface of inner wall
— ST220% surface of inner wall

| |
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a

I | l 1 1 1 |
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Figure 8. Comparative IR spectra of the material of the inner surface and volume of the walls of pipe specimens before and after hy-
drogenation: a — ST1 (10 % H,/90 % CH,); b — ST2 (20 % H,/80 % CH,)
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from the absence of new peaks or displacement of ex-
isting peaks responsible for chemical bonds or groups
of atoms. It is worth noting that after hydrogenation,
the spectra from the surface of the inner wall of the pipe
specimens being in operation, are similar to the spectra
of the specimens of the material of these pipes from the
volume, 1.e., it can be said that the chemical structure of
the material of the surface of these pipes became identi-
cal to the structure of the volume material.

Separately it should be noted that on the spectra
of the specimens under the action of the gas mixture
of 20 % H,/80 % CH,, the intensity of peaks in the
wavelength range of 1000—-1200 and 3300-3500 cm !,
which are responsible for the oscillations of the
C—O-H and —OH groups grows, that can indicate a
certain interaction of hydrogen molecules with poly-
mer chains of polyethylene, probably of a dipole in
nature with their lateral groups of atoms [10].

CONCLUSIONS

In the work, complex investigations of the influence
of gas mixtures of hydrogen with methane with two
ratios of 10 % H,/90 % CH, and 20 % H,/80 % CH, on
the physical and chemical structure of the material of
polyethylene pipes from PE-80, which served in the
operating gas distribution networks of Ukraine for 15
years were carried out.

It was established that pipe materials, that were in
operation for 15 years have undergone certain struc-
tural changes, probably under the action of natural
gas, which is manifested in the reduced number of
crystalline phase and sizes of crystallites of polyeth-
ylene, as well as in the emergence of additional chem-
ical groups in the material of the inner pipe surface.

The presence of influence of gas mixtures of
10 % H,/80 % CH, and 20 % H./80 % CH, on the crys-
talline phase was established. A decrease in the sizes of
polyethylene crystallites and their orderliness under the
action of gas mixtures in the volume of pipes was found.
At the same time, the emergence of crystallites of a new
shape was found on the surface of the inner wall of the
pipes. The influence of gas mixtures on the material of
polyethylene pipes has a physical nature.

Changes in the chemical structure of the material
of polyethylene pipes were not detected.
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