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COMPUTER PROGRAM
«WELDING OF TUBES TO TUBE SHEETS
OF HEAT EXCHANGERS»

V.I. MAKHNENKO', E.A. VELIKOIVANENKO' K 0.V. MAKHNENKO', G.F. ROZYNKA', N.I. PIVTORAK,
P. SEYFFARTH? and K. BAUTZMANN®
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine
2SLV M /V GmbH
*INFRACOR, Germany

The computer program is described, and its capabilities are shown in terms of estimation of both local phenomena related
to welding of individual tubes (cooling rate, microstructural changes, residual stresses) and total distortions of the tube
sheet depending upon properties of materials, geometric sizes, type of a joint and sequence of welding tubes to the tube

sheet.

Key words: computer program, mathematical modelling,
calculation algorithms, electric arc welding, tubes, tube sheet,
heat exchanger, data bank, temperature fields, chemical compo-
sition, microstructure, TTT diagram, Schaeffler diagram, HAZ,
process quality, kinetics of distortions, residual stresses, cold
cracks

Welded assemblies of the type of «tubes to tube sheet»
are characteristic of the up-to-date designs of heat
exchangers. Tubes and tube sheets are very often made
from different steel grades, which leads to certain
difficulties in production of a quality joint. There are
cases where welding of tubes may involve problems
related to distortion of tube sheets. Normally these
problems are solved by experimental methods which
arc costly and time-consuming. This leads to the ne-
cessity to use mathematical modelling with modern
Table 1. Designations of steels the calculation characteristics of
which are contained in the data bank

Tube sheet and tube materials Filler material according

according to EN
(national analogues)

to DIN 8557
(national analogues)

10CrMo9-10 (14Kh3M)
11CrMo9-10 (15Kh3M)

SG2 (09G2)
SCMo (09GM)

13CrMo4-5 (18KhM)
16Mo3 (St.20 with 0.3 % Mo)
P235GH (16GFT)

SGCrMot (10KhGM)
SGCrMo2 (10KhGM2)
SG-X5CtNiMoNb 19 12

(08Kh19N12M)
P235G2TH (16G2FT) SG-X5CiNiNb 19 9

(08Kh18N10T)
P265GH (20GFT) SG-X15CrNiMn 18 8

(15Kh20N9G6)

P295GH (20G2FT)

P355GH (20G2FT)
X2CrNiMoN22-5-3 (08Kh22N5M3)
X5CrNi18-10 (08Kh18N10T)

X6CrNiMoTi17-12-2
(10Kh17N12M2T)

X6CrNiTi18-10 (08Kh18N10T)

FLUXOFIL M 8 (06GS)
FLUXOFIL M 10 (06GS)

computer facilities to partially solve the above prob-
lems, which allows the scope of expensive experimen-
tal studics needed to optimise the technology to be
reduced. Cooperation between the E.O. Paton Elec-
tric Welding Institute of the HAS of Ukraine, SLV
(Mccklenburg) and INFRACOR (Germany) resulted
in the development of a computer program based on
the calculation algorithms of mathematical modelling
of basic physical phenomena which accompany the
process of clectric are welding of tubes to a tubce shecet,
combined with the data bank of main calculated cha-
racteristics  (thermal-physical propertics, charac-
teristics of microstructural transformations, mechani-
cal properties) for typical materials of tubes and tube
sheets used in heat exchangers. This article is dedi-
cated to brief description of this program and dem-
onstration of its capabilitics.

Brief description of the computer program. The
friendly interface allows on-line utilisation of the pro-
gram by technology developers, avoiding the search
for additional data outside the scope of the techno-
logical information.

Figure 1 shows picture of the screen to enter the
source data, including the material selected, geomet-
ric sizes, conditions and parameters of welding. By
assigning materials, the user may read the list of ma-
terials designations from the data bank, as well as see
the specific contents of the information on a given
material (Tables 1 and 2). To sclect geometric pa-
rameters of a welded joint, it is necessary to prelimi-
narily choose the type of a joint (onc out of five shown
in Figure 2) and set geometric sizes a and x. The user
scts the basic design geometric sizes (Figure 1), in-
cluding coordinates of position of tube centres on the
tubc shect.

A special subprogram is available to perform the
last operation. Using this subprogram, the computer
first automatically locates tubes according to the pre-
set pitch, ¢ = const, between the tube centres, and
then the user makes certain corrections based on a
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Figure 1. Picture of the screen to enter source data

drawing. If necessary, the user can solve some specific
problems using the <help» function. At the user’s
option, the program can work in one of the three
languages: Russian, English or German.

Two characteristic types of a heat exchanger are
provided for: with one tube sheet, when the tube inlet
and outlet are located in one sheet, and with two tube
sheets and straight tubes, allowing for the fact that
welding of the ends of all the tubes is performed
simultancously. The ends arc welded to the tube sheet
by the TIG method (with or without filler metal) at
a pulsed welding current. Parameters of the current
pulsation, as well as the welding head rotation speed,
are set from the source data.

Temperature ficlds are calculated for such a weld-
ing |1, 2|. Size and shape of the zone of penetration
of the tube, tube sheet and previous layer (in two-
layer welding) are defined. Average chemical compo-
sition of the molten zone is estimated from these data,
this serving as the basis for further calculations of its
microstructural state. The latter is calculated using
the Schacffler diagram for high-alloy steel, or the
TTT diagrams for low-alloy ferritic steels |3, 4]. The
TTT diagrams arc uscd also for the HAZ of the tube
sheet. Corresponding characteristics for parametric

cquations, relating the amount of an expected phasc
in microstructure to cooling time fg,5 within a range
of 800-500 °C can be taken from the data bank (Ta-
ble 2). Temperature 7Y and 77, determining the be-
ginning and end of formation of a corresponding phase
in the j-microstructure at ¢g,5 characteristic of this
welding process (low heat input) can also be taken
from the data bank. Knowledge of the temperature
fields and volumetric changes related to temperature
expansion and microstructural transformations allows
evolution of plastic strains to be traced up to reaching
a residual state |5].

The value and distribution of residual stresses,
combined with the data on microstructural state of
the weld and HAZ, are characteristics of the quality
of a technological process in terms, e.g., of cold (hy-
drogen) cracking.

In addition, the local data on curvature of the tube
sheet are then used in an approximate method of the
«shrinkage function» (inherent strain method) [6, 7]
to generate data on the kinetics of bending strains of
the tube sheet induced by successive welding of all
the tubes.

Application examples. Consider some examples
of application of the program described for generation

‘_‘i' =

Vil
1

Figure 2. Types of geometry of tube to tube sheet combinations provided for in the program
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Table 2. Print out of the data bank information on calculation characteristics of steel P265GH

Type of steel (1 — austenitic, 2 — ferritic-pearlitic)

2
P265GH
Yield stress g, (20 °C), MPa, at 20 °C, depending upon thickness D:
Dy mm Doy, mm oy (20 °C), MPa
0 16 265
16 40 255
40 60 245
60 100 215
100 150 200
T, E, Oy (1) a, A Y,
°C MPa a, (20 °C) 1/°C J/emiSOC J/em TC
20 198000 1.000 .0000122 515 3.79
100 184000 918 .0000130 510 3.85
200 176000 .867 .0000144 .485 4.12
300 167000 .836 .0000158 444 4.41
400 158000 775 .0000168 427 4.77
500 134000 704 .0000168 .393 5.32
600 115000 051 .0000163 .356 6.01
700 105000 285 .0000158 319 6.59
800 92000 132 .0000158 .239 6.57
900 70000 - - - 5.06
1000 52000 - - - 5.06
1100 24000 - - - 5.09
1200 7000 - - - 5.26

Chemical composition:
C Si Mn P S Al Cr Cu Mo Nb Ni Ti Vv
0.2 0.4 1.4 0.03 0.025 0.02 0.3 0.3 0.08 0.01 0.3 0.03 0.02

Tjquiaes (C°C): 1450
Tsolidus (GC): 1480

Latent melting heat (J /mm?®):

2.10
Martensite Bainite Ferrite-pearlite
T, T, T, T. T, T. {®)
415 250 650 415 750 650

dt — time of cooling from 800 to 500 °C, corresponding to 85 % and 50 % transformation to martensite (m) and ferrite-pearlite (fp)

dt (m85) dt (m50) dt (fp85) dt (fp50) (s)
2 3 250 235

Z, mm Z, mm Z, mm

52.5 52.5 525
Vi Ve
1.00 0.19

%01 il 0.88 2, Q.7
0.75 0.14

47.6 416 063 476 0.12
0.50 0.09

452 45.2 0.38 452 0.07
0.25 0.05

427 427 0.13 427 0.02
0,00 0.00

40.3 40.3 40.3

a 125 150 174 1989 223 248 b 125 150 174 199 223 248 C 125 150 17.4 199 223 248 r, mm

Figure 3. Cooling time Aty 5 (@) and results of calculation of the martensite (b) and bainite (¢) contents of the weld zone for the joint
of type 1 (first series)
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Table 3. Chemical composition of materials used in calculations

Content of elements, wt.%

Material
C Si Mn P S Al Cr Cu Mo Nb Ni Tt v
P265GH (tube sheet) 0.20  0.40 1.40 0.030 0.025 0.02 030 030 0.08 0.01 0.30  0.03 0.02
P235G2TH (tubes) 0.17 035 0.60 0.040 0.040 - - - - - - - -
SG2 (filler metal) 0.080  0.85 1.50  0.025 0.025 - - - - - - - -
X5CrNi18-10 (tubes) 0.060 0.45 1.58 0.023 0.019 - 18.02 - - - 9.8 - -
SG-X2CrNi 19 9 0.025 0.90 1.70  0.023 0.020 - - - - - - - -

(filler metal)

of the information required for assessment of alterna-
tive technologies. Considered was the assembly of a
heat exchanger of a tube sheet (sce Figure 1) with a
diameter of 384 mm, made from ferritic steel P265GH
according to EN 10028-2—1992 and having 58 holes
for the ends of the tubes with a diameter of 30 mm
(wall thickness 2.5 mm). In the first series of calcu-

£, mm
52.5

a,. . MPa
o900

o

-

50.1

585
428
27
113
-44
- =202

. MPa
1057
S50
803
B56
510
363
216

-78

150 174 189 223 248 r, mm

125
c

Figure 4. Results of calculations of residual stresses in the weld
zone 0, (@), 0gg (b) and o, (¢) for the joint of type 1 (first series)

lations the tube material was assumed to be steel
P235G2TH according to EN 100281-2. In the second
series the tube material was austenitic steel X5CrNit8-
10 according to DIN 8556. In the first series material
SG2 and in the second — material SGX2CrNi 19 9
were used as the filler metals.

Chemical compositions of the base and filler metals
arc given in Table 3. Welding was performed in two
passes by the TIG method using pulsed current. The
mecan heat input along the length of the circumferen-
tial weld in each pass was g, 0320 J /mm. Considered
was the variant of the heat exchanger with one tube
sheet and different types of the joints (see Figure 2),
as well as the variant with two tube sheets and dif-
ferent length of the tubes, L, welded simultaneously
from both ends.

Figures 3—5 show results of calculations for the
first series of experiments, where the tubes were made

U, mm T

_0.1 -

-0.2

_0.3 -

0.4 |

-05 L
b

Figure 5. Sequence of welding of tubes (a) and kinetics of variation
in deflection of the central part of the tube sheet after welding the
next tube (b) for the joint of type 1 (first series) (N — number
of the tube welded)

82002 HPaton 5
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Uz, mm O 10 20 30 40 50 60 N
0 T T T T T T T T T T T T
C a=1.9mm
0.2 x=0.8 mm
-0.4F
-0.6 F
a
(4] T T T T T T T T T T T T
C a=2.5mm
02} X =2.5mm
704 -
706 -
C

N
3
3
=}
=
=)
™
[}
©
S

40 50 60 N

a=2.5mm
x=0

-0.2
-0.4
-0.6

-0.8

-0.2

-0.4

-0.6

-0.8

d

Figure 6. Kinetics of variations in deflection of central part of the tube sheet after welding the next N" tube for joints of types 2-5

(a—d), respectively

from ferritic-pearlitic steel P235G2TH and the welded
joint corresponded to type 1 in Figure 2. Welding
was performed without preheating.

Of note is a large amount of quenching microstruc-
tures (martensite) in the weld zone, which was caused
by rapid cooling of this zone, Atg, 5 = 1.5-1.6 s (Fi-
gure 3, @) and relatively high carbon and manganese
contents.

The presence of hard microstructures in the welded
joint zone leads to formation of very high peaks of
residual stresses (Figure 4). However, the zones with
high residual stresses are rather small in size, they
arc just small embedments. Such stresses may be fa-
vourable for cold cracks, although their length will
not be large. Nevertheless, we have to allow for such
a risk.

£, mm
525
50,1
476 -
452
427
a0.3
525
Alys. 5
175
50.1 ki
1.3
476 108
0,88
452 0,66
0.44
az7 0.22
0,00

40,3 e '
125 150 174 199 223 248 r,mm

Figure 7. Results of calculations of the martensite content V', (@)

m

and cooling time Atg 5 (b) for the joint of type 1 (second series)

6

Data in Figure 5, b show kinetics of variations in
deflection of the central part of the tube sheet as the
tubes are welded to it (sequence of welding is shown
in Figurc 5, @). These data apply to the first scrics
for the welded joint of type 1 with one tube sheet. Tt
can be scen that the maximum deflection at the end
of welding all the tubes is equal to about 0.47 mm.
It should be noted that this result is in good agreement
with the experimental data for such a variant of com-
bination of geometric sizes, materials and welding
conditions.

Similar data were obtained also for other types of
the welded joints shown in Figure 2. Having no pos-
sibility to dwell in detail on peculiaritics of cach type
of the welded joints, note just their effect on distor-
tions of the tube sheet. Data in Figure 6 demonstrate
this effect. Comparing them with the data in Figure 5,
b, we can sce that the best from the above standpoint
is the joint of type 1 shown in Figure 2.

The second series of variants of the calculations
for tubes of austenitic steel X5CrNi18-10 with filler
metal SG-X2CrNi 19 9 is represented by individual
results shown in Figures 7-10.

Data in Figures 7-9 correspond to type 1 of the
welded joint according to Figure 2. Comparing them
with the data in Figures 3-5, we can see that the
presence of quenching structures for this variant is
observed only in the HAZ of the tube sheet, containing
small embedments of high tensile stresses g,,, which
should also be allowed for in terms of the risk of cold

cracking.
However, while for the first series the HAZ in a
tube with high peaks (~ 1000 MPa) of stresses opg is

most dangerous (Figure 4, b), in this case the risk
zone is the HAZ of the tube sheet with high peaks
(- 700 MPa) of stresses g,,.

Comparing distortions in the tube sheet shown in
Figure 5, b and Figure 9, a, it can be seen that in the
second series the distortions are approximately 15 %
lower for the joints of type 1. For other types of the

8/2002
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2, m £, i &£, mim
52,5 52.5 525 T
a,.. MPa ~ a.. MPa
239 | 740
50.1 " el A 50.1 804
126 ] 468
476 } sy 476 476 228
BT . 189
45,2 194 452 452 o 48
-5300 g 9
427 T 427 427 - el
513 -37
40,3 £ P 40.3 - 40.3 —r
125 150 174 199 223 248 b 125 150 17.4 199 223 248 125 150 17.4 199 223 2487 mm

C

Figure 8. Results of calculations of residual stresses in the weld zone g, (a), gy (b) and g,, (¢) for the joints of type 1 (second series)

joints (see Figures 6 and 10) this difference is even
larger: for types 2 and 3 it is 40 %, for type 4 — 35 %
and for type 5 — 16 %. The above decrease in total
distortions of the tube sheet is caused by the fact that
in the second series the shrinkage phenomena during
welding of the tubes take place to a considerable de-
gree in the austenitic zone (tube and penetration
zone), where the material is characterised by an in-
creased compliance, resulting in a lower level of re-
sidual stresses and strains of the tube sheet. This phe-
nomenon is most pronounced for the joints of types
2 and 3 (see Figure 2), where the substantial portion
of the active shrinkage zone comprises austenitic me-
tal, which is attributable to grooving.

The effect of the tube length L on deflections and
a level of stresses in the tubes in the case where the
heat exchanger design provides for the use of two
tube sheets is shown by an example of the joint of
type 1 of the second series. Sequence of welding of
the tubes is the same. Figure 11 shows data on the
cffect of length L on deflection of the central part of
the tube sheet and axial stresses in the tubes. It can
be scen that at L > 4000 mm the mutual cffect of the
tube sheets is insignificant, whereas at L < 1000 mm
the distortions markedly decrease, but axial stresses
50 BON

1.9 mm
0.8 mm

0.2
-0.3:
—0.4:

[

1y, mm O 10 20 30 40 50 ]
o =25 mm
0.08 " X =2.5mm
-0.16
-0.24 f
03z f
-0.40 k
¥, mm a8
192.0
152,56 < L’;, mm
15,2 ﬂ”ug
76.8 EI. 10
38.4 0.15
0.0 0.20
-38.4 -0.25
76.8 0.30
15,2 '3 3‘3
153.6 4
192.0

o T
-1.;-3.5 -T68 0 TEB 1536 x mm

Figure 9. Results of calculations of kinetics of variations in de-
flection of the central part of the tube sheet during welding of
tubes (a) and distribution of residual deflections at different points
of the tube sheet (b) for the welded joint of type 1 (second series)
(sequence of welding of tubes according to Figure 5, a)

Uy, mE-|D 10 20 30 40 50 60 N

G R [SE IS ISHS (IS NS NN R e am |

@ = 2.5 mm
x=10

rvr 1t rrr1rrvr1Tv 7T

Figure 10. Kinetics of variations in deflection of the central part of the tube sheet for the joints of types 2-=5 (a—d) (second series),

respectively

s
The I'D

o l’.’:-.' S
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d.,mm 0 10 20 30 40 50 60N
T

OF T T T T

-0.2
-0.4
-0.6

o, MPa
OF T T T T T

-12

—24

11

-0.16

-0.32 !

o, MPa

—24
-48
-72

{/;, mm 0 10 20 30 40 50

-0.04

-0.08

-0.12

-0.16

1

-0.20

in the tubes increase. The distribution of stresses be-
tween the tubes in this case greatly depends upon the
sequence of their welding to the tube sheet (Fi-
gure 12).

With this sequence of welding the maximum axial
compressive stresses are induced (sce Figure 5, @) in
the central tubes which were the first to weld. This
is effective in terms of decreasing distortions in the
tube sheet, although this leads to a substantial axial
load on the central tubes, which may cause loss in
stability. In fact, a critical load for an ideally straight
tube with the rigidly restrained ends can be deter-
mined from the following relationship:

4TCE
O = — )\2 ’

where A is the longitudinal rigidity equal to A = L /4;
and 7 is the radius of the inertia moment of the tube
section; in the given case ¢ = 3.88 mm.

8

di., mm 10 20 30 40 50 60N
0

-0.2

T T T T 0o

-04

o, MPa

60 N

-0.08

-0.16

-0.24 11

Figure 11. Final variation in length of tubes
(I), residual axial stresses in tubes (IT) and
kinetics of variations in deflection of the cen-
tral part of the tube sheet (1II) for the joint
of type 1 (second series) at L = 4000 (a),
2000 (b) and 1000 (¢) mm

According to the calculations, the o, value for
tubes 1000, 2000 and 4000 mm long is equal to —118.5,
—29.6 and —7.4, respectively. Comparing data of Fi-
gure 11, we can see that with the sequence of welding
the tubes shown in Figure 5, @, at L = 2000 mm and
more the risk of loss in stability of the central tubes
is very high.

CONCLUSIONS

The developed computer program allows sizes of the
penetration zone, its average chemical composition
and microstructure, changes in microstructure of the
HAZ of the base metal, residual local stresses in the
welded joint zone, total distortions in the tube sheet
and residual axial forces in the tubes to be predicted
in welding of a characteristic assembly of heat ex-
changers (tube sheet to tubes).

The program is fitted with a data basc on ther-
mal-physical, mechanical and metallophysical (char-
acteristics of TTT and Schaceffler diagrams) propertices

8/2002
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—-0.08

-0.16

-0.24

dlL, mm

-80

g

o 10 20 30 40 50 60N

o, MPa

—20 [

h

Figure 12. Distortions in the tube sheet and tubes in the case of type 1 of the welded joint for two tube sheets (tubes 1 m long) and
for two variants of the welding sequence: @ — first variant (from the centre to the ends); b — second variant (from the ends to the
centre); ¢, d — kinetics of deflection of the central part of the tube sheet as the tubes are welded to it for the first and second variants,
respectively; e—h — variations in length of the tubes and stresses in them after welding of all the tubes for the first and second variants

(first series), respectively

of typical materials for the assemblies under consid-
eration, and has a user-friendly interface.

Results of testing the program on a specific com-
bination of geometric sizes, mechanical properties and
welding conditions taken from experiments show the
following:

e calculated and experimental data are in satisfac-
tory agreement as to the most complicated prediction
indicator, i.e. distortions of the tube sheet;

« other conditions being equal, type 1 of the welded
joint exhibits the lowest distortions among five types
of the tube sheet to tube joints considered (sce Fi-
gure 2);

« use of austenitic steel for tubes and filler metal
allows lower residual local stresses to be produced in
the welded joint zone, compared with the variant of
ferritic steel, the risk of cold cracking to be reduced,
and residual total distortions in the tube sheet to be
decreased;

 in the case of designs providing for two tube
sheets and short tubes, simultancous welding of a
certain sequence of the tube ends can lead to a sub-
stantial decrease in distortions of the tube sheets,
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especially if the latter have a limited thickness; how-
ever, in this case it is necessary to take into account
the risk of loss in stability during axial compression
of the tubes which are the first to weld.
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SIMULATION OF THERMAL
AND SOLIDIFICATION PROCESSES
IN LASER WELDING OF ALUMINIUM PLATES

V.A. KARKHIN', V.V. PLOSHIKHIN” and Kh.V. BERGMAN’
'St -Petersburg State Technical University, St.-Petersburg, Russia
2Bairout GmbH, Germany
3Bairout University, Germany

The paper deals with the method of solving an inverse quasi-stationary problem of heat conductivity to determine the
parameters of laser welding mode by measured (specified) characteristics of the weld. The objective function is taken
to be the sum of weighted squares of the differences of calculated and assigned characteristics of the weld and magnitudes
of the sought parameters, as well as regularisation terms. Effective (input) energy is determined by the measured weld
width and angle of crystallographic orientation of weld metal grains in laser welding of an aluminium alloy. Influence
of welding mode on weld pool shape and weld metal microstructure is demonstrated.

Key words: simulation, inverse problem of heat conduc-
tivity, thermal processes, solidification, laser welding, alu-
minium alloy

Practical welding often raises problems, related to
finding such parameters of the welding mode, which
yield the desired results (necessary parameters of the
weld, required properties of weld and HAZ metal,
etc.), or inverse problems, when more parameters are
to be reconstructed, in particular, the power of the
heat source is to be determined from the available
experimental data (weld shape parameters, kind of
microstructure of the weld metal and HAZ). The lat-
ter pertains to the class of inverse problems, i.e. find-
ing from consequential results the causes for their
achievement [1-3].

It is much more difficult to derive the solution of
the inverse problem of heat conductivity (IPHC),
than that of a direct problem, as the first is highly
sensitive to measurement errors. Lowering of sensi-
tivity is only possible through regularisation |1, 2].
Methods, based on solving IPHC, are extensively used
in investigation and retrofitting of thermal modes of
various systems in aircraft, acrospace and power en-
gineering. Methods to solve IPHC in relation to weld-
ing processes have been developed over the last years
|4-7].

The aim of this study is development of the method
to solve the inverse quasi-stationary problem of heat
conductivity for the case of butt laser welding of
plates (Figurce 1, 6). This example corresponds to butt
welding with edges flanging, edge surfacing, etc.

q, app
a 2 app n+1
a 2app 1

i
: :
1 [
! ! G2appN
! | Plane source g app (X) | i
| I T ! »

0 a X4 Xp X piq Xy X
Laser beam
o
—_—
z
L /
h / > / R
/v 0 » X
grad T Volume source
u Weld B T3 app 6 V)
Grain
i Weld pool T=T,
y
Base metal
b

Figure 1. Presentation of an equivalent volume source in a weld pool in the form of an equivalent plane source on plate edge: a —
piecewise-linear distribution of density of an equivalent plane source on plate edge; b — schematic of laser welding

© V.A. KARKHIN, V.V. PLOSHIKHIN and Kh.V. BERGMAN, 2002

10

8/2002




Solution of the direct problem of heat conduc-
tivity. Algorithm of solution of IPHC is based on
solution of the appropriate direct problem. Let a heat
source (laser beam) move in a straight line along axis
x at a constant speed v (see Figure 1, b). Then, the
quasistationary linear equation of heat conductivity
in a mobile system of co-ordinates x, y, z becomes

oT
2 —
)\DT_'—CpL'a_x_'—q‘Japp_Oy (1)
where
u aT oT orH
q3app = 93 net — CP BE) w, @ +w, EH‘F qsr-

Here A is the heat conductivity; cp is the volumetric
heat capacity; g3 app is the power density of an equiva-
lent volume source; w,, w, and w, are the components
of convective speed of the liquid. Equivalent source
allows for the actual source, i.e. laser beam, g3 pnet,
convection of liquid in the weld pool (summand in
brackets), heat of melting and solidification, gs;.

Let us assume that the plate is relatively thin
(there is no temperature gradient across the thickness,
dT /dz = 0). If the weld pool is relatively long (has
an clongated shape), the volume source may be ap-
proximated by a plane one, active on the plate edge
(sce Figure 1). Distribution of power density of an
equivalent plane source ¢ app(x) is represented with
sufficient accuracy in the form of a piccewise-linear
function (see Figure 1, ). Then the solution of equa-
tion (1) for a uniform plate is given by the following
expression:

Lpet

(N
T, 9) = mx 2. Ix

n=1 x,
q2 appn+1 q> app n
X G appn + (€ = x,) 5%
2 app n _ n
% X +1 X

_ (2)
X exp EL (xa E)DKO %5; Vi + @Ddz + T

r=Vx -8 +y’; b=2a/(cph),

where a is the temperature conductivity; Ky is the
modified zeroth order Bessel function of the second

T(t + Af) b

a Tm(2)
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kind; a is the coefficient of surface heat removal; Tq
is the initial temperature; £ is the plate thickness; N
is the number of points to assign curve ga app(x) (see
Figure 1, @). In reality the values of power density
G2 app » i1 individual points x,(n =1, ..., N) are not
known, being the solution of an inverse problem.

Equation (2) allows calculation of all the charac-
teristics of the temperature field (maximal tempera-
ture, temperature gradient and its direction, cte.).

Solution of a direct problem of solidification. If
the angles of crystallographic orientation of weld met-
al grains are taken as the experimental data during
solution of IPHC, it is necessary to solve a solidifi-
cation problem, relating these angles to the tempera-
ture field. This problem was solved by the method of
calculation of grain boundaries evolution, based on
the following physical assumptions |8]:

« solidification front is assigned by melting iso-
therm Ty;

« distribution of the size and crystallographic ori-
entation of individual grains in the base metal are
known;

« crystallographic axes [100] and [010] of all the
grains are in the plate plane, and the axis, which
deviates from y axis by not less than 45°, is taken to
be [100]. The [001] axis is normal to the plate plane.
Thus, the solidification problem is a two-dimensional
one, which is valid for the case of welding thin plates;

* at solidification the new boundary 04 between
the adjacent grains 7 and 2 is formed, depending on
the crystallographic orientations of grains Gy and G,
and directions of local temperature gradient grad T
at the solidification front T = T, (Figure 2).

Let at current moment ¢, the grain boundary on
the solidification front be in point 0. Then the growth
of the boundary in a short time interval At (point A
at the solidification front at moment ¢ + At) can be
determined, proceeding from the following criterion
of grain selection: the grain with the crystallographic
orientation, closer to that of the temperature gradient,
has a growth advantage over the adjacent grain (Fi-
gure 2, a—c). If the directions of grain growth diverge,
the new boundary coincides with the local tempera-
ture gradient (see Figure 2, d). The latter assumption
is based on experimental observations, which indicate
that in grain 7, in which the deviation in direction of

Figure 2. Schematic of formation of 0A boundary between the growing adjacent grains 7 and 2 on the solidification front in a short
time interval At (G, and G, — directions of crystallographic orientation of grains 7 and 2)
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Mechanical response (residual stresses, strains)

Figure 3. Components of objective function

growth of Gy primary branches from the direction of
temperature gradient grad 7T is greater than for adja-
cent grain 2, secondary branches are developing more
intensively, compared to secondary branches of adja-
cent grain [8].

Solution of crystallogrpahic problem is the set of
boundaries between all the grains, i.e. calculated
macrosection of the weld in the plate plane, statistical
processing of which yields the distribution of grain
size and angle of [100] directions of crystallographic
orientation of grains y (mathematical expectation, dis-
persion, etc.) at any distance from the weld boundary.

Accepted model is experimentally confirmed for
the casce of laser welding, when due to high tempera-
ture gradients and high solidification rates, the weld
microstructure has a ccllular-dendritic morphology,
i.e. predominantly consists of primary and ternary
dendrite axes with a pronounced directivity, corre-
sponding to crystallographic orientation |8].

Solution of inverse problem. The following ob-
jective function is the criterion of accuracy of solving
the inverse problem:

J K
Fo =S i oF+ Y b B pH +
j=1 k=1
N
+ wq[qm’l o qnol (p)]2 + Z[)OZ [pn]z +
n=1
N-1
+ Wy z [p1z+1 - pn]z + w, z [pn +2 7 2p1z+1 + pn]zy

n=1

N-2

n=1

where J is the number of measurements; K is the
number of sought parameters (K = N); ¢gie, Gnet 18

the assigned and calculated value of effective power
of the laser beam

N
1
Gnet = Gapp = Eh z Pn (x1z+1 X - 1): (3)

n=1

where @q.pp is the equivalent source power; p, =
=q2 app(xn); Xo = X1 and XN+1 7= XN- qul‘dlity Gnet =

12

P> 0

Regularisation

= @app i equation (3) follows from the condition of
heat balance.

Let us clarify the physical meaning of the given
function F of the vector of sought paramecters p, p =
={p1, p2, ..., pr}- In the general case, the sought
parameter p, can be the power density in a specified
point, welding speed, etc. Response function [ (ex-
perimental and calculated values in j-th point, f7* and
;) is a thermophysical, metallurgical, chemical or
mechanical characteristic (Figure 3). Constraints may
contain specified a priori value of k-th parameter pj,
constraints by its sign and value, effective power Get,
ete. (Figure 3). Weighting coefficients w! and w?

m

depend on measurement error f; "

and ghet, and weight-
ing coefficient @}, on admissible change of parameter
pr relative to specified p) value. If effective (input)

m

power gnet is unknown, @7 = 0 is assumed. Regular-
isation of zeroth, first and second order (coefficients
wy, w1, @y) allows smoothing the function of power
distribution and assigning its form. Thus, objective
function F allows taking prior knowledge of the object
into account in a flexible manner.

Solution of the inverse problem by definition is
absolute minimum of objective function F. Function
F was minimised, using Gauss—Newton iteration
method [7]. Direct problems of heat conductivity and
solidification were sequentially solved in each itera-
tion. It should be noted that without regularisation
the solution of inverse problem might be unstable.

Experiment. Edges of a plate 1.15 mm thick were
remelted by the laser beam of 0.6 mm diameter. Ma-
terial was aluminium alloy AS 120 (1.05-1.20 % Si
and 0.36-0.44 % Mg). Measured were weld width
(penetration depth) H on transverse macrosections
and angle of [100] directions of crystallographic ori-
entations of weld metal grains using the method of
X-ray diffractometry [9].

Thus, taken as experimental values of response
function f™ were maximal temperature Ty, equal to
melting temperature Ty, at y = H and average values
of the angle of orientation of grains y at assigned
coordinates y. Maximal temperature Ty at y = H
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Figure 4. Distribution of power density of an equivalent plane
source on plate edge (a) and weld pool shape (b) '1t laser beam
power of 1700 W and welding speed of 50 mmS": 7 — plane
source, equation (2); 2 — linear source, equation (4)

and values of the most probable angle y were taken
as the calculated values of response function f.

Result analysis. Problems were solved with the
following initial data: laser beam power @goss =
= 1700 W;a=76.3mm’E 5 A=0.175 Wihm 'K

=890.5 K; Ty =293 K; a = 0.00005 Whm 2K ;
z@;-’= 10 K2, if f; = T @l =1 K2, if f; =y wh =
=0; @ = 0; wy = 0.0001-0.1; w; = 0-0.01; w, =
= 0-0.01 W 2mhm?*. Welding speed was varied in the
range of 16.7-50 mmE'. When solidification was
simulated, it was assumed that the distribution of the
size and crystallographic orientation of base metal
grains are random and uniform, with the initial grain
diameter being in the range of 20—-30 pm. Solution of
the inverse problem are the Va]ucs of power density
G2 app » in fixed points x, (n =1, ... , N; N = K).

Figure 4, a shows power dlStI‘lbUthH > app at the
welding speed © = 50 mmE !, Maximum in the pool
front part corresponds to the position of the laser
beam, and a certain rise in the tail part — to the
effect of solidification heat. Effective efficiency of
plate heating with the laser beam is equal to 12.8 %,
which is close to value (n = 12 %), measured at a
stationary beam with wave length of 1.06 pm [10].
Pool front part is determined in an approximate man-
ner, as no constraints are applied to its shape or di-
mensions (Figure 4, b).

Calculation schematics of simple idealised heat
sources arce popular in practical welding work. If an
equivalent source is further simplified and taken to
be concentrated on x = x¢ line, we obtain a known
schematic of a linear source on plate edge |11]:

g — e\
q"lpp/ v(x xO)
A e T

(4)
x K, %’—\71 +@D+ To.

It should be noted that application of a linear
source schematic leads to a calculation formula of the
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Figure 5. Distribution of angles of temperature gradient 3 and the
most probable [100] direction of crystallographic orientation of
grains Yy across weld width (solid line — calculation, dots —
experiment)

weld, close to a half-sphere (Figure 4, b). In this
case, the only unknown is the value of power gapp,
and, therefore, it is in principle impossible to simul-
taneously simplify experimental conditions, either by
penetration depth, or by the angle of grain orienta-
tion.

The most probable value of angle y of [100] crys-
tallographic orientation of the grains, depending on
y coordinate (Figure 5) was calculated. Tt is scen that
angle y is relatively close to the angle of temperature
gradient B through the entire depth of the weld, except
for a small zone near the plate edge. The latter is
attributable to the fact that change of temperature
gradient direction resulted in grain selection proceed-
ing mainly between [010] directions and not [100]
directions of the crystallographic orientation. In other
words, if at «vertical» position of temperature gradi-
ent in the lower part of the weld pool (B =90°) grain

Calculation

50 mm.s -t y=

Experiment

a
50 mm-s-1, y=p

mﬂn Ll A .

25 mm-g -, y=
mnm..__ ]
16.7 mm-s -1, y=f

/7- m Weid pool

Base metal
0 1 2 3 4 ] 6 [ 8

9 x, mm

Figure 6. Experimental and calculated longitudinal macrosections
at different welding speed (just the tail part of weld pool shown)
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growth proceeds due to the initial dendrites of [100]
orientation, in the weld pool upper part at a horizontal
position of temperature gradient (B = 0°) growth of
the same grain is due to secondary dendrite branches,
having |010] orientation, respectively.

At welding speed © = 50 mmE ! pulses of 50 Hz
frequency were applied, this leading to visible inho-
mogeneity bands on longitudinal macrosections (Fi-
gure 6, @). Tt is scen, that the calculated boundary
of weld pool tail part is close in shape to dark bands
on the macrosection. If the influence of convection of
weld pool liquid metal and heat of melting and so-
lidification is ignored (schematic of a lincar source in
Figure 4, b), the calculated shape of the weld is mark-
edly different from the experimental shape.

If the direction of temperature gradient grad T on
the solidification front is taken to be the grain orien-
tation G (B =y, Figurc 1), solution of the inverse
problem is simplified (solidification problem need not
be solved). In this casc, however, the calculated weld
pool is too long (Figure 6, a, b).

Welding mode significantly influcnces the shape
of weld pool and weld metal texture (Figure 6, b—
d). Weld pool shape determines the predominant crys-
tallographic oricntation of grains (most probable
value of angle y). The more elongated is the shape,
the greater angle y. The wider the weld pool relative
to the size of base metal grains, the more intensive is
grain sclection, this leading to a difference in the
texture, and, therefore, in the properties between the
weld and base metal. The difference becomes greater
with greater distance from the weld.

On the whole, the calculated microstructure of
weld metal correlates in a satisfactory manner with
the experimental one (Figure 6).

It should be noted that the above procedure might
be used also in other methods of fusion welding.
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CONCLUSIONS

1. Developed method to solve the inverse problem of
heat conductivity allows determination of laser weld-
ing mode by the measured characteristics of the weld.

2. Proposed objective function allows taking into
account preliminary knowledge of the welding process.

3. Laser welding mode has a strong influence on
the calculated texture of weld metal, which depends
on the weld pool shape and ratio of base metal grain
size to weld width.
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EFFECT OF GAP ON SIZES OF BUTT WELD
IN CONSUMABLE ELECTRODE ARC WELDING
IN Ar + 25 9% CO2 MIXTURE

I.F. KORINETS and JI CHENG CHUNG
National Technical University of Ukraine «KPI», Kyiv, Ukraine

Dependence of weld shape on gap value in consumable electrode arc welding in Ar + 25 % CO, mixture of a square
butt joint was established and a deterministic-statistical model of weld shape with allowance for a gap effect was
developed. The developed model is recommended for use in the design of software of the system of adaptive control of

arc welding of butt joints with a non-stable gap.

Key words: arc welding, consumable electrode, shielding
mixture, square butt joint, gap, weld sizes, mathematical model

The arc welding in CO5 and Ar + CO, mixture finds
a wide application in welding structures from low-
carbon and low-alloy steels. In welding metal of small
and medium thicknesses the single-pass fillet and butt
welds are most widely spread. As a rule, the semi-fin-
ished products are used in this case without edge
bevel, but they are assembled in butt joints with an
obligatory gap. It is known that in butt joints of sheet
and tubes the gap influences greatly the sizes and
quality of weld formation both in welding without
and with a backing. It is almost impossible to provide
a stable gap in butt even at high-precision edge prepa-
ration and assembly, as the edge distortions are in-
cvitable in the process of fusion welding. In these
conditions the gap is one of main technological factors
influencing the butt weld formation.

The first regularities about gap influence on the
weld formation were obtained under the submerged-
arc welding conditions [1—3|. These results are still
valuable from the scientific and practical point of
view. However, to use them directly for the consum-
able electrode shielded-gas arc welding is not possible.
Some rescarchers took into account the effect of gap
on weld shape together with other factors in the de-
velopment of mathematical models of the weld for-
mation, creation of calculation methods of determi-
nation and optimizing conditions of the CO; arc weld-
ing | 4—6]. Other data about the gap influence on weld
shape under consumable electrode shielded-gas arc
welding conditions were not found. However, at pre-
sent the research works concerning the effect of a gap
on weld formation are still actual due to creation of
adaptive systems of arc welding control, which should
react in real time on random deviations in edge prepa-
ration, including also those in the butt gap.

Therefore, the aim of the work is to study a gap
effect on the weld formation in consumable electrode
arc welding in Ar + 25 % CO, mixture and to design
a mathematical model of weld shape with a butt gap.

© I.F. KORINETS and JI CHENG CHUNG, 2002
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Design of deterministic-statistical model of weld
shape. Mathematical model of the weld shape should
establish the dependence of sizes of butt weld (depth
of penetration %, weld width e, height of weld con-
vexity g) (Figure 1, @) and its shape (penetration
shape coefficient Y,, bead shape coefficient @;,) on
parameters of welding conditions (electrode wire di-
ameter d, welding current I, welding speed o, elec-
trode wire feed speed v¢, welding voltage U, electrode
wire stickout L, consumption and composition of
shielding gas g) and gap value b.

[t is known that welding parameters influence sizes
and weld shape to a different degree. Consumption
of shiclding gas and clectrode wire stickout, which is
kept constant and equal to L = 10d, have the least
influence on the weld sizes. Welding current and elec-
trode wire feed speed are interdependent parameters
and, therefore, one of them can be excluded, for ex-
ample, clectrode wire feed speed. If to take into ac-
count such circumstance that electrode wires of 1.0
and 1.2 mm diamcter are used mainly in world prac-
tice, then it is possible to exclude the consideration
of cffect of clectrode wire diameter on weld shape at
the first stage of investigation. Welding voltage in-
fluences greatly the weld width. However, the opti-
mum value of voltage is associated with welding cur-
rent and not changed within the wide limits. If to
assume that the optimum voltage depends on welding
current, then its influence on the weld shape will be
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Figure 1. Sizes of butt weld (a) and deposited bead (b)
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Figure 2. Sample-simulator of butt weld with a variable gap

taken into account automatically in a model by weld-
ing current. This analysis makes it possible to decrease
the number of welding condition parameters in the
model which effect on the weld formation, i.c. weld-
ing current and welding speed are taken into account
first of all.

To solve the problem, we used a method of deter-
ministic-statistical modelling, suggested in [7], in
which the dependence of weld sizes on welding pa-
rameters and gap value is presented in the form of a
product of power functions, and the cocfficients arc
determined as a result of statistical processing of the
experimental data.

The investigations enable us to offer several vari-
ants of modcls which arc differed by representation
of relationship between the weld size and gap. In the
first variant of the model the dependence of weld sizes
on gap has a form of a power function:

531
h=0.595 Mssbo e, ™
11 .051
8—0 069 0;2/7 (2)
]0.2‘)3 1
g= 1.465m p0129° 3)

However, in case of a zero gap in the butt and during
hardfacing the depth of penetration and convexity
height are equal to zero, that contradicts the real process.
Expression (2) attracts attention as it shows that the
weld width does not depend on the gap.

In the second model there is no drawback of the
first variant of the model:

IO 950 B
= 0.042 5 755(1 + b)"%%, (4)
0.413
=1. 04710mg W (5

The third variant of the model is also possible, in
which the dependence of weld sizes on gap is presented
in the form of an exponential function:

11 .094 b
i =0.020~755 o284, (6)
=1. 06210 /(90 692" (7)

- 0 778 ‘

Verification of adequacy of models. Determina-
tion of coefficients in equations (1)—(7) and verifi-
cation of adequacy of models were made in welding
of series of samples-simulators of butt joint with a
gap (Figure 2). The %arnpleq simulators of steel VSt.3
(killed) represented 5 mm thick plates, in which the
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slots were made by a cutter at a stepped change in a
gap. Small length of the slots and the presence of
bridges between them guarantee the gap stability.
The arc welding in mixture Ar + 25 % CO, was per-
formed with 1.2 mm diameter Cu-plated wire Sv-
08G2S. The welding condition was changed within
the following ranges: T = 140, 180 and 220 A, U =
=24,26and 27 V, v =15.7, 7.6, 10.2, 12.8, 15.0 and
17.6 mm /s, g =10-12 1/111111 Welding was made on
a copper backing. At 2.5 mm gap under all the con-
ditions the arc was submerged into a gap and the
quality formation of the weld was not obtained. After
welding the transverse templets were cut, etched and
the welds were measured. The results of calculation
and experimental data of the third model are presented
in Figurc 3.

The comparison of experimental and calculation
data showed that the mean relative error in determi-
nation of the penctration depth was 10, 7.2 and 6.9 %,
respectively, in the 15, 2" and 3™ model, weld con-
vexity — 6.9, 5.9 and 5.7 %, respectively, and weld
width — 8 % for all the models. The 3! model pro-
vided the highest accuracy.

Discussion of results. Under the welding condi-
tions considered three variants of formation of joints
can be distinguished: with a convex weld, with a
concave weld and with welds having lack of penetra-
tion of edges. In the first case a stable process is
observed with an arc which is submerged partially
into the parent metal. In the second case a stable
process is also observed but with an arc which is
submerged completely into the parent metal. Gap is
not filled with a deposited metal. In the third casce
the arc is submerged completely into the parent me-
tal, the welding process is instable, the arce is chaoti-
cally moved across the metal thickness upwards-
downwards and displaced from once edge to another.
There is no weld formation.

The results of investigations confirm the signifi-
cant effect of gap on the penetration depth. Thus, the
penetration depth at 2 mm gap can 2 times exceed
the penetration depth in hardfacing (close butt) (Fi-
gure 3). With increase of gap the weld convexity is
decreased and at large gaps the convexity transfers
into concavity. The weld width does not almost de-
pend on the gap until the complete arc submersion
into the parent metal is occurred. In case of arc sub-
mersion into the parent metal, the arc wanderings are
limited, the cold metal constricts it and the weld
width is decreased. The ratio between the arc length
and gap values influences, evidently, the arc submer-
sion into the gap, that should be a subject of further
investigations.

In the development of the calculation methods of
determination of welding conditions, the relationship
between the weld sizes in welding the butt with a
gap and bead sizes in hardfacing is of an interest (sce
Figurce 1, b). Thus, the relationships between the ac-
tual sizes of weld 2 and g with allowance for gap b
and bead sizes in hardfacing fy, and gy, have a form

h=hy, +0.80"9%, ®)
g=9gn— O-Sbo-gy (9)
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Figure 3. Effect of gap and condition of arc welding in Ar + 25
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or with allowance for area of filling the gap Fy with
deposited metal (see Figure 1):

b= hy + 0.4(bh)"%"

g
CONCLUSIONS

= g, — 0.382(bR)™"%.

10)

11)

1. In shielded-gas consumable electrode arc welding
a gap is one of the most significant technological
factors influencing the depth of penctration and
height of convexity (concavity) of the butt weld. The

weld width does not depend on the gap value at a

partial arc submersion into the parent metal.

2. Mathematical model of a shape of the square
butt weld with allowance for the gap value has been
developed. The expediency of accounting for two main
welding parameters in the model, such as welding
current and welding speed, is shown.
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3. The model developed can be used in design of

a software of the system of adaptive control of arc
welding butt joints with a non-stable gap.

4. Tt is rational to continue investigations of arc

behaviour in a gap and to find the optimum ratio between
the arc length and voltage and the butt gap value.

1.
2.
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CALCULATION OF PENETRATION DEPTH
OF WORKPIECES IN CO2 WELDING

E.N. VARUKHA and A.A. MOROZOV
Leading Attestation Center of South Region of Russian Federation

Non-linear model of penetration of a workpiece, describing the dependence of depth of penetration on parameters of
process of mechanized welding and surfacing in CO, at reverse polarity current is presented.

Key words: arc welding or surfacing, mathematical mod-
elling, penetration depth, welding condition parameters, shield-
ing gas, reverse polarity

Until the present time there are no sufficiently exact
and simple methods of calculation and registration of
penetration depth of the workpiece during welding.
This is stipulated by numerous factors influencing on
it and difficulty in their accounting. Development of
these methods could simplify the procedures of cal-
culation of welding conditions and creation of system
of an adaptive control of penctration depth for weld-
ing equipment.

To perform calculations of welding condition pa-
rameters it is necessary to preset the weld geometric
sizes. Here, the relationship between the depth of
penetration and weld width and main characteristics
of the process (current and welding speed, arc voltage,
diamcter and stickout of clectrode) should be known.

Until now there were many works devoted to es-
tablishing rclation between the welding process pa-
rameters and geometric sizes of the weld. In the so-
lution of this problem three main approaches can be
distinguished:

* determination of relation between welding con-
ditions and weld sizes using experimental data [1];

» making of empiric equations connecting welding
condition and weld sizes using a method of a formal
| 2] and criterial interpolation |3];

Figure 1. Dependence of penetration depth a on arc voltage U,
and welding speed v, at d, = 1.6 mm and v; = 554 m /h

© EN. VARUKHA and A.A. MOROZOV, 2002
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* development of systems of analytical cquations
obtained from the theory of heat transfer |4].

Each of them has drawbacks: a high labour inten-
sity in obtaining experimental data, not high accuracy
of empiric models and difficulty in accounting for all
the factors influencing the distribution of temperature
in the product. The rapid development of a computer
engineering, the presence of powerful applied com-
puter programs and development of a rather perfect
mathematical model of electrode melting [5] make it
possible to start the solution of problem of construc-
tion of a mathematical model of product penetration
at the higher level.

The aim of the present work is to develop a model
for calculation of depth of penetration in CO5 surfac-
ing and welding of butt joints without a zero gap
edge preparation using a reverse polarity current.

To obtain experimental data, a series of experi-
ments on surfacing of beads on 12 mm plates of steel
St.3 (killed) in CO, (15-16 1 /min consumption) was
performed. Surfacing (welding) was realized from
converter PSG-500 with a rigid volt-ampere charac-
teristic in the 28—43 V range of voltages and 120—
500 A range of currents. Surfacing rate was changed
by steps from 17.6 to 38.5 m/h. Welding wires Sv-
08G2S of a rated diameter d. = 1.0, 1.2, 1.4, 1.6 and
2.0 mm were used as an electrode. For further calcu-
lations the sizes d., such as 0.97, 1.16, 1.4, 1.57 and
1.97 mm were taken. The wire feed speed in the process
of welding was changed in the range from 165 to
650 m/h. Distance from the current-carrying nozzle
end to the plate surface was 18, 20 and 22 mm, the
current-carrying nozzles were made from copper of
MO grade. The deposited plates were cut across the
beads in two places. Macrosections were made, in
which the geometrical sizes of welds were measured
at an accuracy of not more than £ 0.1 mm.

For static processing four values of each measured
paramcters without their averaging were used. Such
approach makes it possible to obtain the high accuracy
in further mathematical processing of experimental
data, as the root-mean-square characteristics reflect
more accurately the regularities being studied than
their arithmetic mean values.

For the model design a method of a multifactor
regression analysis, realized in applicd program «Sta-
tistika» was used. Arc voltage U,, rate of electrode
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Figure 2. Dependence of constant constituent of penetration depth
a, on electrode wire feed rate at its different diameters
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wire feed (by mass) v, and welding speed v, were
used as independent variables for calculation of a
depth of penetration.

Coming from the classical conceptions about the
laws of product penetration and experimental data
obtained, the following form of unknown formula for
calculation of the penctration depth was preset

)]

where a is the depth of penetration, mm; by, b1, by
and b3 are the empiric coefficients.

To determine the values of coefficients of equation
(1) using method of a least-square method the linear
relationships a = f(U,, vy) were constructed at fixed
values d and oy, one of which is presented in Figure 1.
At zero values U, and vy, the obtained plane intersects
the axis of predicted values in point @y, whose value
is different in each case, but dependent linearly on
the electrode wire diameter and rate of its feeding
(Figure 2).

To determine value ay, it was suggested to consider
its dependence not on the linear rate of wire feed vy,
but on its mass rate of feeding oy (Figure 3). It was
established that @y does not almost depend on diameter
and increases with increase in vy, Using the linear
approximation the following relationship was ob-
tained:

a = bO + b1zjm + b2l]a + b30\\',

a, = —2.04 + 4.950,,.

(2)

g, MM

1 [ 1 1

0
0.25 0.75 2.25 o, g/s

Figure 3. Relationship of value @, and mass rate of electrode wire

feed for d, = 1.0 (1), 1.4 (2), 1.6 (3) and 2.0 (4) mm

1.25 1.75

Thus, we determined the values of coefficients by
and by from (1): by = 2.04 mm, b; = 4.95 mm[¥,/g.

Substituting by and by into equation (1), the values
of coefficients b, and b3 for different v, were deter-
mined by experimental data using a least-squares
method. Coefficients by and bs can be described by
the following relationships:

by = _1.5Eﬂ0740a + 6.1@073&\' — 4.68@072; 3)
b = 6.4007%02 — 0.250,, + 3.72 .
3 = o W
6.8010 23, + 0.520,, — 15.41 — 11;,5
+ w P

m.
)
Oy

Determination of all the coefficients of equation
(1) allowed the unknown relationship to be described
with a sufficient accuracy for the practical purposes
(coefficient of correlation with experimental data is
0.92). The obtained model is non-linear as regards to
welding condition parameters (Figure 4).

The appearance of a region of growth of the pene-
tration depth with welding speed increase contradicts
some existing models of calculation of the penetration
depth. However, this result is confirmed by investi-
gations in the ficld of effect of liquid layer thickness
under the arc on the penetration depth |6, 7].

Growth in penetration depth with increase in
welding speed in a definite range is explained by the

/‘
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Figure 4. Dependence of penetration depth on arc voltage and welding speed: ¢ — d. = 1.6 mm, v; =24 g/s; b — d,=1.97 mm,

v, = 2.58/s (O — experimental data)
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Figure 5. Effect of thickness of a liquid layer A under the arc on depth of penetration in changing welding speed (o

fact that the pool molten metal is forced out by the
arc pressure in a tail part and has no time to flow
under the arc due to a natural mass. Thus, the arc
energy is consumed mainly for melting the parent
metal, but not for overheating the molten metal (Fi-
gure 5).

The model obtained was compared with the known
Akulov’s model. Comparison was made for d. = 1.4,
1.6 and 2.0 mm at different parameters of the welding
conditions. The conformity of results of calculations
to experimental data was used as a criterion of evalu-
ation of accuracy of the calculation models.

a, mm
\\
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Figure 6. Dependence of penetration depth on welding speed for
d.=2.0 mm and U, = 30 (@) and 40 (b) V (solid curves — result
of calculation by the model obtained, dashed curves — by the
Akulov’s model)
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For clarity of representation the results of com-
parison were given in the form of graphs of depend-
ences of penetration depth on welding speed at fixed
values de, vs, U,. The behaviour of calculation models
at different rates of electrode wire feed speed and
values of arc voltage for d, = 2.0 mm is shown in
Figure 6.

As is seen in Figure 6 the dependence of penetra-
tion depth on welding speed, corresponding to the
Akulov’s model, has a form of a hyperbola. Non-ade-
quate growth of penetration depth at small values vy,
and tendency to some non-zero value at high welding
speeds can be considered as a drawback of this de-
scription.

Calculations, performed using the Akulov’s
model, have a good correlation with experimental data
within the range of welding speeds from 28 to
40 m/h. Increase in voltage and decrease in rate of
the electrode wire feed leads to the error increase.

It can be concluded that the Akulov's model re-
flects adequately the real values of penetration depth
only in rigid ranges of limits by welding speed, elec-
trode wire feed speed and arc voltage.

Analysis of data of calculation using the model
developed shows that at low welding speeds the arc
voltage does not almost influence the depth of pene-
tration. With increase in vy the degree of U, effect
is increased, and here, with increase in arc voltage
the depth of penetration is decreased. Increase in vy
leads firstly to an abrupt decrease in the depth of
penetration and then to its little increase. At high
welding speeds the depth of penetration begins to
decrease again.

The model obtained makes it possible to conclude
that at a definite arc voltage and /or welding speed
the depth of penetration becomes equal to zero that
is especially important in calculation of the welding
condition parameters.
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If to introduce the known dependence vy, on weld-
ing current Iy, stickout %, diameter and chemical
composition of welding wire |5] to the formula (1),
then the obtained formula can be used for the solution
of a reverse problem, i.e. the welding current can be
calculated by a preset value of depth of penetration,
diameter and stickout of welding wire. So, the engi-
neering calculations of the welding conditions can be
simplified significantly.

The regularities, established during investiga-
tions, can be used in the development of automated
systems of control of the depth of penetration of prod-
ucts during surfacing (welding) to account the effect
of other materials of electrode wires and products,
shiclding media and conditions of surfacing (welding)
on the penetration depth. For example, they can be
used for description of welding process with edge
preparation and with a gap between the clements
welded.

CONCLUSIONS

1. The model has been developed for calculation of
the penetration depth in CO, surfacing (welding) of
butt joint with a square edge preparation.

2. Functional relationship between the depth of
penetration and surfacing (welding) condition pa-
rameters is defined and described mathematically.

3. The empiric formula obtained provides the high-
est simplicity and accuracy of engineering and scien-
tific calculations of penetration depth in a mechanized
surfacing (welding) and allows its express evaluation.
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PECULIARITIES OF MELTING AND SOLIDIFICATION
OF 20KhGS TYPE DEPOSITED METAL
ALLOYED WITH PHOSPHORUS

Yu.M. KUSKOV, L.I. RYABTSEV, L.K. DOROSHENKO and V.G. VASILIEV
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Processes of melting and solidification of deposited metal of 20KhGS type alloyed with 0.1-2.4 % of phosphorus were
investigated using a method of a differential thermal analysis. It was established that phosphide eutectics, being hazardous
from the point of view of susceptibility to hot cracks, are appeared in the deposited metal of this type at phosphorus

content of more than 1 %.

Key words: deposited metal, alloying with phosphorus,
phosphide eutectics, solidification of deposited metal, differen-
tial thermal analysis

In most cases the phosphorus is considered to be an
undesirable impurity in steel. In solidification of steel
ingots an intracrystalline liquation of phosphorus was
observed leading to reduction in ductility and impact
strength, at lower temperatures in particular. Phos-
phorus is one of the elements which is responsible for
the steel temper brittleness [1]. Similarly it influences
the properties of weld metal |2]. For this reason, its
content in steels and weld metal is limited usually by
0.03 %.

Howecever, there are steels and cast irons in which
phosphorus is used as an alloying element. According
to data of [3], phosphorus hardens steel at its content

© Yu.M. KUSKOV, LI. RYABTSEV, L.K. DOROSHENKO and V.G. VASILIEV, 2002
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up to 0.6 %. In parallel with carbon and molybdenum
it is onc of the highest hardeners of as-normalized
steel.

Phosphorus mass fraction of 1 % and more has a
favourable influence on wear-resistance and antifric-
tion properties of Fe-base alloys |4, 5|. Here, the
phosphides of iron and some alloying clements in met-
al-to-metal friction fulfil the role of a dry lubrication
[6]. Phosphorus has also a positive cffect on the steel
fluidity. As is follows from article |7], the phospho-
rus, as a surface-active substance, promotes the de-
crease in surface tension of a liquid iron, thus Icading
to its complete spreading over a hard substrate.

As the phosphorus has a positive cffect on anti-
friction properties and steel fluidity, its use as an
alloying clement in some surfacing materials can be
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Table 1. Chemical composition and hardness of deposited metal
samples being investigated

Table 2. Temperature of melting and solidification of test alloys

Temperature of melting and solidification of test alloys, °C

Number Mass [raction of elements in deposited Hardness Number
‘o/ml’;l;: metal, 77 of deposited of alloy Matrix Eutectic
511:11 )l(-»,/ metal, sample
! C Mn St Cr P nv Melting Solidification Melting Solidification
I 0.22 1.15 0.88 1.10 - 220 I 1440 1500 Eutectic was not observed
11 0.23 1.13  0.93 1.20 0.11 229 11 1430 1525 Same
111 0.23 1.23  0.98 1.15 0.31 229 11 1370 1460 » »
v 0.22 1.20  0.90 1.25 0.57 321 v 1380 1470 » >
\% 0.24 1.14  0.96 1.23 1.00 320 \% 1460 1480 » >
VI 0.23 1.08 0.90 1.18 1.28 341 VI 1360 1460 990 920
VII 0.21 1.20 1.00 1.27 1.98 363 VII 1360 1400 1000 920
VIII 0.22 1.18 0.92 1.21 2.38 413 VIII 1300 1370 980 900

promising, for example, in flux-cored or solid wires,
providing deposited metal of type of steels 18KhGS
and 30KhGSA. These wires are used widely in differ-
ent branches of industry for restoration and hardening
of parts operating under the conditions of metal-to-
metal friction [8].

The application of phosphorus as an alloying ele-
ment in the surfacing materials can prevent the for-
mation of fusible phosphide eutectics which increase
the susceptibility of steels to hot cracks in welding
and surfacing.

Taking into account the possible negative cffect
of phosphide cutectics on the susceptibility of the

deposited metal to hot cracks, the processes of melting
and solidification of samples of the deposited metal
of 20KhGS stecel type with a different content of phos-
phorus were investigated (Table 1).

Processes of melting and solidification of test sam-
ples of deposited metal were studied using a method
of differential thermal analysis (DTA) in unit VDTA-
8M. Test samples were cut from 4-6™ layer of metal
deposited by flux-cored wires, whose charge contained
different amounts of phosphorus in the form of a fer-
rophosphorus. The work [9] shows that with use of
DTA method it is possible to record even small

1420 1530

1470

<_

1 1 1 1 1 1 L 1 1

800 1000 1200 1400 1600 1800

800 1000 1200 1400 1600 7,°C

Figure 1. Differential thermal curves of heating (1) and cooling (2) of samples of steel 20KhGS with different content of phosphorus,
%: I — without phosphorus; IT — 0.11; IIT — 0.31; IV — 0.57; V. — 1.0; VI — 1.28; VIT — 1.98; VIIT — 2.38
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Figure 2. Microstructure of steel 20KhGS with different

changes in a phase composition of material, for ex-
ample, presence or absence of eutectics.

Heating and cooling of samples of the deposited
metal were performed in helium at 0.05 MPa pressure
at 80 °C /min rate using an aluminium oxide crucible.

In case of use of the DTA method the values of
temperature of beginning and end of melting and so-
lidification of materials examined are determined from
curves of their heating and cooling using a graduation
graph of melting and solidification of the reference
sample under the same conditions. A sample of pure
tungsten was used in experiments as a reference sam-
ple. Mass of test and reference samples was about
(1+0.1) g.

Stages of phase transformations, melting and so-
lidification of the alloy arc indicated by deviation
from a straight running of curves of heating or cooling,
thus proving the proceeding of endo- and exothermal
processes. Degree of these deviations depends on
chemical composition of the material being examined.

Figure 1 shows curves of heating and cooling of
samples of test compositions of the deposited metal,
and Table 2 indicates the temperatures of their melting
and solidification. According to the DTA method the
beginning of melting is determined from the curve of
heating, and the temperature of the beginning of so-
lidification — from the cooling curve.

As the experiments showed (Figure 1, samples
I-V, curves 1) two bends are observed on the curves
of heating in a high-temperature region at phosphorus
content up to about 1.0 % in the deposited metal of
20KhGS steel type. Analysis of state diagrams of steels
of this class [10—12] could explain the nature of pro-
ceeding transformations. First bends on curves of
heating samples (sample I, curve 7, 1440-1500 °C;
sample I, curve 2, 1430—1500 °C; sample 11, curve 1,
1370-1400 °C; sample IV, curve 7, 1380—-1420 °C;
sample V, curve 1, 1460-1480 °C) are associated with
the beginning of melting of a solid solution and a
probable proceeding of a peritectic reaction. The sec-
ond bend (at higher temperatures) indicates melting
of the solid solution remnants.

At a high content of phosphorus (Figure 1, samples
VI-VIII, curves 1) the bends are observed firstly on
curves of heating, which correspond to melting of a
phosphide cutectic at 980—1000 °C and then the alloy
matrix is melted under the higher temperature con-
ditions. At such content of phosphorus the nature of
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content of phosphorus, %: @ — without phosphorus; b — 0.11; ¢ — 1.28;
d — 1.98; 1 — ferrite; 2 — phosphide eutectic (electrolytic etching in 20 % solution of chromous acid) (x500)

melting of the alloy matrix is changed (curves of
melting have only one bend). It should be noted that
with increase in phosphorus content an amount of the
phosphide eutectic is increased that is proved by an
increase in peaks on the curves of heating correspond-
ing to melting of the phosphide cutectic.

The first (high-temperature) peak on the curves
of cooling steels with a relatively small content of
phosphorus corresponds to the beginning of solidifi-
cation of the solid solution, while the sccond — to a
peritectic reaction, which according to [10] is pro-
ceeding almost at constant, but different for cach of
the test materials, valucs of temperature (Figure 1,
samples I-V, curves 2). For these steels the solidifi-
cation is started from the formation of a-solid solu-
tion. The peritectic reaction results in a formation of
the a-phase.

At phosphorus content 1.98 and 2.38 % one peak
was observed on the curves of cooling in the high-
temperature region (Figure 1, samples VII, VIII,
curves 2), that proves the absence of phosphorus of
a peritectic transformation in steel. Solidification of
matrix of these steels occurs directly after formation
of y-phase.

It can be concluded from the data of Table 2 that
with increase in phosphorus content the values of
temperature of beginning of melting and solidification
of steel 20KhGS are prone to decrease.

Metallographic examination of 20KhGS steel sam-
ples with a different content of phosphorus was per-
formed. The deposited metal of 20KhGS steel type
without phosphorus has a bainitic structure with a
small amount of ferrite (Figure 2, a). Adding of phos-
phorus as an clement-ferritiser increases the amount
of the ferritic phase (Figure 2, b). The further increase
in phosphorus content leads to the change in ratio
between these phases, however the areas of the
phosphide eutectic in the structure of these steels were
not observed.

The appearance of the phosphide eutectic was ob-
served at 1.28 wt.% of phosphorus (Figure 2, c).
These data confirm the DTA results: the first peak
corresponding to melting of a phosphide eutectic was
observed on a curve of heating sample of this steel
(Figure 1, sample VI, curves {1, 2). At phosphorus
content of about 2.0 % and more a complete network
of the phosphide eutectic, which fringes the grains of
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the alloy matrix, is formed in the steel 20KhGS struc-
ture (Figure 2, d).

Thus, it was stated during investigations using
DTA method that the phosphide cutectics are ap-
peared in the deposited metal of 20KhGS type at
phosphorus content of more than 1 % and they are
hazardous from the point of view of susceptibility to
hot cracks. This fact should be taken into considera-
tion in the development of surfacing materials de-
signed for restoration and strengthening of parts op-
crating under the conditions of metal-to-metal fric-
tion.
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THERMAL COATINGS CONTAINING DRY LUBRICANTS
FOR OPERATION UNDER CONDITIONS OF DRY
FRICTION AND ELEVATED TEMPERATURES

A.Yu. TUNIK
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Results of investigation of composite powders with dry lubricants of FeCr-TiC-Mo~C and Cr,0,~TiO,~CaF, systems,
as well as thermal coatings of a tribotechnical purpose, are presented. Conditions of thelmal sp1 aying are defined,
providing dense coatings with a high adhesion and cohesion strength at a sufficiently uniform distribution of a dry

lubricant across the section.

Key words: thermal coatings, structure, phase transforma-
tions, dry lubricants, friction coefficient, wear resistance, fric-
tion without lubrication

More than 80 % of funds, spent for the equipment
repair, is used for the restoration of friction compo-
nents. Their repair-free service life depends directly
on the material selected and design of the components.

The important trend in the advanced engineering
became the creation of antifriction materials which
are capable to operate without lubrication, as its re-
fusal simplifies significantly the design of machines,
makes their maintenance casier, in particular, in the
range of low and high temperatures, and increases the
reliability.

One of the effective methods of solution of the
above-mentioned problem is the usce of protective coat-
ings with antifriction propertics. In this casc a com-
bined material is developed, which should combine
the required strength propertics of the base material
and a high service life of external layer (coating)
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under conditions of effect of environment and contact
loads.

The thermal spraying (TS) is a promising method
of deposition of coatings with antifriction properties,
whose peculiar feature is a feasibility of control of
composition, structure and properties of the coating
using different powder compositions in the form of
mechanical mixtures or composite powders (CP) in-
cluding metals, alloys, oxides, oxygen-free refractory
compounds and dry lubricants (graphite, boron ni-
tride, molybdenum disulphide, calcium fluoride, etc.)
[1-3].

The article describes the investigations of CP,
which include dry lubricants, and also results of de-
velopment and study of multicomponent coatings
from these powders of a tribotechnical purpose.

During investigations were used: metallography,
microdurometry, X-ray diffraction phase analysis
(XDPA), X-ray microanalysis (XMA), Auger-spec-
troscopy. Values of microhardness are an integral
characteristic of the coating material, as it is impos-
sible in some cases to measure microhardness of sepa-
rate structural constituents due to their small sizes.
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Information about phase composition and uniformity
of distribution of the dry lubricant over the coating
volume is obtained by comparison of the results of
XDPA and XMA.

The examination of antifriction properties of the
coatings were made in a tribotechnical complex,
which is an analogue to a foreign «pin-on-disk» ac-
cording to ASTM 99-90. Graphite and calcium fluo-
ride were selected as dry lubricating materials. Graph-
ite is the traditional material with a lamellar struc-
ture. It is not melted in the TS conditions, it subli-
mates easily and burns out, therefore, it can be added
to the coating volume only in the CP composition
|4]. Calcium fluoride is the corrosion-resistant mate-
rial designed for operation at clevated temperatures
|5, 6]. It is the most technological dry lubrication for
deposition using TS method as it is melted at 1418 °C
without decomposition and not subjected to active
oxidizing with the formation of undesirable products
and can be used both in the composition of mechanical
mixtures and in the form of CP.

CP, whose composition has dry lubricants, were
manufactured using a method of a self-spreading high-
temperature synthesis. Table 1 presents compositions
of these materials and their phase composition.

In CP of FeCr-TiC—Mo—C system, containing
graphite as a dry lubricant, FeCr plays a role of a
plastic component, TiC is a refractory hard addition,
molybdenum  was added for increasing adhesion
strength. In CP of CryO5-TiO,—CaF, system, con-
taining CaFy as a dry lubricant, oxides of chromium
and titanium played a role of a wear-resistant matrix.
In addition, titanium oxide was added for making the
composition plastic. The appearance and microstruc-
ture of CP particles are presented in Figure 1.

Coatings were deposited by methods of detonation
(DS) and supersonic air-gas plasma spraying
(SAGPS), and also plasma spraying using argon-hy-
drogen plasma jet (PS-Ar+H,). TS conditions of coat-
ing deposition are given in Table 2.

Figure 1. Appearance (g, b) (x300) and microstructure (¢, d) (x400) of CP particles of FeCr—-TiC-Mo—C (q, b) and Cr,0,-TiO,~CaF,

Examination of coating from CP of FeCr-TiC—
Mo—C and CryO3-TiOy—CaF, systems produced by
the above-mentioned methods showed the following.
Detonation coatings of FeCr—TiC—Mo—C system are
dense, without spallings, have a good adhesion and
possess a laminar structure (Figure 2, @), which con-
sists of particles of white (7) and grey (2) colour,
and also inclusions of a dry lubricant (3) (black co-
lour). Structural constituent is white, having a form
of lamellas and particles of an oval shape, and consists
of ferrochrome with inclusions of fine-dispersed par-
ticles TiC (Table 3). The second structural constituent
is dark. These are titanium oxides alloyed with iron,
molybdenum and chromium. The presence of the
above-mentioned phases is confirmed by the results
of XDPA and XMA.

Coatings deposited using SAGPS are differed from
those of DS by the more non-homogeneous and coarse-
grained structure, but with a sufficiently uniform dis-
tribution of graphite inclusions (Figure 2, b). As to
the adhesion strength the first coatings are not inferior
to the sccond ones, however, in this casce a scattering
of microhardness values is observed due to higher
degree of structure non-homogencity.

Both in DS and SAGPS of CP of FeCr-TiC-Mo—C
system in air a great oxidizing of titanium carbide is
occurred with the formation of oxide phases. The part
of the titanium carbide is remained both in the form
of grains (5-10 pm size) in a metallic (ferrochrome)
matrix and also in the form of fine-dispersed precipi-
tations in oxide phase.

In deposition of the above-mentioned composition
using argon-hydrogen plasma jet the new phases are
not formed, if the appearance of traces of titanium
oxide is not taken into account. The coating is cha-
racterized by a high degree of porosity and non-ho-
mogeneity (Figure 2, ¢). As to hardness and adhesion
strength with a base material it is not inferior to
coatings deposited by SAGPS and DS. According to
the results of metallographic examinations the amount

Table 2. Thermal spraying conditions

Gas

Method Operating consump. Current,  Voltage, tQis
. . of spraying gas A v ance,
Table 1. Phase composition of composite powders = h mm
Compositi terial sprayed Results of XDPA'
omposition of material spraye esults of DS C,H, 05 100
15FeCr-70TiC-3Mo—12C TiC, FeCr, C, Mo 0O, 2.0
40Cr,0,-45Ti0,~15CaF, TiO, (rutile), Cr,O,, CaF,, Cr SAGPS Air 12 200-300 300-450 230
(traces), Ti (traces) P =0.4 MPa
"Here and in Tables 3 and 4 the phases and separate elements are PS-Art+H, Ar 2.3 450-500  60-65 130
arranged in a sequence of reducing intensity of reflection of X-rays. H, 0.1
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of a dry lubricant in coatings is about 17 vol.% as
compared to 25 vol.% (12 wt.%) in the initial powder.
It was established during examination of fracture sur-
face of detonation coatings using Auger-spectroscopy
that about 30 at.% of carbon is bound into titanium
carbide, while the rest is the fraction of a free graphite.
Metallographic analysis and Auger-spectroscopy tes-
tify about the fact that during spraying of CP of
FeCr-TiC—Mo—C system the losses in carbon are ob-
served. For DS they are 30-32 % on average.

In DS of coatings from CP, based on titanium and
chromium oxides with calcium fluoride, the densc
coatings arc formed with the highest adhesion
strength as compared with other methods in which a
complex titanium-chromium oxide TisCroO7 (1), in-
tegrated oxides Ti—Cr—Ca—O (2) and TiN are ob-
served, thus proving the proceeding processes of in-

Table 3. Characteristic of coatings deposited by thermal spraying

terphase interaction both in particles themselves and
also between the components of the material sprayed
and oxygen of the ambient air (Figure 2, d and Ta-
ble 3).

In SAGPS of powders Cr,O3-TiO,—CaF; the coat-
ings are also formed representing an oxide matrix in
which inclusions of a dry lubricant of black colour is
located (Figure 2, ). The same as in DS, the coatings,
except initial phases CryOs3, TiO, and CaF,, have also
TiyCry07, complex oxides Ti—Cr—Ca—O and also the
new oxide TiCrOs (see Table 3). The coating is infe-
rior as to the quality to the DS coating because the
pores and spallings are observed in it, thus proving
the decrease in its cohesion strength.

In plasma spraying of the same CP using Ar+H,
as a plasma gas the coatings of higher hardness are
formed (Table 3). Structure of the coating is dense,

Composition of material Metho‘d ) R, Phase composition of coatings
sprayed ;{,;ZS{;ZZZ Oatre MPa HY, GPa (from results of XDPA and XMA)
15FeCr-70TiC-3Mo—12C DS 42.4-45.5 5.71-6.16  TiC, FeCr, TiO,, Ti;O;, complex oxides of system
Ti—Cr—Fe—0, C, Mo (traces)
SAGPS 36.5-39.5 2.21-7.07  TiC, TizO;, FeCr, complex oxides of system
Ti-Cr-Fe—0O, C, Cr
PS-Ar+H, <12.0 2.87-3.60  TiC, FeCr, C, Ti;O; (traces)
DS 39.5-42.5 2.94-4.90  Cr,04, Ti,Cr,0;, complex oxides of system
Ti-Cr—Ca-0, TiO,, CaF,, Cr, TiN
40Cr,0;—45Ti0,—15CaF, SAGPS 35.0-39.0 2.86-4.73  Cr,04, TiO,, TiCrOs, Ti,Cr,0;, TiO, complex oxides of
system Ti—-Cr—Ca-0O, CaF,
PS-Ar+H, 20.0-29.5 4.82-7.42  Cr,0,, TiCrO,, Ti,Cr,0;, TiO, complex oxides:

Ti-Cr—Ca—-0, CaF,, Cr

Table 4. Phase composition of coating surface after tribotechnical tests at 400 °C

Composition of material sprayed

Result of XDPA

15FeCr-70TiC-3Mo—-12C

TiO,, TiC, FeCr, C, Mo (traces), Ti;Os (traces)

40Cr,05—45TiO,~15CaF, Cr,04, TiO,, Ti,Cr,0;, CaF,, CagCrsO,,, TiN (traces)

T PDaton
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Figure 3. Dependence of friction coefficient f (solid curve) and wear I (dashed curve) on temperature () and appearance of friction

L 4. ™

paths of coatings from CP of Cr,0,~TiO,~CaF,(ll, ) and FeCr—TiC—Mo—C (4, ¢) systems (x750)

lamellar, the internal structure of lamellas is also
characterized by heterogeneity (Figure 2, ). Except
other oxides, the titanium oxide TiO was observed in
the coating. Flakes-like inclusions of a dry lubricant
(black colour) were distributed across the section of
coating quite uniformly.

Integrated investigations of coatings resulted in
determination of TS conditions providing dense coat-
ings with a high adhesion and cohesion strength at a
sufficiently uniform distribution of a dry lubricant
across the section. From the point of view of coating
quality (density, homogeneity of structure and maxi-
mum strength of adhesion with the base material) the
coatings produced by DS method from powders of
FeCr-TiC—-Mo—C and Cry,O3-TiOy—CaF, systems
were selected for further tribotechnical tests under
the conditions of a dry friction.

The investigations of antifriction properties of
coatings were performed using the following parame-
ters: T = 20400 °C, P = 30 MPa, v = 0.5 m /s,
1000 m path of friction, Hertz’s contact.

The test procedure was checked on samples at room
temperature. It was established that the time of fitting
surfaces of friction did not exceed 3 min after the test
beginning. Results of tribotechnical tests of coatings
deposited by TS from powders CryO3-TiO;—CaF; and
FeCr—TiC—Mo—C at elevated temperatures are pre-
sented in Figure 3, a. After the tests the phase com-
position (Table 4) and friction surface of coatings
were studied (Figure 3, b, ¢).

With temperature increase from 20 to 200 °C the
increase in friction coefficient at wear stabilizing was
observed in coating FeCr—TiC—Mo—C. At further in-
crease in temperature up to 400 °C the friction coef-
ficient takes a constant value, not exceeding 0.3, while
the wear is stabilized and somewhat decreased.

Photos of friction surfaces made with the help of
the optical microscope and given in Figure 3 arc typi-
cal of the following processes: smoothing of surface
(most visible in edges of pores) accompanied by de-
stroying of roughness ripples; filling of micropores
with particles of wear, scparated from the coating
and mating body. Fracturc of microprojections occurs
until setting of an equilibrium roughness at which
the friction process is characterized by optimum pa-
rameters for the given conditions of work. After ex-
amination of the friction path surface using XDPA
method the formation of titanium oxides TiO,, TizOs
and graphite film, protecting the base metal from
environment effects and also the significant increase
in values of antifriction characteristics of a tribopair
was observed.
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For coating CryO3—TiO,—CaF, the noticeable in-
crease in friction coefficient (up to 0.45) and wear (up
to 55 pum) within the entire temperature range is oc-
curred, being due to the fact that with temperature
increase the complex oxides Ti,CryO; and CagCrgOoy
are formed, cohesion strength is reduced, and this leads
to spalling of the coating material and formation of a
network of cracks (Figure 3, ¢). At the same time, this
phenomenon was not observed in system FeCr-TiC—
Mo—C containing a plastic component FeCr.

CONCLUSIONS

1. Tt was cstablished that the quality of antifriction
coatings, their structure, phase composition, hardness
and tribotechnical properties depend on the method
and conditions of TS, and also composition and struc-
ture of initial powder, size of particles.

2. In thermal spraying of CP the processes of in-
terphasc interaction of particles of the powder sprayed
with environment and inside the particles themselves
between its constituents are developed. In CP of
FeCr—TiC—Mo—C system the oxidizing of TiC and
FeCr and partial burning out of a dry lubricant was
observed. In powder CryO3-TiO,—CaF, the formation
of complex oxides also inside the particles themselves
is occurred.

3. Tribotechnical properties of TS with dry lubri-
cants are defined by their phase composition and struc-
ture. Coatings from powder FeCr—TiC—Mo—C are
characterized by the highest characteristics of anti-
friction properties both at room and high temperatures
as they represent a quite plastic matrix consisting of
oxide of titanium and ferrochrome strengthened with
hard inclusions of the titanium carbide with uniformly
distributed graphite across scction which is used as a
dry lubricant. The mentioned coatings are superior to
the coatings from powder CryO3-TiO,~CaF, consist-
ing only from wear-resistant oxide phases with inclu-
sions CaF;y which are characterized by the lower co-
hesion strength.
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FUSION WELDING OF TITANIUM TO STEEL
(REVIEW)

L.S. KIREEV and V.N. ZAMKOV
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Literature on fusion welding of titanium to steel by the electron beam and argon-arc tungsten-electrode methods is
reviewed. It is shown that titanium cannot be directly joined to steel due to formation of brittle intermetallic phases.
Therefore, the technology was suggested for joining these materials through intermediate barrier inserts. The use of
intermediate inserts can be avoided by joining titanium to steel in a solid-liquid state. This joining is performed by
projection resistance welding with programmed internal splashing and subsequent forging of the joining zone.

Key words: fusion welding, electron beam welding, ar-
gon-arc tungsten-electrode welding, projection resistance weld-
ing, solid-liquid state joining, titanium, steel, intermetallic
phases, intermediate barrier inserts, vanadium carbides, tita-
nium—steel interface

The problem of making titanium-steel welded struc-
tures has attracted attention of investigators since the
end of the 1950s, with the beginning of commercial
utilisation of titanium in industry. The interest was
caused, on the one hand, by unique properties of ti-
tanium and alloys on its base and, on the other hand,
by high cost of titanium semi-finished products. It
was cxpected that the use of clements of titanium
(where it was required by service conditions of a part)
and steel in one structure would allow improvement
of performance and cost effectiveness of this structure.
However, all attempts to perform direct welding of
titanium to steel failed to give positive results [1, 2|
because of cracks formed in the welds. Investigations
showed that they were caused by brittle intermetallic
phases formed in fusion of titanium with iron and the
majority of steel alloying clements [3], and that ti-
tanium could be joined to steel only through inter-
mediate inserts well weldable to both metals. The
first substantiation of selection of materials for the
intermediate inserts was given in study [4].
Titanium forms continuous solid solutions with
zirconium, hafnium, vanadium, niobium, molybdec-
num and tantalum. Thercefore, it can be satisfactorily
welded to these metals [4-7]. In turn, out of this
group of metals, only vanadium can be directly joined
to steel. However, ductility and toughness of metal
of such welds depend upon the percentage of vana-
dium, iron and other steel alloying elements they con-
tain. First of all, this is attributable to the fact that
in the Fe—V system, at a weight content of vanadium
ranging from 22 to 65 %, the brittle o-phase is formed
in metal |7]|. The negative effect on ductility of the
vanadium-steel welds is exerted by carbon (because
of formation of vanadium carbide) |8] and steel al-
loying elements, such as nickel, manganese, silicon,
ete., if their weight content of the weld is in excess
of 18.0, 2.8 and 1.6 %, respectively |9]. To ensure
satisfactory properties of the titanium-vanadium
welds, they should have a certain titanium to vana-
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dium ratio to form a thermally stable single-phase
[B-structure.

It should be once more emphasised that vanadium
is the only metal which can be directly joined to steel
by the fusion welding method. In all other cases there
should be an intermediate insert between titanium
and steel, consisting of two metals, e.g. tantalum or
niobium and copper or copper-based alloys [4].

Two technologics are used at present to make tita-
nium-steel structures by the fusion welding method.
According to the first technology, welding is performed
using multilayer inserts prefabricated by a pressure join-
ing method (explosion, combined rolling, ctc.). Mctals
that are at the ends of such inserts are titanium at one
end and steel at the other. In this case we join similar
metals (titanium to titanium and steel to steel) by the
fusion welding method. According to the other techno-
logy, joining is performed using one (vanadium) or
several intermediate metal inserts which are successively
fusion welded to each other [1].

Electron beam welding. The technology for EBW
of titanium alloy OT4-1 to steels of the VNS2,
12Kh18N12T and EP56 grades, ferritic chromium
steels and iron is considered in studies |8—12]. Weld-
ing was performed using an insert of vanadium alloy
VV8. Strong and sufficiently ductile welds between
vanadium and steel were made by welding with a
beam shifted towards steel to a distance of 1.1-1.3 mm
from the joint. In welding alloy OT4-1 to vanadium
the beam was shifted towards titanium to a distance
of 0.5 mm from the joint. Welding was carried out
at speed v = 45 m/h and accclerating voltage U =
= 20 kV. The focusing current was Iy = 118 pA, and
the beam current was 59 and 63 pA for the VV& +
VNS2 and VNS2 + OT4-1 welds, respectively. In
welding under the above conditions the weight con-
tent of vanadium in the VV8 + VNS2 weld was not
in excess of 15 %, while the main structural component
of the weld metal was a lamellar ferrite alloyed with
vanadium | 11]. The weld metal with such a structure
was characterised by a relatively high ductility, while
strength of the welded joint was not inferior to that
of the VV8 alloy. Similar results were obtained in
welding titanium to stecls of the 12Kh18N12T and
EP56 grades.
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In welding titanium to iron, low-carbon or ferritic
chromium steel the weld metal should be additionally
alloyed with 2-16 wt.% nickel, depending upon the
concentration of carbon in the weld metal. This al-
loying provides tough fracture of the welds containing
up to 0.06 wt.% carbon. At its higher concentration
(independently of the nickel content) a brittle frac-
ture was fixed in the vanadium—weld fusion zone [8].

Argon-arc tungsten-electrode welding. The main
problem in arc welding of titanium to steel using a
vanadium alloy intermediate insert is similar to that
faced in EBW. It is necessary to produce welds of a
certain chemical composition [12]. In the stecl-vana-
dium weld the mass fraction of vanadium should not
be higher than 15 %, whereas in the titanium-vana-
dium weld it should be not in excess of 25—-30 %,
which provides a thermally stable single-phase B-
structure. To do that, welding of both welds was
carried out by shifting the electrode to 0.8—1.0 mm
relative to the joint. The welding speed should be not
less than 30 m /h. It should be noted that welded
joints between titanium and steel produced through
the vanadium insert can have a reliable performance
at incrcased temperatures within a range of 200—
300 °C [13] and in aggressive environments [14]. At
higher temperatures (500—-600 °C) the joints rapidly
lose ductility due to precipitation of the o-phase and
formation of vanadium carbides [8, 13].

Solid-liquid state joining of titanium to steel.
The feasibility of producing joints between titanium
and steel without intermediate inserts was formulated
and experimentally proved in studies [15-23]. The
joint in this case is formed using projection resistance
welding with a programmed final internal splashing
and subsequent forging of the joining zone.

As follows from [16], in projection resistance
welding the joint is formed first in a liquid phasc as
a result of melting of billets under the effect of heat
released in the weld zone as the current flows through
it, and then, after splashing and forging, in the solid-
liquid phase. The liquid to solid phase ratio may vary
depending upon physical-mechanical properties of the
materials joined and welding parameters (current,
shape of projections, compression force). In the case
of welding titanium to steel, it is desirable that the
maximum possible amount of liquid metal of the nug-
get be removed from the welding zone as a result of
splashing and forging, and that the joint be formed
primarily in the solid phase. Studics described in [17]
resulted in the formulation of necessary premises for
formation of such joints between titanium and steel,
identification of requirements to the projection shape
in titanium and steel parts, shape of electrodes and
welding conditions, development of a mathematical
model to calculate temperature-time processes |19],
and claboration of a corresponding cquipment for
practical application of this technology.

It was experimentally established in welding stecls
10 mm thick of the St.3, 12Kh13 and 10Kh18N10T
grades to titanium alloys 2 mm thick of the VT1-0,
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Steel Titanium R/’g”_i we r,’,fllf,f;l,',ﬂ f;’;j
grade grade v in be);dmg, o
St.3 VT1-0 4.0 20.0* 60
OT4-1 2.8 2.7 11
VT5-1 2.7 2.7 10
VT20 2.6 1.5 8
12Kh13 VT1-0 4.2 20.0* 60
OT4-1 3.6 7.5 26
VT5-1 3.2 - -
VT20 3.1 - -
10Kh18N10T VT1-0 5.9 20.0* 60
OT4-1 4.9 20.0* 60
VT5-1 4.7 13.1 35
VT20 3.5 6.9 24

*Specimens did not fracture.

OT4-1, VT5-1 and VT20 grades that (other conditions
being equal) rupture strength of the weld nugget and
fracture energy in impact bending decrcased with an
increase in alloying of steel [18]. All the joints had
a diffusion interlayer 1-8 pum thick in the transition
zone. Thickness of the interlayer being the same,
strength of the nugget depends upon its chemical com-
position and contact surface area. Aluminium which
gets into the weld from a titanium alloy decreases its
strength in all the cases. Chromium, and to a greater
degree chromium plus nickel, leads to some increase
in strength properties (see the Table). Welded joints
usually fracture because of a brittle cleavage. The
centre of initiation of microcracks is as a rule a channel
where the internal splash occurs, and fracture is ac-
companied by a partial tear out of the subsurface
titanium layers.

Therefore, performance of the titanium to steel
welded joints made by projection resistance welding
depends upon the chemical composition of the joining
zone, as well as upon the shape and amount of remains
of the cast nugget, i.e. upon the factors which are
determined by completeness of splashing and charac-
ter of physical-chemical processes occurring at the
titanium—stecel interface. This technological process
and equipment for its realisation |22]| are designed
primarily for lining steel tanks with titanium plates.

As shown by the literature analysis, fusion welding
of titanium to stecel is feasible only in the case of using
intermediate barrier layers. Such joints are charac-
terised by satisfactory mechanical propertics. How-
ever, they have low corrosion resistance and are in-
sufficiently reliable in operation, especially at in-
creased temperatures.

As far as joining titanium to steel in a solid-liquid
state is concerned, this mcthod has a very limited
application so far.

1. (1979) Metallurgy and technology of welding titanium and
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INTEGRATED MECHANISATION AND AUTOMATION
OF MANUFACTURE OF WELDED HOPPER CARS

B.G. TSYGAN', L.I. PIROGOV', A.V. DONCHENKO’ and Yu.A. TRUBACHEV’
'Kremenchug State Polytechnic University, Kremenchug, Ukraine
2Ukrainian State Research Institute of Car-Building, Kremenchug, Ukraine

The paper deals with advanced technological processes to manufacture welded metal structures of hopper cars, as well
as process equipment, used for their implementation. Mechanisation and automation of the most labour-consuming
operations allows a significant improvement of labour efficiency and reduction of the costs, which are related to
manufacture of the cars. The described designs of process equipment may be widely used in many mechanical engineering

plants during performance of assembly-welding operations.

Key words: mechanisation, automation, welding, car-con-
struction, technological process, processing equipment

Cars with a hopper-shaped body (hoppers cars) are
successfully operated in the railways of many coun-
tries of the world. They are used for bulk shipment
of cargo, of which there are about 600 kinds. The cars
can be of two types: roofed (for shipment of bulky
cargo, requiring protection from atmospheric impact)
and open (for the other kinds of cargo, namely coal,
iron pellets, etc.).

Hopper cars, produced in Ukraine for transporta-
tion of cement, mineral fertilisers, peat, iron pellets,
etc., are superior to their analogs from Russia, Ger-
many, France and other countries by their most im-
portant parameters (empty weight-to-carrying capac-
ity ratio, volume and weight of the transported
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cargo). Practically all the hopper cars have a standard
all-welded metal structure of the body. On the other
hand, they differ from each other by the design and
number of hoppers, loading and unloading hatches,
position of the latter relative to the track and unload-
ing mechanisms. The highest level of mechanisation
and automation of assembly-welding operations in
manufacture of hopper cars in Ukraine was achieved
in Company «Stakhanov Car-Building Workss>. An
cight-wheel roofed sclf-dumping car (Figure 1) cur-
rently made in the Works is designed for shipment
over the entire railway network of CIS countries
(1520 mm tracks) of bulky granulated, coarse-
grained, crystalline, non-caking non-corrosive mi-
neral fertilisers, as well as bulky powderlike raw ma-
terials (apatite concentrate, phosphoric powder).
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Figure 1. Hopper car for mineral fertilizers (19-923 model): 7 — body with hoppers; 2 — frame; 3 — dumping mechanism; 4 —
unloading hatch covers; 5 — undercarriage; 6 — automatic coupling; 7 — automatic brake; 8§ — side wall; 9 — roof with loading

hatches

The carriage is an all-welded structure. Cargo is
loaded through hatches, located in the roof. They are
fitted with covers, providing a reliable locking and
sealing to prevent moisture penetration inside the car.
Located in the lower part of the body on both sides
of the hopper are two slot unloading hatches, which
are opened and closed by a pneumatically driven
mechanism.

In order to set up the production of this car, the
design-technology institutes developed technologics,
which envisaged the use of the most advanced proc-
essing equipment and rigging, integrated flow lines
with a rigid and soft constraint, object-closed shops
and sections. Production runs in a closed cycle, unit
11980

welding and general assembly of the car are located
in two bays of the assembly-welding shop. The main
principle of the shop lay-out is provision of a direct-
flow production process of making the frame, hoppers,
roof, side and ¢nd walls and body.

The basic clement of the car is the frame (Fi-
gurc 2). It consists of main beam 7, two bolster beams
4, longitudinal 2 and transverse 5 ridges, lower 7 and
front 6 shects, lever bracket 3 and step bracket 8.
Technological process of frame assembly starts with
manufacture of main beam, which is made of two
beams of Z-section No.31, welded to each other by a
longitudinal butt weld. Front rests of automatic cou-
pling are mounted on end parts of the beam. A ridge
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Figure 2. Frame of a car for mineral transportation (for designations see the text)
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Figure 3. Schematic of a section for assembly and welding of frames of a car for mineral transportation: ¢ — container for Z-section;
b — bench for main beam assembly; ¢ — automatic welding machine; d — two-sided drilling machine; e — tilting carriage for rest
riveting; f — bench for frame assembly; g — trunnion welding positioner; 2 — bench for drilling and riveting the step brackets (for

other designations see the text)

is welded on top, giving it additional strength and
promoting better pouring off of the cargo. Assembly
and welding of main beam are arranged in a specialised
bay (Figure 3).

Z-sections are transported to the shop in containers
(Figure 3, @), from where they are transferred piece by
piece to the facility for their cutting to the required
length, and then are placed into assembly bench 2 using
pncumatic manipulators 1 (Figure 3, b). Automatic
welding of a butt weld of the main beam is performed
with two automatic welding machines A-1412 on a flux-
copper pad (Figure 3, ¢). In order to achicve sound
formation of the bead, the gaps formed in assembly, are
filled with granulated metal fillers of Sv-08G2S (wt. %:
0.1C; 1.0Mn; 0.4Si; Fc — balance) wire of 2 mm di-
ameter. In order to reduce the distortion, the beam is
welded with application of its elastic out-of-plane bend-
ing with subsequent fastening and use of back-step tech-
nique, i.e. one automatic machine applies a weld from
the beam beginning up to its middle and the second
from beam middle to its end.

Final assembly of the unit, intermediate control,
repair of defective sections of the weld and item ac-
ceptance by quality inspection personnel are per-
formed in a welding positioner (Figure 3, g). Assem-
bled (with front and rear rests) main beam is moved
to a multihead two-sided drilling machine AM 15-411
(Figure 3, d). It is then laid on tilting carriage 4
(Figure 3, e), where riveting operation is performed
by hydraulic rotating clamps 3. Rivets are heated in
an electric furnace, which provides a fast (during

20-25 min) heating of 20 rivets of 27—30 mm diameter
up to the temperature of 850900 °C, prevention of
their overheating or formation of scale. Silicon carbide
electrodes are used as heating elements, to which volt-
age is applied from welding current source TDF-1200.

Then the main beam is moved on and placed into
a beneh for assembly (Figure 3, /) with the clements
of bolster beam, ridges (longitudinal and transverse)
and other parts of the frame. All the assembled ele-
ments are tack welded to each other and the assembled
unit is fastened in the welding positioner (Figure 3,
g). Welded frame is mounted by bridge cranes in the
drilling bench (Figure 3, #) to make holes by radial
drilling machines 6 and subsequent riveting of pivots
to it by suspended hydraulic clamps 5. The frame is
then assembled with pre-fabricated hoppers and is
welded in the tilter with lifting centres. The finished
item accepted by quality inspection department is
transported by the transfer car to the benceh for general
assembly of the car body.

Side wall of the car for mineral transportation
(Figure 4) is a frame structure, consisting of lower 7
and upper 2 ties, connected by vertical posts 3. Braces
6 are mounted at the extreme posts to make the frame
more rigid. Upper tie is made of formed channel sec-
tion of open type, lower tie and braces of a square
pipe 5 mm thick. Posts are made of double T-shape
No.12. Sheathing 4 is made of channelled sheets 3 mm
thick with intermittent corrugations. Sheathing is
welded to posts by plug lap joints of 21 mm diameter
with 110 mm spacing, and to upper and lower ties by
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Figure 4. General view of the car for mineral transportation: 7/ — lower tie; 2 — upper tie; 3 — post; 4 — sheathing sheet; 5 — end

sheet; 6 — brace
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Figure 5. Schematic of a flow line for assembly and welding of the side wall of a car for mineral transportation: ¢ — set up for sheathing
panel assembly and welding; b — bench for assembly of the side wall with the panel; ¢ — machine for ASW of the panel to the frame;

d — machine for automatic welding of the panel to the ties

an overlap weld. Upper and lower ties, posts and knee
braces are made of 09G2D steel, side wall boards of
10KhNDP (wt.%: 0.1C; 0.5Cr; 0.8Ni; 0.2Si; 0.3Cu;
Fe — balance) or 09G2D (wt.%: 0.1C; 1.0Mn; 0.4Si;
0.3Cu; Fe — balance).

Side walls are manufactured in an integrated flow
line, consisting of four work places and manufacture
starts with assembly and welding of the sheathing
panel in a specialised installation (Figure 5, a).
Sheathing panel consists of two corrugated sheets,
which form an overlap joint, welded from both sides
by a fillet weld with 3 mm fillet. The sheets are laid
with bridge crane into the bench by the rests and are
fastened by side collets. A welding gantry is brought
to the point of the start of welding at travel speed,
and automatic CO, welding of the panel is performed
with 2 mm wire at the speed of 80 m /h. Gaps in the
overlap joint are prevented by pressing together the
edges to be welded by a press-down roller, mounted
on the gantry.

After the first weld has been made, the item is
released, is tilted through 180° in the same work place
by a bridge crane, and the second weld is made. The
finished item is raised by a lifting roller conveyor,
built into the bench frame, and is transferred to the
bench for assembly with the side wall frame (Figure 5,
b). Stay posts, upper and lower ties and sheathing
sheets are laid by the rests on the panel, which has
come to the bench for assembly. All the parts are
connected to each other by electric arc tack welds,
and the assembled unit is transferred by the roller

!

conveyor to the machine for automatic arc spot weld-
ing (ASW) of the sheathing pancl with the posts of
the side wall frame (Figure 5, ¢).

The installation, shown in Figurc 6, consists of
bed 5, gantry 3, carrying A-1731 U4 machine 2 for
twin-arc spot welding, rail track 4, trestle 6 and stair
platform 7. The bed for the item is made in the form
of a frame with supports, rests and pneumatic clamps.
Platform 7, used for inspection and maintenance of
the gantry, is mounted at the end face of the bed.
Gantry moves along the rail track, with limit switches
placed along it to adjust the spot weld spacing. At
the start of operation the gantry is brought into a
position, providing free access to the bed. Bed grips
and collets are opened. The position of the assembled
side wall, coming in by the roller conveyor, is fixed
by catches and fastened with pneumatic clamps
against the rests. Then the gantry is brought at the
travel speed of 6.6 m/h to the place of welding the
first row of the arc spot weld, and the automatic
welding machine is switched on, which during 5 s
performs simultaneous CO; welding of two plug lap
joints of 19 mm diameter with automatic welding up
of the crater. After that the welding head is lifted by
a pneumatic cylinder and the automatic machine
moves along the guide rail, which carries mi-
croswitches, controlling the size of the step of the
automatic machine displacement. Then the head is
lowered and the next two plug lap joints are welded,
ete. The spot weld is made at the working speed of
3.54 m /min. After completion of welding of the first
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Figure 6. Installation for automatic ASW of the sheathing panel to the side wall frame (for designations see the text)
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Figure 7. End wall of the car for mineral transportation (for designations see the text)

spot weld, the gantry in the automatic mode is moved
to the next row, etc., up to completion of the tech-
nological operation. Then the item is released, tilted
by the gantry crane through 180° and is transferred
to the machine for welding the sheathing panel to the
upper and lower ties (Figure 5, d). The machine al-
lows automatic welding to be performed simultane-
ously with two welding heads, providing a close fit-
ting of the edge of the panel being welded to the ties,
and automatic guiding of the clectrode along the butt
axis. Welded side wall is transferred to the bench for
general assembly of the car body.

The end wall of the car for mineral transportation
(Figurc 7) consists of three parts, namely sheathing
sheet 2 and two extruded 4 mm sheets 7 and 5, butt
welded to it. Extruded parts arc used to improve the
sliding of the cargo and provide a bond in the form of
butt joints between the side and end walls. Upper tie,
made in the form of strip 6, is welded to the upper part
of the sheathing. Sheathing sheet is reinforced with two
longitudinal posts 4 and girth 3 of omega-shaped profile.
Production of end walls is organized in a specialized
shop scction, consisting of three work places.

Manufacture of the unit starts from assembly and
automatic welding of two extruded and one middle

sheet to each other with back weld formation in the
installation (Figure 8), consisting of bench 5, gantry
10, moving along guide rails 9 and welding tractor
13. Attached to base of bench 79 are two copper back-
ings 4 and 8 with hinge rests 3 and 7, pneumatic
clamps 20 and specialized mechanized rammers 27 for
bringing the edges of abutted sheets in contact with
curvilinear edges. The gantry is used for displacement
of the welding tractor into the welding zone and re-
liable pressing up of the butts being welded to the
copper backing.

The sheets were placed into the bench by hinge
rests 3 and 7, so that the edges being welded were
located above the copper gaskets with 5 mm gap, and
were fastened by pneumatic clamps 20. After that the
gantry is moved into the welding zone and pneumatic
centralisers are used to mount it with respect to rest
6. The gap between the edges of the sheets being
welded is filled with flux for sound formation of the
back side of the weld. Then rammer 27 is used to
press together the edges of the abutted sheets, and
one-side automatic butt welding is performed after
their fastening by pedal pneumatic clamps 8.

Welded sheathing is released, and the bridge crane
moves it to the position of sheathing assembly with
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Figure 8. Installation for assembly and automatic welding of end wall sheathing: 7, 16 — rest; 2 — stop pneumatic cylinder; 3, 7 —

hinge rests; 4, 8 — copper backing; 5 — bench; 6 — stationary rest; 9 — guide; 10 — gantry; 7/ — pressure beam; 72 — power
supply; 73 — welding machine; 74 — welder platform; 75 — electric drive; 77 — pneumatic centraliser; 18 — pedal pneumatic
clamps; 19 — base; 20 — pneumatic clamp; 2/ — rammer
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Figure 9. Roof of the car for mineral transportation: 7 — end sheet; 2 — roofing; 3 — loading hatch cover; 4 — transom; 5 — arc;

6 — middle sheet; 7 — hand rail

other elements. The assembled unit is placed on the
manipulator table, where it is welded. Finished item
is submitted to the staff of quality inspection depart-
ment and is transferred to the general assembly of the
car body.

Figure 9 shows the design of the roof of the car
for mineral transportation. It is made in a closed in-
tegrally mechanized section, including three process-
ing operations and one storage position. Roof sheets
are initially laid out by the form of the panel, are
tack welded to each other, and are placed in the as-
assembled form into the bench, where automatic CO,
welding of two overlap welds is performed simulta-
neously. Welded panel is laid onto arcs 5 first mounted
and fastened in turner-bench.

The highest level of labour mechanisation and fit-
ting of the technological process with equipment in
manufacture of roofs of hopper-cars, and, in particu-
lar, of cement-carrying cars, was achieved in Kryukov
Car-Building Works.

The roof of the cement-carrying car (Figure 10)
consists of transverse arcs 5, made of angle bars and
covered with sheets 4 and 7 on top. Sheathing panel
sheets have longitudinal corrugations, which impart
rigidity to the roof and prevent service personnel from
slipping on it. Welded to extreme arcs from both end
faces of the roof are transoms 9, used to join the roof
to the end walls of the car. Four loading hatches 3
are located along the roof axis, which have covers
with a spherical surface and are pressed down by

A

T

9
Figure 10. Roof of a cement-carrying car: 7 — compensator; 2 — strut; 3 — loading hatches; 4 — end sheet; 5 — arc; 6, 8 — plug;

7 — middle sheet; 8 — transom

8/2002

35




' INDUSTRIAL

Flow
direction

11

‘\-/

; \,

Figure 11. Layout of equipment in the line for roof manufacturing: 7 — storage position for sheet rolled stock; 2 — bench for assembly
and welding of transoms; 3 — installation for assembly and welding; 4 — bench for testing welded joints tightness; 5 — storage
position for finished items; 6 — two-arc consoles with feed mechanisms of semi-automatic welding machines
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Figure 12. Installation for assembly and automatic welding of roof of the cement-carrying car: 7 — cable suspension; 2 — welding
gantry; 3 — bracket; 4 — assembly bench; 5 — guides; 6 — assembly gantry

4430

Figure 13. Welding gantry: 7, 11 — carriage; 2, 9 — tracer; 3, 8, 20 — corrector; 4 — welding torch; 5 — pneumatic clamp; 6 —
A-1197S semi-automatic machine; 7 — flange; 70 — beam; 72 — casing; 713 — press-down roller; 14 — rod; 75 — bracket; 716 —
chair; 17 — lever; 18, 22 — pneumatic cylinder; 79 — control panel; 21 — tracer rollers
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Figure 14. Schematic of equipment layout in the section of assembly of the car metal structure (for designations see the text)

spring-loaded levers. Mounted on the middle arc of
the roof is a staircase, which is connected to the ver-
tical sheet of the frame in its lower part. The staircase
is designed for servicing the car inner part. Roof manu-
facturing is organized in a flow line, which consists of
two operating positions and two storage positions. Equip-
ment layout in the flow line is shown in Figure 11.

Roof assembly starts with manufacture in jig 2 of
arcs and transoms, which are transferred to the assembly
bench of installation 3. Further assembly and automatic
welding of the roof of cement-carrying car is performed
in the installation (Figure 12), which consists of assem-
bly bench 4, welding 2 and assembly 6 gantrics, and
cablesuspension 7. Laid along the bench are longitudinal
rack guides 5, providing for displacement of the welding
and assembly gantrics. Roof assembly starts with sc-
quential positioning by bench rests of the transoms and
arcs, with their position being fixed by pneumatic cyl-
inders. After that two end sheets are placed by bridge
crane above the arcs, and are tack-welded to them by
COy arc process. Then the middle sheet is positioned to
form an overlap joint together with the end sheets. Roof
sheets are first spot welded to the arcs.

Turning in of the panel sheet and its close contact
with the arcs in the points of their welding to it are
provided by assembly gantry 6, fitted with pneumatic
clamps. Automatic CO, welding of two longitudinal
overlap welds is made with Sv-08G2S wire of 1.2 mm
diameter, using a gantry, which carries feed mecha-
nisms of semi-automatic welding machines A-11978S.
Welding gantry (Figure 13) provides a reliable press-
ing of edges of the sheets, joined by overlap welds.
It consists of two carriages 1 and 11, beam 10, clamps
5, tracers 2 and 9, torch position correctors 3 and 8,
welder’s chair 76 and control panel 19. Carriages 1
and 1/ move the gantry along the guides at welding
and travel speed. Synchronous operation of carriage
drives is provided by the control circuit. Connecting
beam 70 is a box-shaped weldment, which carries the
main asscmblics of the gantry.

Minimal gaps in welding of an overlap joint of
sheathing sheets are provided by using pneumatic
clamps 5, which have angular, transverse and height
correction. Electrode guidance along the butt during
welding is provided by mechanical tracer 9, consisting
of spring-loaded rollers 27 and welding torches 4,
rigidly coupled to them. Follower rollers with the
torch are brought to the butt and withdrawn from it
by a pneumatic cylinder. Preliminary positioning of
welding torches along the butt axis is performed by
correctors 3 and 8. For operator comfort, chair 76 is
mounted on the beam, and panel 79 for control of all
the mechanisms of the unit is fastened near it. Finished
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item is transferred by the crane to the bench for testing
the tightness of welded joints 4 (see Figure 11), using
the kerosene sample and then to storage position 5.

The car is an all-welded structure, consisting of a
frame with hoppers, two side and two end walls,
welded to the frame and to each other, and the roof,
welded to the walls. General assembly and welding
of the car metal structure is performed in a section,
accommodating three working operations (Fi-
gure 14), using an electric bridge crane. A frame with
hoppers is first placed on the mounting pins of ele-
vating supports 2 of assembly bench (Figure 14, I).
After straightening in the horizontal plane, which is
performed by the method of regulation with measur-
ing plates, the frame is fastened.

Position of side walls relative to the fastened frame
is determined by lower catches. Vertical fastening of
the side element is performed with a rigging screw.
Side and end walls are abutted to each other with
screw braces, and edges are aligned, using screw
clamps. Work on assembly of the upper part of the
car body is performed from carriages f, moving along
the rails, which are laid along the entire length of
the beneh. Enclosed clevating platforms for assembly
workers are mounted on carriages. Car metal structure
assembled with clectric are tack welds is mounted in
trunnion positioner (Figure 14, IT), allowing the item
to be rotated through 90° to both sides and the most
convenient position for welding operations perform-
ance to be selected. Positioner is made in the form of
two scparate posts. Post 3 is stationary, and post 5
is mobile. Rotary consoles 6 with semi-automatic
welding machines are mounted on the post platforms.
Laid from both sides of the positioner are rails, along
which electrically driven welding consoles 4 move.
After welding the body is transferred to the next
bench (Figure 14, I11), where its mounting and weld-
ing of the roof to it are performed, and further on to
the specialized line of metalwork assembly of the car.

Application of the means of integrated mechani-
sation and automation in fabrication of welded metal
structure of hopper cars allowed Company «Sta-
khanov Car-Building Workss ensuring a high quality
of manufactured items, their operational reliability
and improving labour efficiency. In this case, the num-
ber of workers was reduced by 10 persons.

In view of the above, we believe it is possible to
recommend to engineering-technical staff dealing
with the issues of fabrication of various welded metal
structures of frame type, beams, sheet panels, etc. to
consider the rationality of applying in their enterprises
the technology and equipment, introduced in the
«Stakhanov Car-Building Works».
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METHOD FOR INVESTIGATION
OF LONGITUDINAL RESIDUAL STRESSES
IN BEAD ON NICKEL ALLOY PLATE WELDING

N.O. CHERVYAKOYV and K.A. YUSHCHENKO
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

It is shown that maximum longitudinal tensile stresses induced in bead on nickel alloy plate welding amount to yield
stress of the base metal. In the case of welding with preheating to 900 °C residual stresses decrease by 30 %.

Key words: high-strength nickel alloys, residual stresses,
net method, yield stress, preheating

Strain-hardening nickel alloys reinforced by the y-
phase are widely applied for manufacture of heavy-
loaded components and parts operating at high tem-
peratures. However, these alloys have unsatisfactory
weldability, which is attributable to their suscepti-
bility to cracking in fusion welding and postweld heat
treatment.

High-temperature preheating has an increasingly
wide use as an accompanying operation in the manu-
facture of gas turbine parts to decrease sensitivity to
formation of defects in welding and ensure required
properties of welded joints. The role of preheating in
cracking of fusion welded joints has been insuffi-
ciently studied. The positive effect of preheating is
related to relaxation processes occurring during weld-
ing and cooling.

It is of practical interest to study the character of
distribution of residual welding stresses in welding
with prcheating and at room temperature.

Experimental mechanical methods based on meas-
urcment of displacements caused by removal of clamps
from structural members containing residual stresses
are most often used to evaluate welding stresses. These
methods provide a better measurement accuracy, com-
pared with physical ones based on relationships be-
tween residual stresses and some physical properties
of materials [1, 2].

Mechanical devices, such as strain gauges and re-
sistive-strain sensors, as well as different types of
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Figure 1. Residual stresses in the steel plate after bead deposition
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dividing grids and brittle coatings are employed to
measure displacements. Baseline holes are drilled in
a plate when using the strain gauges (according to
their design). In view of difficultics associated with
machining of nickel alloys and peculiarities of their
structural state the use was made of the net method
[3] to determine residual stresses.

The point of this method is that a net with assigned
parameters is deposited on the material surface. Dur-
ing deformation of a sample the net is distorted, copy-
ing distortion of the surface. The value of deformation
of an object studied can be estimated by measuring
distortion of the net cells and processing the results
obtained. The advantages of this method are clearness,
credibility and simplicity.

The net of a system of mutually perpendicular
lines, the directions of which coincide with directions
of the selected coordinate axes, was used for the stud-
ies. The net was applied to two sides of the plate
using a diamond tool to ensure thickness of the lines
equal to 0.01 mm. Prior to bead deposition, the plate
surface was polished, and then the net was applied
to it, the distance between the lines being 2 mm on
the gauge arca of 50 mm. The distance between the
net lines along axes 0X was carefully measured before
and after cutting using the toolmaker’s microscope
BMI-1 with a sample stage moving in longitudinal
and transverse directions and with micrometer screws
having a scale division of 0.005 mm. The measurement
error over the selected gauge area was not more than
10 %. The x10 magnification was usced. The plate was
cut using the CNC electrical discharge cutting ma-
chine (model 4532F3). Tap water with anticorrosive
additives was used as a working fluid.

The procedure for investigation of longitudinal
residual stresses was optimised on a plate
(140x50x4 mm in size) of high-alloy steel with yield
stress of 250 MPa. Automatic TIG welding of a bead
on a central part of the plate in the unclamped position
was performed under the following conditions: I, =
=80 A, U,=25-26 Vand vy, =4 m/h. After welding
with penetration and complete cooling, the plate was
cut using the electric discharge cutting machine,
which provided minimum induced strains and heating.
The cut width was 1-1.5 mm.
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Figure 2. Residual stresses in the nickel alloy plate after bead
deposition

Difference between sizes of the net cells before
and after cutting the plate yields an elastic component
of the strain € = g.1. Given that studied were the plates
of small width and thickness, the effect of stress oy
was assumed to be insignificant, and longitudinal re-
sidual stresses for a case of the uniaxial stressed state
were calculated from formula

n T

:8,\"E=—E)

0.\" res G

where 7415 is the difference between the net sizes in
a longitudinal direction before and after cutting the
plate; E is the elasticity modulus of the material; and
G is the gauge arca.

Maximum tensile stresses which are approximately
equal to yield stress of the base metal are formed in
the weld and in adjacent regions (Figure 1). These
stresses gradually decrease, change the sign and be-
come compressive with transition from the weld to
the HAZ.

Residual stresses in the plate of nickel of the Cr—
Co—W-AI-Ti alloying system with a yield stress of
850 MPa were determined by the above procedure.
TIG welding without a filler on the nickel alloy plate
105%50 mm in size and 3 mm thick was performed
under the following conditions: I, =60 A, U, =10.5V
and vy, = 6 m/h. The maximum tensile stresses reach-
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Figure 3. Residual stresses in the nickel alloy plate in welding
with preheating

ing the yield stress value are formed in the weld and
adjacent regions (Figure 2).

In welding with preheating, the nickel alloy plate
of the above sizes was heated in a furnace to a tem-
perature of 900 °C (this temperature favours improve-
ment of ductility characteristics of the alloy investi-
gated), held in the furnace for half an hour, removed
and welded. Then the plate was polished and the net
was applied to it. After that the plate was cut and
stresses were caleulated from the formula. Figure 3
shows that the use of preheating results in decrease
of 30 % in the level of maximum tensile stresses and
extension of the zone affected by them.

CONCLUSIONS

1. Procedure for evaluation of residual stresses in a
nickel alloy was optimised using the net method.

2. Maximum tensile stresses induced in TIG weld-
ing of a bead on the nickel alloy plate were found to
reach yield stress of the base metal. The use of pre-
heating results in decrease of 30 % in longitudinal
residual stresses.

1. Nedoseka, A.Ya. (1998) Principles of calculation and diag-
nostics of welded structures. Kyiv: INDPROM.

2. Masubuchi, K. (1980) Analysis of welded structures: resid-
ual stresses, distortion and their consequences. Pergamon
Press.

3. Kasatkin, B.S., Kudrin, A.B., Lobanov, L.M. et al. (1981)

Experimental methods of study of strains and stresses. Re-
fer. Book. Kyiv: Naukova Dumka.
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SOME PECULIARITIES OF DELAYED FRACTURE
OF HAZ METAL IN STEEL M76 AFTER CLADDING
USING AUSTENITIC WIRE

Ya.P. CHERNYAK, G.V. BURSKY and V.K. KALENSKY
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Increase in heat input in cladding samples of steel M76 using wire of the PP-Np-06G13Kh13N2MF type has been found
to cause increase in the HAZ metal fracture energy. Accordingly, this leads to increase in resistance of the HAZ metal

to cold cracking.

Key words: cladding, heat-affected zone, heat input,
thermal cycles, cold cracks

Repair cladding of worn out lateral surfaces of steel
M76 girder rails using austenitic wire without pre-
heating caused cracks of the cleavage type formed
beneath the first deposited bead at the fusion bound-
ary or in the HAZ metal (near this boundary). For-
mation of these cracks was eliminated by depositing
the first bead at an increased heat input [1]. To sub-
stantiate the requirement for this peculiarity of the
rail cladding technology, it was necessary to quanti-
tatively estimate resistance of the HAZ metal of stecl
M76 to cold cracking after cladding using austenitic
wirc at different levels of heat input.

Different test methods are employed to estimate
resistance of the HAZ metal to cold cracks (including
of the cleavage type). The premise of these methods
is that cold cracks initiate and develop with time, i.c.

Figure 1. Sample with two deposited beads
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they have the character of delayed fracture on stecls
subjected to the effect of the welding thermal cycle.
The methods include LTP-2, RRC [2], implants [3],
etc.

The improved implants method |4-7]| developed
by the E.O. Paton Elcctric Welding Institute and
successfully used in practice was employed to perform
the task posed. Investigations were conducted using
the system |5, 7| consisting of a loading unit, device
for measuring the load on an implant, unit for record-
ing and measurement of displacements in the HAZ
metal after application of the external load, unit for
registration of acoustic emission (AE) signals, electric
signal matching unit and recorder.

Flat polished implants of steel M76 (yield stress
oy =610 MPa) were used. Tabs with rectangular holes
to install an implant were made from the same steel.
The assembled tabs and implants were placed in the
jig to ensure their rigid fixation, then followed clad-
ding on the assembled sample. Cladding was per-
formed by the submerged arc method using flux AN-
26P and an experimental flux-cored wire PP-Np-
06G13Kh13N2MF at a DCRP. Two beads were suc-
cessively deposited one upon the other on the sample
under different cladding conditions (Figure 1).
Chemical compositions of the steel M76 samples and
deposited metal are given in Table 1. Thermal cycles
were fixed by the KSP-4 recorder using chromel-
alumel thermocouples calked into the base metal at
a level of the expected fusion boundary.

T,°C
1000 }
800
t\ @ =287kJ/cm
600 |3, ® 5 \
LY s
RN i 128 I\
400 | N SN [N AN
\\- \\\.‘l \.\/. ] \\\
200 F~C o S ==
Mb ~at —~ T
1 1 1 1
0 100 200 300 400 o s

Figure 2. Thermal cladding cycles with different values of heat
input

8/2002




BRIEF INFORMATION - .

Table 1. Chemical composition of steel M76 and metal deposited with wire PP-Np-06G13Kh13N2MF

Content of elements, wt.%

Material K j?/;m
C Si Mn Cr Ni Mo V S P
Steel M76 0.76 0.33 0.80 - - - - 0.021 0.017
Lower bead 12.8 0.453 0.52 9.42 10.34 1.35 0.44 0.26 0.026 0.032
Lower bead 28.7 0.440 0.56 9.38 10.02 1.25 0.37 0.21 0.026 0.030
Upper bead 12.8 0.310 0.64 13.05 13.52 1.71 0.53 0.29 0.028 0.024

Table 2. Effect of cladding parameters on delayed fracture resistance of steel M76 samples

Sample Bead oh, m/h 0, kI /em Wy 9 °C/s P, MPa Ay J/md Ay J/m
1 Lower 36.8 12.8 2.5 380 9.1 39.9
Upper 36.8 12.8 1.4 (0.620,)
2 Lower 17.2 28.7 1.2 380 13.7 No fracture
Upper 36.8 12.8 1.1 (0.620,)
3 Lower 17.2 28.7 1.2 537 48.3 112.4
Upper 36.8 12.8 1.1 (0.885,)

"The rest of the cladding parameters were as follows: I = 400425 A, U =32 V.

As established in [ 1], the temperature of beginning
of martensitic transformation for steel M76 is My, =
=230 °C. It is shown that the rate of cooling the steel
after cladding should be decreased to ensure a rela-
tively favourable structure of the HAZ metal with a
microhardness of about HV 350 (P =1 kgf, t = 10—
15 s). This can be achieved by extending the time to
reach the M}, temperature of the HAZ metal to 150—
250 s. Based on these data, the lower beads were
deposited in two modes. Judging from the recorded
thermal cycles (Figure 2), the first mode with heat
input Q =12.8 kJ /cm after cladding provided cooling
of the HAZ metal to the M), temperature within 90 s,
and the second (Q = 28.7 kJ /cm) — within 200 s.
The upper beads required for the HAZ to be partially
tempered were deposited at a low heat input Q =
=12.8 kJ /cm (Figure 2). It was calculated from the
following formula:

1U60

Q = 15000, </ em

where v, is the cladding speed, ¢cm /min.

After deposition and cooling in air to 60-70 °C,
cach sample with a piezotransducer fixed on the im-
plant was loaded into the testing machine and sub-
jected to the permanent effective tensile specific load-
ing Ps,. The samples were held under the load to
fracture. If they did not fracture, the load was re-
moved after 24 h. The recorder yielded experimental
data in the form of delayed fracture curves in the
displacement—time coordinates (Figure 3). The curves
fix elongation of the samples caused by microplastic
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deformations and individual AE pulses of an increased
amplitude which indicate to an instantancous release
of the elastic energy as a result of formation and
growth of microcracks [8]. Table 2 gives systematised
experimental parameters and results.

It can be scen from Figure 3 that microcracks in
the samples are formed under the effect of loading
after different plastic deformation. Specific energy
spent for deformation of metal to the moment of crack
initiation, A, for the samples deposited at a heat
input of 12.8 and 28.7 kJ /cm is 9.1 and 13.7 J/m?,
respectively. Low values of A.; and specific fracture
cnergy Ag, (energy spent for microplastic deforma-
tion, initiation and growth of microcracks to the mo-
ment of the fracture centre formation) are indicative
of a low plastic deformability of the HAZ metal. The
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Figure 3. Curves of delayed fracture of samples: 7 — deposition
of a lower bead at heat input Q = 12.8 kJ /cm at Py, = 380 MPa;
2 — same at Q = 28.7 kJ /cm and P,, = 380 MPa; 3 — same at
Q =28.7kJ/cm and P, = 537 MPa
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Figure 4. Microstructure of the HAZ metal in cladding using wire PP-Np-06 G13Kh13N2MF: ¢ — Q =128 kJ/cm, b— Q=28.7kJ/cm

(x500)

rate of cooling the HAZ metal in sample 1 within a
range of 300-200 °C (w3 /») in deposition of the lower
bead is 2.5 °C/s. In this case the HAZ metal structure
consists of tempered martensite (Figure 4, ). lts mi-
crohardness amounts to HV 408 (P =1 kgf, t = 10—
15 s). Specific energy of fracture of the HAZ metal
(under a load of 0.620y) is 39.9 J/m?. Increase in
heat input to 28.7 kJ /cm in deposition of the lower
bead leads to decrease (samples 2 and 3) in the cooling
rate within a range of 300-200 °C to 1.2 °C /s, and
decrease in the maximum microhardness to HV 351.
A structure consisting of bainite and pearlite is formed
in the HAZ metal (Figure 4, b). The load equal to
0.620y turned out to be insufficient to cause fracture
of the sample, as microplastic deformations and for-
mation of microcracks resulted in relaxation of
stresses. The sample fractured under the load in-
creased to 0.880y, and the fracture energy was
112.4 J /m?.

Therefore, deposition of the lower bead at a heat
input of 28.7 kJ /cm leads to increase of almost 3
times in the fracture energy of the HAZ metal in
samples treated using wire PP-Np-06G13Kh13N2MF.
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This confirms conclusions made in study [1] and sug-
gests that increase in the heat input in deposition of
the lower bead leads to a substantial increase in the
level of resistance of the steel M76 HAZ metal to cold
cracks of the cleavage type.
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