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ESTIMATION OF GROWTH OF FATIGUE CRACKS
IN LOAD-BEARING WELDED STRUCTURES
AT RANDOM SPECTRUM OF CYCLIC LOADING

V.. MAKHNENKO and [.Yu. ROMANOVA
E.C. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Caonsidered is the procedure for estimation of growth of fatigue cracks in reinforcement of one-sided butt weld on a
longitudinal beam of freight flat car at the preset range of random cyclic loading. It is shown that sequence of application
of the loading spectrum elements has a substantial effect on the futigue life of a structure. The use of the Monte-Carlo
method in calculations allows generating probabilistic characteristics of failure related to randam application of cyelic

loading.

Keywords: welded structures, freight flat car, fatigue
crach, cyclic loading, Monte-Carlo method, probability of fail-
ure, amplification factor, estimation of fatigue life

Many modern critical durable structures {construc-
tions) experience the effect of alternating time-de-
pendent loads, which are of a random character, the
elements of spectra of these loads, i.e. their ranges
and frequency, being well studied. However, the se-
quence of application of ranges of such time-dependent
loads causes certain difficulties in estimation of the
development of fatigue cracks because of its substan-
tial non-linearity with regard to geometric sizes of a
crack. Normally, the most conservative method is used
in this case. With this method, elements of the loading
spectrum are ranked in sequence, starting from the
highest range of loads, and ending with the lowest
one [1]. The extent of conservatism of such an ap-
proach at corresponding loading spectra may be much
beyond the reasonable limits, i.e. lead to a high dis-
agreement between the calculated and experimental
results. In this connection, when choasing the se
quence of ranking of the loading spectrum elements,
noteworthy is the use of methods of the theory of
random events [2], etc. This study is dedicated par-
ticularly to this issue.

The study considers a surface (semielliptical) crack
(Figure 1), when its characteristic geometrical sizes
¢ and a grow according to equation (1) per cycle AN =

=1 [1]:

N -

117

Figure 1, Schematic of surface (semielliptical) erack in structure
element with thickness & loaded by membrane stresses a,,

© V.1 MAKHNENKS amd 1Yy, ROMANOVA, 2009
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% = CRAKT(D), if AK] > AKy(R) (I = a, ¢);
(1)
AL _ 0, if AK] < AKy(R)
AN~ R

where AK{ is the range of variations in stress intensity
factor K,(1), respectively, at apex of the crack with
sizes ¢ and @ (see Figure 1):

(2)
(3)

8K} = K™ - KT™();
R = K" /K™,

Cy and m are the experimental characteristics of a ma-
terial within the crack zone [1]; and AK(R) is the
threshold value of Kj{I) obtained experimentally [1].

The values of K™*(I) and K™"(/) are found from
the known values given in [1] and from the other
dependencies, allowing for sizes of eracks, I, and preset
elements of loading spectrum, P; (Figure 2), as well
as non-relaxed residual stresses g, within the crack
zone.

Numerical integration of equations (1) through
(3) at the preset initial sizes of a crack, ly = ay, co,
allows finding I(N) depending upon N up to critical
sizes of the crack, [, at which the period of its spon-
taneous growth takes place, which is determined by
the following condition:

Y==K +f(L) <0, (4)
)
where K, = KLU, /Ot o ywax | Sa* O e o
K¢ y; 20y
the fracture toughness of the material in the crack zone;
oy is the yield stress; o, is the tensile strength of the
material in the crack zone; 6.y = 0,1} are the stresses
in the crack zone under load P**(N), which are re-
sponsible for the plastic instability mechanism [1].

It is assumed in (4) that fA(L,) = 0 at L, > L™=,
which corresponds to fracture by the plastic instability
mechanism.

Dependence f(L,) at L, = L is usually approxi-
mated by the following equation [1]:

6/2009
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fiL)=d (5)

Equations (1) through (3) describe growth of a
fatigue crack (agx 2¢q) at the deterministic sequence
of application of elements of the cycling loading spec-
trum (see Figure 2). To allow for the random character
of application of such a load, this study suggests using
the Monte-Carlo method [3], according to which spec-
trum element j is selected at each tracing step by using
random number counter 0 €@ < 1 and table of corre-
spondence between j and ®. Resulting critical values
I = Gy, € and N, are random values. By repeating
the tracing process Z times, we obtain a sample of the
N values, for which we find a mean value of fatigue
life, N (Z). The sample being sufficiently repre-
sentable (No(Z) = const with increase in Z), we cal-
culate failure probability curves Pi(N..).

Consider a specific example of using the above
approach. Figure 3 shows a schematic of one-sided
butt weld of reinforcement of the longitudinal beam
of a freight flat car made from steel 09G2S.

It is postulated that the root of the butt weld may
have some lacks of penetration in the form of surface
cracks ap x 2cy in size. Longitudinal stresses related
to vertical load (bend of frame), oy, act across the
butt weld with respect to axis of the car frame. Ac-
cording to [4], depending upon the flat car speed, it
is possible to determine the amplitude of dynamic
(eycelic) stresses using calculated amplification factor
Ky, (7 = 1-10):

= 0.14L2) [0.3 + 0.7 exp (-0.65L9)].

o, = 0.5K,0,. (6)

The Table gives the values of Kq, [4] obtained

depending upon the speed of the flat car, w;, as well
as the share of p; in the total number of loading cycles
during movement of the car at the above speed, this
allowing the number of loading cycles, AN}, to be
determined for basic fatigue life Ny at a range of mem-

Calculated values of K,« depending upon w; and number of load-
ing cycles AN; normalised in [4] in bostal” fatigue life of Ny =
= 1.7 Eycll:s

7 twy, M5 K.f_, By N:';I ::::5'
1 6.23 0.0625 0.03 3
2 13.75 0.1375 0.07 7
3 16.25 0.1800 0.09 8
4 18.75 0.2400 0.12 i2
3 21.15 0.3000 0.16 16
& 23.75 0.3600 0.19 19
7 26.25 0.4200 0.16 16
8 28.75 0.4800 0.10 10
9 31.25 0.5400 0.06 G
10 33.75 0.6000 0.02 3
Note. AN; = pNg.
6/2009

0 ap;

Figure 2. Schematic of cyclic loading spectrum AN, at preset load
range Apy

brane stresses within the butt weld zone equal toAg; =
= EKJJ.U“.

Dependencies (1) through (6), according to [1],
were used in the calculations at

m=3; Cy=5107" [_L]
(MPavm)"
Cinax gffl O=[1+ 1.4M(ﬂ/£)|.ﬁs]n"§;

Fi= [M, + Mya/8)" + My(a/8) lq;

ge=1; go=1.1+0.35a/8)%5 M, =1.13 - 0.09(a/5);

o 0.8 | (8)
My=—0%got (a/c)"
1

0.65 + (a/c)

The value of K" is calculated from (7), with oy,
being substituted for ogp,,.

The value of AKy, in (1) for carbon and low-alloy
steels within the welded joint zone, according to [4],
is determined from the following relationships:

My=0.5+ + 14(1 = a/)™ at a/c < 1.0,

AKy, = 190 = 144R, not less than 62 MPamm'/?; (9)

Figure 3. Schematic of longitudinal connection of flat car frame
with reinforcement in the form of a cover strip with ene-sided butt
weld: 1 — one-sided butt weld; 2 — longitudinal connection of
frame; 3 — reinforcing cover plate

mzfmgﬂﬂmﬂl g
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Figure 4. Results of caleulation of fatigue life for postulated crack
with size gy 26, = 1 26 mm {a) and decper initial crack with size
dy % 2oy = 2% 6 mm (b) at different values of load o, obtained by
deterministic caleulations and caleulations by the Monte-Carlo
method (P = 0.05): 4 — proportional application of load; Il A—
sequential applications of eyelic load at ; = 1 and 10, respectively;
@ by Monte-Carlo method

Tref = Tnay %: o, = 330 MPa; L7™=1.33;

(10)
5 =15 mm; K,z = 2210 MPa-mm'"2

Figure 4, a shows the results of deterministic cal-
culations of growth of the postulated crack (ap =
=1 mm, ¢y = 3 mm) to critical sizes determined by
conditions (4) and (5) at sequential application of

11
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Figure 5. Frequency [T{N) (a) and failure probability P{N) (b)
depending upon life N, determined for crack-like defect (g, = 2 mm,
¢ = 3 mm) at o, = 80 MPa: « — 200 random variants; & — 200
{1} and 30 {2} random variants
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Figure 6. Same as in Figure 3, but at o, = 100 MPa

132 136 N0, cyele

cyclic load (Table) from j = 1 to 10, and from 10 to
i, and at proportional presence of all j-th spectrum
elements in tracing step AN, = 1000 cycles, i.e. AN, =
= 1000(AN;/ Ng), as well as the results of calculations
by the Monte-Carlo method at failure probability Py =
=(.05. Similar data obtained for a deeper initial crack
(apx 2cp = 2x 6 mm) are shown in Figure 4, b. It can
be seen from them that the most conservative results
on the fatigue life correspond to the deterministic
calculation for sequence from the highest load. The
caleulation by the Monte-Carlo method at P = 0.05
is less conservative. The caleulations in sequence from
the lowest load to the highest one involve the risk of
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Figure 7. Same as in Figure 5, but at o, = 120 MPa
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overestimation of the fatigue life. This, but to a lesser
degree, takes place at the proportional presence of all
‘elements of the load spectrum at each tracing step.
The Monte-Carlo method takes the most complete ac-
count for the random character of application of the
load spectrum elements, thus making it possible to
obtain the probability characteristics of failure related
to random application of cyclic load (Figures 5-7).
Owing to these data, we can sufficiently clearly reveal
the region of effectively varied values of the fatigue
life. With the failure probability varied from 0.05 to
0.95, this region for the initial crack (@y = 2 mm,
2cp = 6 mm) at o, = 80 MPa is N = (4.7-5.2)-10°
cycles, at oy = 110 MPa it is N = (1.22-1.38)-10°
cycles, and at oy = 120 MPa it is N = (0.620—
0.725)-10° cycles.

Therefore, at a preset spectrum of random cyclic
loading the deterministic approach to estimation of

growth of a fatigue crack to the critical state yields
the results which substantially differ from sequence
of application of the loading spectrum elements. The
use of the Monte-Carlo method allows the problem
of the random character of loading to be solved with
asufficient validity within the framework of the avail-
able deterministic schemes of calculation of growth
of fatigue cracks and criteria of their reaching the
critical sizes.

1. (1996) Recommendations for fatigue design of welded joints
and components, [1W Doe. X111-1539-96 /X V-845-94.

2. ISO SD 16708: Petroleum and natural gas industrial. Pipe-
line transportation system. Reliability-Based Limit State
Methods, Introd. Oct. 2000.

3. Sebol, LM. (1973) Mante-Carlo numerical methods. Mos-
caw: Nauka,

4, (1996) Norms for calculation and design of railway cars r;[
the Ministry o{ Communications for the 1520 mm frac
(non-self propelled ), Moscow: GosNIIV-VNIIZhL.

SELECTION OF THERMAL CONDITIONS
OF WELDING HARDENING STEELS
OF DIFFERENT STRUCTURE CLASSES

V.Yu. SKULSKY
E.Q. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The Implant method was used for the comparative evaluation of influence of preheating temperature un Lhe rate of HAZ
metal cooling and resistance of welded joints of martensite and bainite steels against cold crack formation. During
experiments the martensite chromium steel of 10Kh9MFB type and bainite steels I0GN2MFA and 20KhN4FA were used.
It was defined that the high level of resistance against cold crack formation in welding of ma rtensite and bainite steels
is attained at the cooling rate wy,; S 810 and w5 < 12-14 "C/'s respectively,

Keywords: arc welding, welded joints, phase transforma-
tion, hardening, bainite, martensite, cold crack, preheating,
cooling rate, tempering

Preliminary (concurrent) preheating in welding of
hardening steels is a required technological procedure
to prevent the cold crack formation. As applied to
perfectly studied steels a number of recommendations
(with those included into standard documents) and
empirical dependencies for the selection of tempera-
ture of preheating were worked out [1-3]. In spite of
flexibility of such approaches the temperature of pre-
heating should be still specified experimentally [1].
Sometimes the preheating temperature is used higher
to provide the higher guarantee of resistance against
cold crack formation, However such approach can lead
to undesirable consequences, i.e. to embrittlement due
to a low-temperature ageing, deterioration of service
properties [1, 2, 4]. In this connection the temperature
of preheating should be maintained at the minimum
level, sufficient for elimination of crack formation.
It is reasonable to realize the selection of thermal
conditions of welding with account for the thermoki-
netic peculiarities of austenite transformation [3, 6].

O V.Yu, SKULSKY, 2009
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Coming from the nature of its decay, the complex-al-
loyed steels with special service properties (for exam-
ple, those used in power mechanical engineering) can
be conditionally divided into the following groups:
with a mixed transformation (martensite + bainite) +
(ferrite + pearlite) (Figure 1, @), and with a pure
martensite transformation (Figure 1, ). The first
group includes low- and medium-alloyed steels. The
passing through the equilibrium high-temperature de-
cay (upper region limited by a dash line) is charac-
teristic of joints of low-alloyed steels with a low con-
tent of carbon of 12ZKhIMF and 15Khi1MIF type,
though under conditions of welding such joints acquire
not purely pearlite, but sorbite-troostite structure [7].
With increase in a cooling rate the formation of in-
termediate transformation products is probable. With
increase in a total degree of alloying the stability of
austenite is increased. The region of an equilibrium
transformation is shifted towards the lower values of
cooling rate (dashed region in Figure 1, @). It results
in predominant formation of bainite-martensite hard-
ening structure in welding. The hardening level de-
pends on the cooling rate and is determined by the
thermal conditions of welding. The example of steels

wek RO i ;
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Figure 1. Peculiarities of thermokinetic transformations of austenite in welding of complex-alloyed heat-resistant steels: @ — marten-
site-bainite; & — martensite; A — austenite; B — bainite; M — martensite (indexes «b» and «e» — beginning and end of martensite

transformation); F — ferrite; C — carbide

with bainite-martensite transformation of austenite is
the steels of 2.25-3Cr—1Mo, 10GN2MFA, 20KhN4FA
type. The second group includes steels containing
chromium of more than 7 wt.%. The homogeneity of
martensite structure of such steels is provided at the
content of chromium-equivalent Creq of up to 10 wt.%,
at the higher content of ferritizers in martensite a
fraction of unhardenable phase, i.e. d-ferrite, is in-
creased 8, 9]. Steels of the mentioned group include
new heat-resistant steels with 9 wt.% Cr
(X10CrMoVNb91, 10Kh9MFB and other types).
With increase in alloying level and appropriately
increase in stability of austenite under conditions of
overcooling the degree of hardening of metal in the
zone of welded joints increases, thus resulting in de-
terioration of weldability. So, the bainite steels are
hardened to a less degree in welding and characterized
by the better weldability than, for example, the
martensite steels alloyed with chromium [10]. There-
fore, the thermal conditions of these steels should have
definite distinctions. To widen the concept of weld-
ability of martensite steels with increased content of
chromium and steels of bainite class, the study of
specifics of effect of welding thermal conditions on
Ger, MPa

700 F
600 T-
500

400

300F m
cracks

-
-
W Ly

200
[

1000+ L i T B

20 100 150 200 250 300 Ty, °C

Figure 2. Effect of preheating temperature T, on critical stresses
o,, provoking cold crack formation: 1 — steel 20KhN4FA; 2 —
10GN2MFA; 3 — 10Kh9MFB

y rthPtﬂm&RmAL

the resistance of their welded joints against cold crack
formation is of a particular interest.

The aim of this work is a comparative estimation
of thermal conditions for welding steels with marten-
site-bainite and martensite transformation of
austenite, sufficient to provide high resistance to a
delayed fracture of welded joints.

To study the tendency of welded joints to cold
cracking, the Implant method was used (the design
of test equipment for the mentioned method is de-
scribed in work [11]). The welding-on of specimens-
inserts of test steels to the plate was performed using
a manual arc welding with covered electrodes. The
cooling rate wg 5 of metal in HAZ was determined by
thermal cycles, recorded using thermocouples. They
were passed through the holes drilled in the plate and
welded directly to the specimens at the 1.5-2.0 mm
distance from the fusion line. For comparison the
specimens of steels 10GN2MFA, 20KhN4FA and
10Kh9MFB were used.

Figure 2 shows the results of investigations of crack
resistance of two steels with martensite-bainite trans-
formation (20KhN4FA and 10GN2MFA). The elec-
trodes TML-3U were used for welding, the concen-
tration of diffusive hydrogen Hys in deposited metal
(alcohol method) was 2.48 cm®/100 g. In spite of
some difference in the alloying level (at averaged con-
tent 11 and 7 wt.% of chromium- and nickel-equiva-
lents Creq + Nigq [12] for the first and second steels
respectively and carbon equivalent [6] P, of 0.36
and 0.25 wt.% ) the steels are characterized by the
affinity as to the nature of thermokinetic transforma-
tion of austenite and close critical points of phase
transitions. Under the conditions of their arc welding
the mixed structure is formed, consisting of martensite
and bainite, here the fraction of each one is defined
by the joint cooling rate.

As is seen from the Figure 2, the test steels with
martensite-bainite transformation have almost the
same crack resistance, which is estimated in this case
by critical stresses o, provoking the crack formation.
There are two ranges of increase in resistance against
cracks on the curves depending on preheating tem-
perature, i.e. at increase in temperature from room up
to 100—150 above 200 °C. The preheating up to 300 °C

6/2009
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provides rate of joint cooling at the level of 6-8 °C /s
and significant growth of o,,. However, thermal con-
ditions with the increased temperature of preheating
(taking into account also possible additional increase
of temperature due to autoheating by welding arc)
are not desirable [4]. In welding of steels with bainite
transformation it is recommended to maintain the tem-
perature in welded joint at the level providing the
most complete transformation of austenite [4]. It is
reasonably to perform preheating up to the tempera-
ture close to the lower point of phase y— o transition,
for example, for steels of mentioned type at the level
of temperature M, equal approximately to 180-
200 *C. As is seen from Figure 2, the noticeable in-
crease in crack resistance can be achieved at the pre-
heating temperature from 100 up to 200 *C. This range
is quite favourable for welding of such type of steels,
as at the temperature above 80 "C the steels with
martensite-bainite transformation have high resistance
against a delayed fracture [13], and moreover, the
conditions are created for completion of austenite
transformation. Taking into account the fact that at
the preheating temperature of 150-200 "C the even
more increase of critical stresses is observed (see Fi-
gure 2), it is more probable that the higher effect in
providing of higher crack resistance will be achieved
at the preheating up to this temperature. Under the
conditions of conducted tests the cooling rate in weld-
ing with preheating up to 150-200 *C was wg, 5 =
= 12-14 "C /5.

According to results of experiments the noticeable
increase in crack resistance of welded joints of steels
with martensite-bainite transformation was observed
at the cooling rate corresponding to the transition
from martensite to martensite-bainite transformation
(this region in Figure 1, a is marked by circle). In
the considered steels the transition begins at wg, 5 <
< 20~-16 "C /s (Figure 3). It is most probable that for
the guaranteed beginning of bainite transformation
the cooling rate of austenite should be not more than
15°C/s. Consequently, with account for critical con-
ditions revealed during test using «Implants method
and peculiarities of thermokinetic transformation of
austenite it can be assumed that the high crack resis-
tance of welded joints of steels with martensite-bainite
transformation (of 10GN2MFA steel type) occurs at
cooling rate of welded joints of not more than 12—
14 °C /s, that is achieved at preheating up to 150-
200 °C. Depending on the thickness of welded joints
and parameters of welding conditions the values of
preheating temperature T,,, which provide optimal
cooling rate of the joint, should be corrected.

It should be also noted that the delayed cooling
of steels leads to the shifting of bainite transformation
into the high-temperature region and formation of up-
per bainite, which is a more rigid structural component
and characterized by a lower ductility than the metal
with more homogeneous and dispersed structure of
lower bainite. Therefore, the maintaining of increased
cooling rate providing the beginning of transition to

6/2009
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Figure 3. Effect of rate of joints cooling on volumetric fraction of
bainite formed during transformation of austenite in  steel
10GN2ZMFA

bainite transformation will, probably, contribute to
the formation of fine-dispersed structure of martensite
and lower bainite and producing of welded joints with
better service properties after tempering [1].

As a result of high level of volumetrical strength-
ening at phase cold-working the welded joints of
martensite steels with increased content of chromium
are more sensitive to external loading. The delayed
fracture of these joints occurs at the lowest critical
stresses (see Figure 2, welding is performed using the
ESAB electrodes OK76.98), the concentration of Hys
in the deposited metal is 0.78 cm® /100 g.

It should be noted that deposited chromium
martensite metal is characterized by much lower con-
centration of Hy than the low- and medium-alloyed
one. The usual level of concentration of Hyg attained
in use of chromium martensite electrodes with the a
basic type of coating is 0.6-0.8 cm® /100 g. In this
case it can be connected with the high density of traps
(boundaries, dislocations) retaining Hgy in marten-
site deposited metal. Some decrease of Hgirp concen-
tration is also promoted by decrease of its diffusive
mobility due to intensification of its adsorption by
iron lattice in chromium alloying [14].

The results of estimation of effect of chromium
alloying on Hg concentration in the deposited metal
are presented in Figure 4. To obtain pencil samples,
the test electrodes were used, manufactured on the
base of unalloyed wire Sv-08A with the coating of a
basic type and auxiliary adding of different chromium
content into the coating. It resulted in obtaining the
specimens of deposited metal which differed not only
by the chromium content, but also by resultant struc-
ture. Figure 4 shows that at the transition from un-
alloyed ferrite metal to martensite one at a mass frac-
tion of 9 % Cr the Hy concentration decreased from
3.5 down to 0.86 cm? /100 g.

In spite of low concentration of Hy in martensite
metal the presence of hydrogen factor exerts a signifi-
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Figure 4. Effect of chromium alloying of deposited metal on con-
centration of diffusive hydrogen H g

cant influence on crack resistance of welded joints of
9 % Cr martensite steel, that was confirmed by test
results (Figure 5). In given experiments, to change
the content of diffusive hydrogen the electrodes of
basic type after different period of open storage and
different conditions of calcination, and also specially
manufactured with addition of mica-muscovite (with
approximately 3.97 c¢m®/100 of Hgg concentration
after calcination) were used. It is seen from the Figure
that with increase in Hgy concentration the level of
critical stresses is noticeably decreased.

High resistance of welded joints with a martensite
structure against cold crack formation is achieved un-
der the conditions of a delayed cooling providing low-
temperature volumetric weakening of hardened solid
solution (the first stage of martensite tempering) [15]
and evolution of hydrogen from it. As the results of
experiments showed these conditions during tests us-
ing Implant method are created at the preheating up
to 250—-300 °C, providing the welded joint cooling
rate wg /5 < 810 °C/s.

The efficiency of mentioned limitation in cooling
rate of welded joints of martensite steel 10Kh9MFB
was additionally checked in welding of 14 mm thick
butt joints with a groove similar to the Tekken sample.
To strengthen the rigidity of joints the butts were
welded to 30 mm thick plate. Thermal conditions were
controlled by preheating of as-assembled joints up to
different temperature. Cooling rate was estimated by

O MPa
’
7
500 ! 7
/
A 4
2\’;
400 | /
1
3
300 4
200 | 5
1 1 L L
100 150 200 250 300 Ty, °C

Figure 5. Effect of diffusive hydrogen concentration in deposited
metal on critical stresses during tests of welded joints of martensite
steel 10Kh9MFB using Implant method: 1 — 0.35; 2 — 0.35 (under
conditions of 100 % air humidity); 3 — 0.78; 4 — 0.96; 5 —
3.97 ecm®/100 g

thermal cycles, recorded by thermocouples. They were
welded at the 2—3 mm distance from the fusion line
in weld root zone. For this purpose the holes were
drilled up to a required depth in as-assembled samples
on the side of a bottom part (Figure 6). The results
of estimation of crack resistance depending on the
cooling rate are presented below: '

we,s50 "C/'s 13 9.5-12.0 7.4-7.7 5.8
Presence of Cracks Cracks/No No cracks No cracks
cracks cracks

The obtained results prove that cold crack forma-
tion in the joints of martensite steel with 9 wt.% Cr
is eliminated at the cooling rate wg,s < 8-10 °C/s.

It is known that effective measure of improving
the resistance against cold crack formation is a low-
temperature tempering [3], i.e. isothermal soaking of
welded joints after welding. The purpose of this op-
eration is to create the conditions for removal of H ;s
from the joint, a partial increase in ductility and
toughness of the hardened metal [3]. As applied to

Figure 6. Macrostructure of cross section of the Tekken samples of steel 10Kh9MFB at w5 = 12 (a) and 7 (b) "C/s
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the Implant method tests of welded joints of marten-
site steel with 9 wt.% Cr the durability of tempering
after welding was estimated in the temperature range
from 200 down to 160 °C, sufficient to provide the
resistance against a delayed fracture. The temperature
in welded joint was measured using a thermocouple
welded to the specimen. The heating mode was con-
trolled using a programmable temperature measuring-
control device connected to the thermocouple and
heating device. At the end of the tempering operation
the welded joints were cooled down to room tempera-
ture and then the tests were carried out, the results
of which are presented in Figure 7. The Figure shows
that tempering at the temperature from 200 down to
about 180 °C is more efficient than at lower tempera-
ture. Thus, to eliminate the crack formation at 200—
180 °C the soaking from some tens of minutes up to
1.5 h will be sufficient. At the lower temperature the
required duration of tempering takes several hours.

In the present experiments the tempering at 200,
180 and 160 °C per unit of thickness of section of
welded joint (including weld and HAZ) was approxi-
mately 5, 15 and 30 min /mm. Hence, it follows that
3-10h could be required for the operation of tempering
the butt joint of 40 mm thickness at the temperature
from 200 down to 180 °C. However this estimate can
be somewhat overestimated. Probably, when selecting
the tempering condition it is necessary to account not
only for thickness of welded joint but also for the
nature of hydrogen distribution across its thickness.
Thus, for example, it follows from work [16] that
during multi-pass welding with a concurrent preheat-
ing of welded joints of 2.25Cr—1Mo steel 55-100 mm
thick the increased concentration of hydrogen was
created at the depth of about 15-25 mm from the
external weld surface; it was noticeably decreased
closer to the weld root and its external surface. The
concurrent preheating promotes also the decrease in
concentration of Hg¢r (and low-temperature temper-
ing of martensite). Probably, when optimizing the
tempering conditions it is necessary to be oriented to
the elimination of hydrogen accumulated at some
depth in the section of welded joint near the surface.
Here, the time of operation may be reduced. In gen-
eral, the question about the duration of tempering of
real welded joints requires additional study.

Thus, it was found on the basis of results of ex-
periments using the Implant method that the resis-
tance of welded joints of chromium martensite steels
of 10Kh9MFB type against the cold crack formation
is attained at wg,5 < 8—-10 °C /s, and that of joints of
steels with martensite-bainite transformation (of

6/2009
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Figure 7. Effect of tempering duration on resistance of welded
joints of steel 10Kh9MFB against cold crack formation (test using
Implant method)

10Kh9MFA type) is attained at wg, 5 <12-14 °C/s.
By the example of martensite steel the efficiency of
tempering after welding at the temperature from 200
down to 180 °C is shown.
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EFFECT OF ULTRA-DISPERSED CARBIDES CONTAINED
IN FLUX-CORED WIRES ON PROPERTIES
OF HEAT-RESISTANT DEPOSITED METAL

LA, RYABTSEV', I.A. KONDRATIEV', N.F. GADZYRA®, N.K. DAVIDCHUK?, L.L. BOGAJCHUK' and G.N. GORDAN'
TE.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
21 M. Frantsevich Institute for Materials Sclence Problems, MASL, Kiev, Ukraine

The effect of charge materials in flux-cored wires eontaining ultra-dispersed earbides on properties of the deposited metal
corresponding to tool steels in composition was studied. It was established that application of such charge materials
results in refinement of structure of the deposited metal and more vniform distribution of alloying elements in it this
leading to impraovement of heat and wear resistance of the deposited metal.

Keywords: cladding, flux-cored wires, microstructure, ul-
tra-dispersed carbides and compositions, properties of deposited
metal

It is a well known fact that structure and properties
of the deposited metal are interrelated [1-3, etc.].
However, the main consideration in investigation of
principles of formation of structure of the deposited
metal was given, as a rule, to its chemical compaosition
and thermal cladding cycle, the problem of relation-
ship between the initial structure of filler or electrode
materials and structure of the deposited metal remain-
ing little studied. Meanwhile, the so-called «struc-
tural inheritances may take place in the cladding con-
sumable-weld pool-deposited metal system [4, 5].
This is the case where the deposited metal «inheritss
the structure of initial cladding consumables in grain
size, composition, size and distribution of strengthen-
ing (carbides, carbonitrides, borides, etc.), as well as
non-metallic inclusions, which contaminate the depos-
ited metal, this having a negative effect on its per
formance.

The purpose of this study was to investigate the
effect of ultra-dispersed carbide compositions added
to the charge of flux-cored wires on properties of the
deposited metal. Ultra-dispersed carbide compositions

Figure 1. Appearance of ultra-dispersed carbide particles synthe-
sised from powder of ferrochromium FELB00 and natural colloidal
graphite after milling

were produced by high-temperature CO; treatment of
powders of high-carbon ferrochromium FKh800, fer-
rovanadium FVd50 and tungsten. Natural colloidal
graphite was added to each of the powders.

Scanning electron microscopy of carbide composi-
tions was carried out with microscope «Superprobe
733», and transmission electron microscopy — with
microscope PEMU-125. Test specimens were prepared
by using standard preparation methods.

Figure 1 shows appearance of ultra-dispersed car-
bide particles synthesised from the powder of ferro-
chromivm FKh800 and natural colloidal graphite in
carbon dioxide atmosphere after milling in a plane-
tary-type mill. It can be seen from the Figure that
most carbide particles are less than one micrometre in
size. There are also particles of a smaller size. The
presence of coarse particles was not detected, this
being indicative of a high homogeneity of the produced
material.

As follows from the X-ray phase analysis data,
structure of the fused material is characterised by the
eutectic state of carbide compositions Fe;Cs and
Cr;C;. The streak contrast allows the size of the car-
bide eutectic to be estimated. The carbide composi-
tions are 50~120 nm in size (Figure 2).

It was planned to use the ultra-dispersed carbide
particles of the composition in the charge of flux-cored
wires PP-Np-35V9Kh3GSF and PP-Np-
30Kh4V2MFS, which are usually applied for cladding
of tools for hot pressure treatment of metals [6] and
provide deposited metal of the type of heat-resistant
die steels. As follows from study [7], structural het-
erogeneity of this type of the deposited metal has a
substantial effect on performance of tools and fixtures
for hot pressure treatment of metals repaired by are
cladding.

The carbon content of the powders dramatically
increased after treatment in carbon dioxide atmos-
phere (Table 1).

Flux-cored wire PP-Np-35VYKh3GSF was made
in two modifications: Op-1 and Op-2 — with a charge
prepared by using untreated (standard) and treated

© LA. RYABTSEY, LA, KONDRATIEY, N.F. GADZYRA, N.K. DAVIDCHUE, 1L BOGAJCHUK and G.M. GORDAN, 2009
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Table 1. Content of carbon in charge materials

C, wt.%
Charge material
Standard After treatment
Ferrochromium FKh800 7.80 11.00
Ferrovanadium FVd50 0.46 4.70
Tungsten powder <0.01 4.10

tungsten powder, respectively. Flux-cored wire PP-
Np-30Kh4V2MFS was also made in two modifica-
tions: Op-3 and Op-4 — with standard charge and
charge containing treated ferrochromium and fer-
rovanadium powders, respectively. The calculated
composition of charge of the flux-cored wires was
adjusted to produce deposited metal of the identical
chemical composition.

Cladding of specimens was performed with experi-
mental flux-cored wires to determine chemical com-
position of the deposited metal and its hardness (Ta-
ble 2). It was established that chemical composition
and hardness of the metal deposited with all types of
the flux-cored wires met requirements of the corre-
sponding specifications. Assimilation of individual al-
loying elements was almost identical, independently
of the charge components, whether they were standard
or containing the ultra-dispersed carbides.

Test pieces were cut from the deposited plates to
conduct metallographic examinations. Structure of
the metal deposited with the standard flux-cored wire
(Op-1) included lath martensite (with laths elongated
in one direction) having microhardness HV0.5
5930 MPa, and a small amount of retained austenite
with microhardness HV0.5 5090-5490 MPa (Fi-
gure 3, @, b). Carbide inclusions were also revealed.

Structure of the metal deposited with experimental
flux-cored wire Op-2 had a bit different composition:
along with lath martensite, it also contained plate-like
martensite (Figure 3, ¢, d), the plates being of a
lenticular shape. Its hardness was HV0.5 5930 MPa.
The content of retained austenite was a bit higher
than in the metal deposited with the standard wire,
and its hardness was H V0.5 4410-5490 MPa. It should
be noted that adding the components containing ul-
tra-dispersed carbides to the charge of the experimen-
tal flux-cored wire led to refinement of structure of
the deposited metal, this being especially pronounced
at high magnification (Figure 3, b, d).

SCIENTIFIC AND TECHNICAL ( )

Figure 2. Microstructure of synthesised fused ultra-dispersed fer-
rochromium-base carbide powders

Microstructure of the metal deposited with flux-
cored wire Op-3 is shown in Figure 3, e, f. The matrix
consists primarily of lath martensite having micro-
hardness HV0.5 5490-6440 MPa. Retained austenite
(HV0.5 5020-5090 MPa) persists along the homog-
enisation boundaries.

Microstructure of the metal deposited with experi-
mental wire Op-4 is shown in Figure 3, g, #. Compared
with microstructure of standard deposited metal PP-
Np-30Kh4V2MFS, the former is more dispersed, and
it contains less regions of lath martensite, the plate-
like martensite being dominant. Microhardness of the
martensitic matrix is HV0.5 5490 MPa. The content
of retained austenite is lower than in cladding with
the standard wire, and its microhardness is HV0.5
4120-4660 MPa.

Therefore, the examinations showed marked dif-
ferences in structure of the metal deposited with flux-
cored wires containing the standard and experimental
charge. In the latter case, structure of the martensitic
matrix changed, and the deposited metal had a refined
structure.

Uniformity of distribution of main alloying ele-
ments in the deposited metal was evaluated by using
X-ray microanalyser «Camebax SX50». The examina-
tions were conducted in the automatic mode at a depth
of about 100 pm from the surface of the deposited
metal. Distribution of alloying elements in the metal
deposited with flux-cored wires containing the experi-
mental charge materials was more uniform than in the
case of using flux-cored wires with the standard
charge. This was especially pronounced by an example
of such an alloying element as tungsten (Figure 4).

Table 2. Chemical composition (wt.%) and hardness of deposited metal

Flux-cored wire grade Designation e Mn Si Cr W Mo \% Hgf_\,"é‘ss
PP-Np-35V9Kh3GSF Op-1 0.39 0.60 1.00 2.97 8.05 = 0.70 31
PP-Np-35VIKh3GSF Op-2 0.34 0.60 1.00 3.00 9.30 = 0.76 54
PP-Np-30Kh4V2M2FS Op-3 0.37 0.72 1.17 3.97 2.52 1.88 0.44 55
PP-Np-30Kh4V2M2FS Op-4 0.35 0.70 1.17 3.80 2.33 1.97 0.45 53
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Figure 3. Microstructure of metal deposited with flux-cored wires: a, b and e, £ — standard wires PP-Np-33V9Kh3GSF and PP-Np-
JOKhAVIMEFS, respectively; ¢, o and g, h — experimental wires PP-Mp-33V9Kh3GSF and PP-Np-30Kh4VIM2FS, respectively (a, ¢,

e, g — 900, b, d, f, h — =2400)

Heat resistance tests of the deposited metal were
carried out with the machine and by the procedure
[8] providing for heating of the deposited surface of
a specimen measuring 40 x 40 x 30 mm to 800 *C by
using a gas torch Cheating spot with a diameter of
15 mm), followed by cooling to 60 "C with a water
jet. The heating-cooling cycles were repeated up to
formation of a fire crack network. The test results are
given in Table 3. They are indicative of the fact that
using ultra-dispersed carbide compositions in the
charge of flux-cored wires increases heat resistance of
the deposited metal, i.e. the quantity of the heating-
cooling cycles to formation and development of the
fire crack network is increased.

W, wt.?%
2
5 -
f

A

20 pm

—
U S— [ A ' i 1 L | I L

! 200 pm

Figure 4. Distribution of tungsten in metal deposited with standard
Op-1 (1) and experimental Op=2 (2) wire
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The tests to wear at the metal on metal sliding
friction at increased temperature were conducted by
using a different testing unit of the same machine [8].
During the tests, a deposited specimen measuring 10x
¥ 17 x 40 mm was pressed with a force of 173 N to a
mating ring rotating at a speed of 30 rpm. The mating
body 120 mm in diameter made from hardened steel
45 was heated during the tests with a gas torch. Tem-
perature in the specimen to mating body contact zone
was 600 °C, and time of the tests was 1 h. During the
tests the specimen made reciprocal movements in the
vertical plane with oscillation amplitude of 20 mm

Tahble 3. Heat resistance of deposited metal

Chuantity of
heating~cooling cycles
Flux-cored wire grade Designation Before Before
formation  [development
of fire crack | of fire crack
metwork network
PP-Np-35VIKh3GSF Op-1 i) 50
_PP-Np-Zi,‘) VIKhIGSF | Op-2 o 100
PP-Np-30KhdVZM2FS Op-3 40 Bl
PP-Np-30Kh4VIM2FS Op-4 G0 B0
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and frequency of 62 min™'. The test results (average
over three specimens) are given in Table 4.

The tests showed that wear of the metal deposited
with flux-cored wires containing the experimental
charge was lower than in the case of using wires with
the standard charge. Wear of the mating bodies, which
were tested in pair with the specimens deposited with
flux-cored wire containing the experimental charge,
was also lower.

CONCLUSIONS

1. Application of charge materials containing ultra-
dispersed carbides leads to refinement of structure of
the deposited metal and more uniform distribution of
alloying elements in it,

2. Metal deposited with flux-cored wires, the
charge of which contains ultra-dispersed carbides, has
higher heat and wear resistance in metal on metal
sliding friction.
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FEATURES OF SOLIDIFICATION
OF COMPLEX-ALLOYED FILLER METALS FOR BRAZING
HIGH-TEMPERATURE NICKEL ALLOYS

V.V. KURENKOVA, L.K. DOROSHENKO and LS. MALASHENKO
E.C. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Applicability of differential thermal analysis to determine the character of phase transformations in boron- and silicon-
contalning filler metals intended for brazing of casting nickel alloys has been considered in relation with the results of
micrestructure and X-ray spectrometry analyses. The efficiency of adding 20 % powder (Ni—12 % 5i) of eutectic composition
te boron-containing filler metal (Ni-Co—Cr-Al-2.5 % B) is shown. Silicon disperses carboboride entectics precipitating
in the brazed seam metal and depresses the heterogenization of its structure, thus favouring improvement of physical-

mechanical properties of the brazed joints.

Keywords: high-temperature brazing, high-temperature
nickel alloys, seam metal, boron- and silicon-contaiming filler
metal, powder filler, differential thermal analysis, DTA curve,
X-ray diffraction analysis, diffractogram, structure heterogeni-
zation

Brazing of high-temperature nickel alloys is widely
used for manufacturing complex structures [1, 2] and
repair of gas turbine parts. The effectiveness of this
technology is confirmed in practice in repair of parts
after service, as well as items with casting defects
[3-6]. Optimization of the modes of brazing, selection
of filler metal types, results of laboratory testing and
industrial application are presented in [4-7]. These
are studies of brazed joints of nickel high-temperature
alloys ChS70VI, ChS104, VJL12U, JS6U, JS26VI
and NK, produced using complex filler metals of dif-
ferent types. The basic composition of the filler metals
is a low-melting filler metal of Ni-Co—Cr-Al-2.5% B
system (trade mark Ni-377-2) of the manufacturer —
PRAXAIR Surface Technologies (USA), and fillers
are powders of Rene-142 nickel alloy. For simplifica-
tion basic filler metal of Ni—-Co—Cr=Al-2.5 % B system
is further designated as #1.

Isothermal brazing of high-temperature nickel al-
loys with boron-containing filler metals runs into the
problem of heterogenization of seam metal of the
formed joints related to precipitation of centrally-ax-
ial and interdendritic boride eutectics during solidifi-
cation [8-11], this leading not only to embrittlement
of the brazed seam metal, but also to lowering of
fatigue resistance and to gas corrosion of brazed joints.
Under the conditions of isothermal brazing or long-
term heat treatment of brazed objects boron having
the diffusion rate of 6.22:10"" m*s™ (which is three
orders of magnitude higher than carbon or silicon dif-
fusion rate — 3.09107 m®s™) actively penetrates
into the brazed alloys with boride phase formation
along the grain boundaries, thus promoting their in-
tercrystalline erosion. As follows from [8), the latter
is aggravated at long-term diffusion interaction of bo-
ron, contained in the filler metal with the alloying
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components of the brazed alloy (for instance, titanium
and chromium). Therefore, development of the meth-
ods of neutralizing the eroding action of boron on the
contact boundary of the seam metal with the base at
brazing of high-temperature nickel alloys is of consid-
erable interest.

The aim of this work was investigation by the
methods of metallographic, X-ray spectral, differen-
tial thermal (DTA) and X-ray diffraction analyses of
the structure of filler metals of different chemical and
phase composition and substantiation of the rational-
ity of their selection for repair brazing to obtain a
satisfactory combination of strength and low-tempera-
ture ductility of nickel alloy brazed joints (BJ).

During the experiments DTA was mainly used,
which allows evaluation of the structural changes in
the applied filler metals during melting—solidification
by thermal effects. It was used to determine the char-
acteristic solidus T's and liquidus T temperatures of
powder filler metals, as well as the influence of com-
ponent ratio in complex filler metals on the process
of their melting—solidification (Table 1).

DTA was performed in VDTA-8 M unit in helium
atmosphere at a constant rate of heating—cooling of
B0 K./min. Chamber was filled with helium (up to
the pressure of 80-90 kPa) after pumping the chamber
down to the rarefaction of not less than 1.33107 Pa.
The operation of helium blowing was repeated two
times.

Powder samples of approximately the same mass
(1.09-1.20 g) in crucibles of zirconium dioxide were
moistened by a solution of acrylic acid in acetone.
This solution was used to prevent «leakages of the
filler metal powder from the crucible during the cham-
ber pumping down and blowing with helium.

The nature of DTA curves is affected by such fac-
tors as heating rate, sample weight (there is a corre
lation between the thermal effect and sample weight),
dimensions and degree of compactness of the powder,
presence of an inert heat carrier, etc. [12]. As powder
samples were practically of the same weight, presence
of salient points in the thermograms was indicative
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Table 1, Main temperature characteristics of complex-alloyed filler metals (hy DTA results)

ot Al metal Complex filler metal Ty °C Ty, 'C ey
mixture ' ' interval AT, *C
1 Ni-Co-Cr-Al-2.5% B 1040 1170 130
Ni-365-3 Rene-142 1310 1410 100
NSi12 Ni=12 % Si 1140 1160 20 i
11 40 % #1 + 60 % Rene-142 1070 1310 240
12 |20 % #1 + 20 % NS12 + 60 % Rene-142 1030 1250 200
13 25 % #1 4 15 % N512 + 60 % Rene-142 1050 1250 200
i 14 15 % #1 + 25 % NS12 + 60 % Rene-142 1030 1260 230
19 60 % VPr-36 + 40 % Rene-142 1080 1310 230

of the change of enthalpy, which is related to trans-
formation running in powder formulations of different
chemical composition.

Studied were the processes of melting-solidifica-
tion of powders of multicomponent filler metals, used
in brazing of high-temperature nickel alloys [12-14].
The main aim of investigations was to derive DTA
curves of heating—cooling of low-melting filler metal
#1, Rene-142 filler powder and complex filler metals
with addition of powder of eutectic composition Ni-
12 % Si, in which silicon is used as a depressant (see
Table 1),

X-ray diffraction measurements were conducted in
the standard geometry of 6-20 in DRON-4 diffrac-
tometer in Cog,_ radiation. Samples of filler metal in-

gots were studied after solidification. CaF; salt was
used to increase the accuracy of determination of in-
terplanar spacing, the salt being applied on a small
section of sample surface after dissolution in the lac-
quer.

Structure of metal samples was studied in a scan-
ning electron microscope CamScan-4, BJ chemical
composition was determined using energy-dispersive
spectrometer «Energy200s.

BJ strength and ductility depend on phase com-
position of the used filler metal, as well as the brazed
seam metal structure formed in brazing. DTA results
allowed revealing the possible quantity of polymor-
phous transformations running at solidification in the
filler metal systems and performing qualitative evalu-
ation of the intensity of these processes (Figure 1).

At formation of nickel-base filler metals and in-
crease of alloying element content the shape of DTA
curves becomes more complicated. At the same time,
the solidification temperature interval of the applied
complex filler metals becomes wider. DTA curves have
a multitude of peaks corresponding to structural trans-
formations in the filler metal system at heating and
melting,

Systems of cast filler metals of Ni-Cr-B-Si type
are well studied and are used mainly for structural
brazing. In repair of turbine hot section parts made
from high-temperature nickel alloys, application of
composite filler metals is preferable, which, in addi-
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tion to the low-melting component proper, include
powder-fillers from high alloys, providing not only a
closer similarity of the composition of the metal of
the brazed base and formed seams, but also high-tem-
perature resistance, as well as scale resistance of metal
in the repaired sections.

At addition of Rene-142 alloy powder as filler to
the initial low-melting filler metal #1 (filler metal
#11) an increase of T and T temperature values and
a widening of the solidification range of complex filler
metals was observed (see Table 1),

For filler metal #1 temperature T's = 1040 *C and
T; = 1170 °C, which coincided exactly with the data
of VBC Company (Great Britain) (Table 1, Figure 1).
The thermogram of solidification of powder of filler
metal #1 shows two clear-cut salient points. During
solidification crystallites of matrixy-solid solution and
two types of eutectics — y+ NizgB and y + NizB + CrB
precipitate from the melt. Chromium boride (dark
precipitates) included into the composition of the ter-
nary eutectics, has a grooved (skeletal) structure and
as to its chemical composition corresponds to CrB
(14.9-15.3 % Cr) (Figures 2, d, 3, a and Table 2).
Primary chromium borides precipitate from the melt
at the temperature of 1097 *C. Etching reveals another
eutectic — y+ NizB in the filler metal structure, which
forms from the liquid phase by the reaction of L — y +
+ NigB (where L is the liquidus) approximately at
1042 *C [8] (Figure 2, ¢, ). As follows from DTA curve
of Ni-Co—Cr-Al-2.5 % B filler metal solidification of
the ternary eutectic most probably occurs at 997 *C by
the following reaction: L —y + NigB + CrB.

The structure of the crystallized sample of filler
metal #1 and intensity of peaks on DTA curve show
that the seam metal contains eutectics of different
morphology. Boride eutectics adversely affect BJ duc-
tility and strength characteristics. Microhardness of
CrB boride phases of the basic filler metal reaches
HV 24930 MPa, thus exceeding the microhardness of
the matrix solution (HV 3300 MPa). Forming borides
and carboborides, boron leads to embrittlement of the
solidified filler metal, and presence of low-melting
boride eutectics increases the risk of their surface melt-
ing at BJ finish heat treatment. Intensively diffusing
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Figure 1. DTA curves obtained at solidification of molten powders of basic filler metal #1 (a), filler (Rene-142 alloy) (&), NS12 filler
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metal {¢) and composite nickel filler metals #11 (d), 12 (), 19 /) according to Table 1

into the base metal, boron causes erosion of the brazed

base,

In order to increase the viscosity and reduce the
chemical activity of the melt relative to the brazed

i wek RO e

base, powder of Rene-142 superalloy was added to

filler metal #1 as a filler (see Figure 1, b). This re-

sulted in improvement of functional characteristics of

BJ, for instance, of ChS70, VJL12U alloys [2, 3].
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_ Figure 2. Metal microstructure of solidified Rene-142 alloy (a—c), filler metal #1 (d—f), composite filler metals #1 + 60% Rene-142
(#11) (g—i) and 60 % VPr-11 + 40 % Rene-142 (#19) (j-I): a, d, g, j — filming in back-scattered electrons (x500); b, e, h, k — in
secondary electrons after metallographic etching (x200); ¢, [, i, | — same (x2000)

DTA was used to determine the liquidus and soli-
dus temperatures for Rene-142 alloy: T = 1310 °C,
Ts = 1410 °C (see Table 1). Rene-142 alloy in the
solidified state has the structure of high-alloyedy-solid
solution based on nickel with discrete precipitates of
the carbide phases on the interphase boundaries (Fi-
gures 2, @ and 3, b). Matrix microhardness was
HYV 4450 MPa. Volume fraction of carbide particles
was small (10-12 %), and the precipitates proper (by
the data of X-ray spectral analysis) were structurally
stable MeC carbides based on Ta (67-70 wt.%) and
Hf (11-12 wt.%) (Table 2, Figure 3, b), their micro-
hardness reaching HV 21000 MPa.

For Rene-142 alloy precipitation of y-phase parti-
cles from the liquid by an eutectic reaction in the
interdendritic regions is characteristic at the end of
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solidification [14]. This phase contains 67 wt.% Al,
7 wt.% Ta and 2 wt.% Hf, stabilizing the y-phase.
y—=y eutectic melts approximately at 1310-1320 °C,
which corresponds to the start of the peak on DTA
curve of the alloy melting (see Figure 1, b).

The discernible peak in the DTA melting curve at
1010-1020 °C most probably corresponds to the start
of dissolution of non-equilibrium y-phase, formed
along the dendrite arms during solidification from the
solid solution. This phase and y—y eutectic were de-
tected by chemical etching of samples.

To produce a composite filler metal, Rene-142 alloy
powder was added as filler to boron-containing filler
metal #1. As a result, the shape of DTA curves
changed, the solidification interval widened consid-
erably (from 130 to 240 °C) as the filler metal was
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Figure 3. Microstructure of solidified metal of basic filler metal #1 (a), Rene-142 alloy () and composite filler metal #11 () with
sections, in which X-ray spectral microanalysis of structural components was performed

alloyed (Table 2, Figure 1, ¢). Thermogram of com-
posite filler metal #11 is of a complex three-stage
mode, which is related to the diversity of the structural
components precipitating during solidification.

At addition of Rene-142 alloy powder to filler met-
al #1, the weight fraction of boron in the melt de-
creases to 1 %, which results in the absence of a low-
temperature peak on the DTA curve corresponding to
formation of a ternary low-temperature eutectic y +
+ NiyB + CrB. However, the volume fraction of the
secondary components in the solid solution of the so-
lidified filler metal is quite high (about 40 %). These
are mainly two types of eutectics — light grooved
eutectics and grey interdendritic eutectics (Figures 2,
g and 3, ¢). The first eutectics, most probably, of a
quasi-binary type, are y-solid solution and chromium-
based intermetallics with partial substitution of tung-
sten, molybdenum and rhenium (Table 3). They, prob-
ably, are carboforide compounds, which saolidify on
CrB primary intermetallics, precipitating from the lig-
uid phase. Their carbo-boride components include the
following elements (Table 2, Figure 3, ¢), wt.%: 33—
34 Cr; 17-24 W; 9-16 Re; 710 Mao. This is close In
its content to Mey3Cg type carbides. Meys(C, B)g com-
pound isomorphous to Cry3Cs carbide can form during
further heat treatment. Complex compound of
Mea3CsB3 type has a large region of homogeneity,
when substitution of carbon atoms by boron occurs
with simultaneous increase of the compound crystal-
line lattice [15].

The second type of eutectic are interdendritic com-
plex-alloyed eutectics with the following content of
components (Figure 2, ¢), wt.%: 61.8-62.7 Ni; 14.0-
14.3 Co; 7.3-9.6 Cr; 1.7-2.0 Al; 0.85 Mo; 2.7-4.5 Hf;
4.8 Ta; 1 W. According to DTA, the temperature, at
which these phases precipitate, is equal to approxi-
mately to 1040 *C (see Figure 1, d). Volume fraction
of these eutectic phases in the matrix solution is equal
to 25-30 %, their microhardness being HV 7540 MPa
at matrix solution microhardness HV 4035 MPa (see
Figures 2, g—i and 3, c¢). These eutectics are of a
complex structure, the base of which is y + NizB. On
DTA curve (see Figure 1, &) the temperature of
1150 °C most probably corresponds to the process of
the start of melting of ¢ + NigB eutectic.

During solidification a small amount of stable
polyhedral MeC carbides based on Ta (63 wt.%) and
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Hf (14-17 wt.%) precipitate from the solution in the
metal of filler metal #11. Volume fraction of these
phases with microhardness of HV 18000 MPa, is rela-
tively small (1-2 %) (see Figure 3, c¢).

Thus, when powders of the basic filler metal and
Pene-142 filler are mixed, the range of melting—so-
lidification of the brazing mixture (AT = 240 °C) is
widened, compared to the initial components (see Ta-
ble 1, Figure 1, @, b), which is not a positive factor
for formation of homogeneous brazed seams. At a wide
solidification interval and short time of this process
running, heterogeneous systems form with a multitude
of secondary phases precipitating both from the melt
and from the solid solution. Many of these phases are
stable and are preserved at subsequent heat treatment,
which is negative for BJ ductility and strength char-
acteristics.

On the other hand, addition of Rene-142 filler to
filler metal #1 reduces the total content of boron to
1 wt.% at the expense of filler metal alloying by su-
peralloy components and concentration of the low-
melting boride eutectic in the seam metal (see Fi-
gure 1, b, d). This lowers the intensity of formation
of chromium boride front along the fusion line and
reduces the depth of boron penetration into the brazed
metal. However, the quantity of boride phases in the
solidified seam volume remains to be quite high, and
heat treatment does not ensure a ductility margin of
the BJ (all of them failed in the brittle mode).

To increase the fluidity of boron-containing filler
metal at a simultaneous lowering of its reactivity rela-
tive to the brazed base, silicon in the form of powder
of commercial filler metal NS12 (Ni-12 % Si) with
Ty = 1143 °C (1150 °C) was further added as the
second depressant to the composition of filler metal
#1 + Rene-142 (see Figure 1, ¢). Silicon was added
to boron-containing filler metal as a component low-
ering the melting temperature of the brazing mixture
and affecting boron solubility in the seam matrix.
Nickel added simultaneously with silicon, diluted the
composite filler metal, preventing excess alloying.

Depressant content was varied in the ranges of
15-25 wt.%, thus promoting an improvement of such
mechanical properties as BJ strength and fracture
toughness. BJ Q-factor (ot /o™, where o, oM is
the ultimate strength of BJ and base metal, respec-
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Table 2, Content (wt.%) of elements in structural components of solidified metal

. p_gtr "l iy Al Cr o Mo Hf Ta W Re
Basiv alloy #1
1 & 2.43 8.42 8.68 B0.47 = = - - -
2 2.03 A.08 11.46 8.24 74.18 = = = = =
3 2.30 4.34 11.87 7.92 73.57 = = = = —
4 14.90 = §3.93 0.89 1.27 - - = = =
5 16,07 = 81.60 0.93 1.40 — - - - =
6 15.32 = 82.24 0.80 1.64 = = == - -
Rene-142 alloy
1 = 5.35 7.34 12.44 60.00 1.07 0.61 5.43 413 3.63
2 = 5.12 6.99 12.27 59.40 1.34 = 4.97 5:57 4.34
3 ~ = 0.97 1.36 3.00 1.18 14.88 71.82 2.35 .44
4 = = 0,73 0.48 1.97 1.78 15.89 75.37 2.92 0.85
3 = 6.30 6.43 10.47 52.73 1.64 1.95 7.00 2.29 1.19
Complex alloy #11

1 = 4.73 8.91 10.57 68.19 0.59 = 2.42 3.16 1.43
2 = 4.70 8.99 11,87 68.73 0.68 = 2.08 2.08 0.86 |
4 = 4.03 7.78 12.37 71.53 0.51 - 1.65 2,12 =
5 = = 2.16 0.65 2.76 1,99 19.99 658,94 312 0.40
6 = = 1.49 0.57 3.05 1.87 21.13 68.30 1.27 2.32
7 = = 40.67 5.64 8.44 10.02 = 3.63 20.54 11.08
8 = — 47.18 4.70 7.53 5.82 0.53 | E20) 14.83 18.29
9 = = 46.23 4.41 5.97 6.76 = - 20.49 16.13
10 = 1.68 7.32 14.31 65.34 0.85 4.49 4.95 1.06 =
1 = 1.99 9.56 13.97 G6.18 0.85 2.70 4.73 = =:

. 12 = = 37.89 5.71 9.15 10.25 == 3.52 24.37 .11

"At determination of boron cantent by the method of X-ray spectral analysis the complexity consists in superposition of molybdenum lines

on boron lines.

tively) reached 0.96—1.00 at a stable relative elonga-
tion of 4-10 % [5-7].

Ni—12 % Si melt solidifies with simultaneous pre-
cipitation of two hard phases of a certain concentra-
tion — silicon hard solution in nickel y(Ni) and eu-
tecticy(Ni) +NisSi,. Eutectic forms at the temperature
of approximately 1150 °C and silicon content of 11.5—
12.0 wt.%. In DTA melting curve it is seen that Ni;Si
(13.76 wt.% Si) undergoes twa transformations at
1120 and 1040 °C, which results in formation of an
eutectoid-like microstructure (see Figures 1, ¢ and 5,
i, 1), which corresponds to Ni-Si constitutional dia-
gram [16]. At the temperature of 20 °C the solidified
filler metal is y(Ni)-solid solution (microhardness
HV 3870 MPa), and eutectic is y(Ni)-solid solution
and NizSi(B) (11.3-12.8 wt.% Si, microhardness is
HYV 7740 MPa). The latter forms as a result of peritec-
tic reaction between the alloy and NisSi at the tem-
‘perature of 1165 °C and primary crystals of NisSiy
silicide (15.39 wt.%) (Table 3, Figure 5, i, j).
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Figure 4. DTA curves oblained at solidiflcation of molten ingots
of complex alloys #1 4+ NS12 + 60 % Rene-142 with different content
of silicon-containing component NS§12: 1 — filler metal #13; 2 —
14; 3 — 12
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Addition of eutectic filler metal NS12 to composite
filler metal #11 changes the structure and phase com-
position of brazed seam metal, thus ensuring an im-
provement of BJ technological properties. Mode of
thermograms of silicon- and boron-containing filler
metal changes simultaneously: solidification processes
are shifted towards lower temperatures with weakly

Figure 5. Microstructure of metal of solidified samples of complex filler metals
of the type of #1 + 60 % Rene-142 without silicon (a4, b) and with different
content of NS12 additives: ¢, d — 155 ¢, f — 20, g, h — 25 vol.%; 4, j — NS12

filler metal (a, ¢, e, g, i — x500; b, d, f, h, j — =x1000)
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expressed peaks on melting—solidification curves, and
T value decreases by 60 °C compared to boron-con-
taining filler metal #11.

Silicon added to the filler metal in the form of a

eutectic component, promotes a reduction of the vol-

ume fraction and size of the secondary strengthening
phases in the solidified filler metal, as well as a discrete
mode of their distribution along the den-
drite boundaries (see Figure 5, ¢). At the
same brazing temperature the solidification
range is narrowed by 40-50 °C in filler
metals #11 and 12. The process of solidi-
fication in boron- and silicon-containing
complex filler metal will run at a lower
speed and in a more complete manner, re-
spectively.

As the filler metal melt is diluted by
nickel at NS12 addition, the volume frac-
tion of secondary phases in the brazed seam
decreases (see Figure 5, ¢). Boron content
in filler metal #12 varies from 1.0 to
0.5 wt.%, which results in a considerable
reduction of the volume fraction of the pre-
cipitating chromium or nickel borides in
the seam metal. No groovey + CrB eutectics
are observed in the solidified structure, and
residual eutectics of v + NigB type are pre-
sent in the form of isolated inclusions in
the seam matrix. Minimum content of boride
eutectics (up to 5-8 vol.%) compared to 35—
40 vol.% in boron-containing filler metal #11
is the result of presence of silicon. Purely
boride eutectics lead to BJ embrittlement at
20 °C, and at the annealing temperature
(about 1080-1160 *C) they melt and sweat
out of the seam, resulting in pores and cavi-
ties in the seam metal.

When a complex alloy with silicon is
used, the composition of discrete eutectic
phases of y + NigB type changes. A reduc-
tion of the weight fraction of cobalt (from
14 to 10 %) and chromium (from 9 to 4 %)
is observed, with only a slight increase of
the weight fraction of nickel (from 63 to
67 %) and hafnium (from 2.7-4.5 to 6—
9 %). Discrete eutectics are formed on the
base of intermetallic phase Ni, Hf,, (see Ta-
ble 3 and Figure 5, b). Appearance of in-
termetallics is related to a low solubility
of hafnium in y-solid solution [17].

Systems of powder filler metals #1 +
NS12 + 60 % Rene-142 with different con-
tent of NS12 were studied. Thermograms
of filler metals #12—14 and the respective
intervals of solidification of filler metals
with 15-25 wt.% NS12 are shown in Fi-
gure 4 and Table 1.

Solidification of complex filler metals
with silicon is of a complex nature — the
thermograms have four exothermal salient
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Table 3. Content (wt.%) of elements in structural components of solidified metal of complex filler metals with different content of

N512 additives
_Spthr‘:m Al si cr Co Ni Mo Hf Ta W Re
#1 + 15 % NS12 + 60 % Rene-142
1 3.48 0.61 8.12 9,92 68.23 0.84 — 1.88 4.59 2,27
2 3.68 2.54 7.17 9.91 71.74 0.47 - 0.66 1.74 2.10
3 3.65 2.65 4.90 8.11 75.76 - - 3.19 0.93 0.80
4 1.13 0.40 4.70 11.89 68.69 - 7.51 4.84 0.84 -
5 1.51 0.71 5.09 11.66 65.87 0.37 8.01 5.97 = 0.82
6 3.07 3.75 7.72 11.56 72.76 - - - - 1,02
8 3.95 2.32 8.17 10.13 67.97 0.70 — 0.90 2.74 3.13
9 - - 48.07 4.62 6.84 6.03 - - 14.70 19.75
#1+ 20 % NS12 + 60 % Rene-142
1 3.30 1.75 6.88 9.54 69.38 0.72 - 1.16 3.44 3.82
2 2.04 3.86 7.53 10.21 72,78 0.30 - 0.96 1.32 0.99
5 0.43 — 20.51 5.28 20.49 9.94 0.46 3.18 17.85 12.86
6 2.93 2,81 7.70 9.75 70.43 0.53 0.53 1.07 1.80 2.47
7 0.99 - 4.19 9.68 66.50 0.33 9.12 7.55 1.65 =
#1425 % NS12 + 60 % Rene-142
1 4.02 0.77 6.82 10.06 67.23 0.68 (.36 2.67 5.06 2.33
2 4.00 1.26 6.92 10.10 67.12 0.83 = 2.15 3.83 3.82
4 - - 31.33 4.31 8.44 12.87 0.40 2.78 25.55 14.31
5 1.21 0.39 3.93 10.87 67.26 - 8.55 7.34 0.47 -
6 4.83 2,58 5.56 8.62 71.48 0.83 — 2.65 2.59 0.87
7 2.38 7.03 4.31 9.06 74.80 0,54 1.35 0.53 -~ =
10 3.89 3.27 5.49 9.04 72.74 0,61 0.24 3.15 0.89 0.68
NS12
1 - 8.24 — - 91.76 - = - = -
2 - 12.08 - - 87.92 - - - - ~
3 - 15.39 - - 84.61 - - - - -
5 - 13.78 - - 86,22 - - - —= =

points, T's and T, temperature of these alloys is prac-
tically the same (see Table 1), however, the volume
fraction of the structural components is different. The
main‘phases in the solidified seams arey-solid solution,
islet eutectics of y + NizB type, discrete carbide phases
of MeyCg type, dispersed MeC carbides and non-equi-
librium y'-phase. Content of complex-alloyed eutectic
and chromium borides is higher in filler metal #13
than in filler metals #12 and 14, which is confirmed
by brazed seam microstructure in Figure 5 and data
of Table 3.

Increase of the amount of silicon added to the filler
metal (with 25 % NS12) leads to appearance of isolated
formations of up to 3 um size on interdendritic bounda-
ries, in which silicon content reaches 5.7-7.0 wt.%,
and that of nickel — 71-72 wt.%. As to its composi-
tion, this compound is close to NisSi silicide, the lower
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temperature of precipitation of which from the solid
solution is equal to about 1040 °C [16],

Lowering of chromium content in the filler metal
due to solid solution dilution by nickel resulted in
variation of the carbide phase morphology: their tung-
sten content was increased (25 wt.%) compared to
14 wt.% in the basic system of filler metal #11 com-
position. Volume fraction of the carbide phases and
their dimensions decreased with silicon addition.

System with 20 % NS12 turned out to be the op-
timum one, proceeding from the volume fraction of
the secondary (boride and carboboride) phases in the
brazed seam metal (Figure 6). This is exactly the
weight fraction of NS12 additive, at which the solidi-
fied filler metal structure with minimum content of
the secondary phases and liquation inhomogeneity was
produced.
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Table 4. BJ strenglh for a number of high-temperature nickel olloys at testing temperature T = 20 °C

Alloy type Filler metal btk s sl BJ Q-Fictor
Basc B
Chs7ov1 #1 + 60 % Rene-142 813.5 732.5 0.90
#1 + 20 % NS12 + 60 % Rene-142 778.0 0.86
VJLIZU #1 + 60 % Rene-142 B33.0 730 086 |
#1 + 20 % NSIZ + 60 % Rene-142 873.0 1.00
15261 #1+ B0 % Rene-142 727.0 692.0 0.95
#1 4 20 % NSI2 + 60 % Rene-142 718.5 0.99
JS26NK #1 + 60 % Repe-142 HES8.0 TG0 0.88
#1 + 20 % NS12 + 60 % Hene-142 835.0 1.00

X-ray diffraction patterns of the ingots {molten
and solidified powders) of filler metals #1, 11 and 12
with silicon show lines, corresponding to y-matrix so-
lution based on nickel and CrR and NigB borides. In
filler metal #11 the intensity of solid solution lines is
low, i.e. the volume fraction of the secondary phases
is higher than in y-solution. Relative intensity of dif-
fraction lines of y-matrix solution is indicative of the
textured condition of the solidified filler metal, which
is confirmed by the results of diffractometric analysis.
Intensity of lines on the diffractograms identified as
CrB, revealed that the highest volume fraction of this
component is found in Ni-Co—Cr=Al-2.5 % B and
#1 + 60 % Rene-142 filler metals. Chromium binding
into boride compounds leads to a less of high-tem-
perature resistance of the alloy at lowering of this
element content in the seam matrix,

For filler metals with silicon the intensity of these
lines is low, as the cantent of these phases in the seam
metal is minimum, which is confirmed by the results
of different studies. Relative intensity of the lines of
CrB and NigB barides when filler metal #11 15 used
is higher than for filler metal #12. In the filler metal
with silicon (#12) boron mainly precipitates in the
form of dispersed NizgB particles of 0.3-0.7 um size,
both along dendrite arms, and in interdendritic re-
gions. The above boride has the structure of cementite,
L.e. of dispersion-strengthened type. Silicon somewhat
stabilizes NiyB boride as a component sexpanding the

f, vol.%
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*
0F
0
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Figure 6. Dependonce of volume fraction [ of seeondary phascs in
seam metal of #1 + 20 % NS12 + 60 % Hene-142 system on the
content of added NS12
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lattices [15], and promotes boron penetration into the
cementite lattice.

For a sample of filler metal #12 diffraction lines
are found, which correspond to carbide phases of MeC
type. Clear-cut peaks are indicative of their presence
in the solidified filler metal. Structural and X-ray
spectral analysis confirms the presence of carbide
phases based on (Ta, Hf, W)C, having the form of
dispersed particles of 3-7 um size.

For silicon-containing filler metal #12 intensity
peaks form on the X-ray diffraction pattern, identified
as NigM phase intermetallics, obviously, correspond-
ing to y-NisAl phase, which is the main strengthening
phase, precipitating from the solid solution at its cool-
ing. Its content is considerable already during solidi-
fication compared to boron-containing filler metal
#11, in which no peaks are found on the
roentgenogram. Addition of the second depressant in
the form of N512 to filler metal #11 (7, lowering by
60 *C, respectively) al narrowing of AT, ~Ty interval
promotes a more complete solidification of the filler
metal melt without fermation of developed eutectics.
Low-temperature peak at the temperature of 950 *C
on DTA curve of solidification of [iller metal #12,
most probably, corresponds to the start of precipita-
tion of dispersed non-equilibrium y*-phase from the
solid solution (see Figure 1, ).

As follows from [4-6], two-step heab treatment
after brazing reduces the liquational inhomogeneity
inherent to all the cast alloys after solidification, and
leads to formation of particles of ¥-NizAl strengthen-
ing phase uniform as to composition, size and mor
phology, both on the arms and in the interdendritic
spaces, and, therefore, promotes a higher long-term
strength of the brazed seam metal [18].

With increase of weight fraction of Ni—12 % Si
filler metal powder from 15 to 25 % the matrix mi-
crohardness along the dendrite arms varies in the
ranges of HV 3940 to 4230 MPa, which is related to
increase of Y-NizAl phase volume fraction. Dispersity
of Y-particles decreases (see Figure 5). Obtained data
are indicative of the fact that in the case of application
of filler metal with 20 wt.% NS12 redistribution of
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Figure 7. Diffractograms of basic filler metal #1 (&), composite
filler metals of #1 + 60 % Rene-142 system without silicon (#11)
(b) and with additive of 20 wt.% NS12 (#12) (¢): { — CrB; 2 —
NigB; 3 — Ni;Me

alloying elements in the dendrite volume occurs al-
ready during the solidification process.

Filler metal with 20 % NS12 (#12) approaches the
equilibrium condition during solidification in the most
complete manner (see Figure 5, e, /). This composition
ensures the minimum content of the secondary
strengthening phases in the filler metal, their discrete
distribution along the dendrite boundaries, which re-
sults in smoothing of the peaks on DTA curve (see
Figures 1, eand 5, e, /). Volume fraction of the bound-
aryy-eutectic phase here is minimum, primary+y’-phase
precipitates along the dendrite boundaries uniformly
and in the maximum volume.

To confirm the rationality of selection of boron-
and silicon-containing filler metal a system of com-
posite filler metal #19 was studied (see Figure 1, f).
DTA curves obtained for this filler metal show that
the solidification range is widened up to 230 °C. At
solidification of such a filler metal phase transforma-
tions take place, which are characterized by formation
of diverse structural components in the seam metal
(see Figure 2, j).

~ During investigations also the lattice parameters
of matrix y-solution were determined, and it was es-
tablished that silicon, which is added to boren-con-
taining filler metal, reduces the inner stress level of
the solid solution, related to distortion of the crystal-
line lattice. Values of lattice parameter increase at
addition of boron atoms to the nickel lattice, while
silicon dissolves in nickel to the maximum, and, sub-
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oping in the solid solution (see Figure 4). Values of
lattice parameter of y-solid solution of the seam metal
formed with application of the studied filler metals
are as follows, nm: Ni-Co—Cr—-Al + 2.5 % B — 0.3355;
Rene-142 — 0.3580; #1 + 60 % Rene-142 — 0.3566;
#1 + 20 % NS12 1+ 60 % Rene-142 — 0.3549.

The interrelation between the structure of the
brazed seam metal and BJ mechanical properties is
shown in greater detail in [4, 5, 7] and Table 4. BJ
of casting nickel alloys VJL12U, JS26VI, produced
using filler metal 20 % #1 + 20 % NS12 + 60 % Rcne-
142, at 20 °C were characterized by strength equivalent
to that of the base metal. Their ductility was 2.5-4
times higher than that of BJ, produced using regular
boron-containing filler metals (40 % #1 + 60 % Rene-
142). BJ short-time high-temperature strength at 900~
1000 °C was 80 % of that of the base metal.
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CURRENT STATUS OF WELDING FABRICATION
IN JAPAN

V.N. BERNADSKY and O.K. MAKOVETSKAYA
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The review presents the data that characterize the state of the welding equipment market in Japan at the first stage of

the global financial and economie crisis of 2008-2009.

Keywords: welding fabrication, economic development,
structural material murket, welding equipment market, financial
Ccrisis

Japan is the country of economic success, which man-
aged to become one of the world leaders in a histori-
cally short time. Rate of economic growth of post-war
Japan, having reached the highest point in 1950s (av-
erage annual increase of GDP was 14.9 %)}, began
actively decreasing: in 1960s — by 11.3; in 1970s —
4.5;in 1980s — 3.8; in 1990s — 1.4; in 2008 — 0.7%.
Such falling rates of growth are related to the change
of the stages of the country's economic growth: re-
forms of the first post-war years (1946-1952), estab-
lishing industrial production (1955-1973), period of
adaptation to the growing prices for raw material re-
sources and fuel and internationalization of the econ-
omy (1974-1989), structural crisis of the 19905 and
financial crisis of 2008-2009.

During the vears of <economical miracles Japan
overcame the technical lag compared to the most de-
veloped countries and mastered the technologies of
mass processing of the raw and fuel resources and mass
output of standardized finished products. In 1950s
ferrous metallurgy enterprises, coal mines and power
stations were reconstructed and new merchant marine,
destroyed during the war, was built. In 1960s manu-
facturing of household appliances and radiosets, auto-
motive industry, as well as petrochemistry, production
of synthetic fibres and resins and electronics were
created on the basis of military enterprise conversion
and new industrial construction from scratch. At the
same time, almost all the coal mines which could not
stand the competition of cheap import oil, were closed
down, the oil becoming the fuel base of power econ-
omy.

In 1970s all the reserves of extensive growth by
involvement of new labour resources and revising the
industrial product range had been exhausted. The in-
dustry became more and more focused on science-in-
tensive sectors, such as electronic engineering and
manufacturing modern communication means. To in-
tensify their development, a series of state programs
was implemented for financial and organizational sup-
port of research performed by major companies in the
field of high technologies.

@ VN, BERNADSKY and O K. MAKOVETSKAY A, 2008
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In 1990s Japan went through a severe financial
crisis, which had an essential influence on develop-
ment of the real sector of the Japanese economy. Share
of investments into the GDP dropped from 20 to 15—
16 %. Lack of demand in the domestic market has
been and still remains Japan’s structural weakness,
so that the 1990s crisis can be called structural crisis.
Crisis phase lasted for more than 10 years and lead to
a sequence of grave consequences in the production,
financial and social spheres.

During the period of 2002-2007 Japan showed eco-
nomical upturn, however no effective steps were taken
towards a gradual re-orientation of the economy to
domestic consumption. The complexity of Japan's
situation at the current stage (2008—2009) consists in
that it enters the recession, not having really recovered
from the stagnation of 1990s. Japanese economy still
has to cope with the burden of too large production
capacities, high labour cost and huge amount of debt
(Japan's internal debt was equal to almost 180 % of
GDT at the beginning of 2008) [1].

However, as noted by the Japanese economists, de-
spite the tremendous initial destruction, a crisis, like
nothing else, reveals the need for vital reforms and helps
mobilize their support by the population. Crisis periods
(particularly, «oils crisis at the end of 1970s) gave an
impetus to understanding the importance of innovation
development of the Japanese economy, in particular,
welding technologies. Japanese welding specialists drew
two very important conclusions. First, innovation tech-
nologies of material joining should be developed and
introduced continuously, so as to be ready at any moment
to become involved in an intelligent and promising over-
coming of global crises and fulfillment of major national
programs. Secondly, welding needs scientists, develop-
ers, technologists and qualified welders all the time and
not only during the time of crises [2]. Such a concept
was confirmed by development of new high-technology
productions and high technologies, development and
manufacturing of structural materials, welding equip-
ment and consumables. If we focus more on the strategic
perspective, to-day’s crisis can also become a herald of
positive reforms, which will increase the effectiveness
and viability of the Japanese economic system [3].

Market of the main structural materials. Devel-
opment of the modern Japanese market of welding
equipment is closely related to the sectoral metal-proc-
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Table 1. Volumes of steel and hot rolled stock production, thous t
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Prixluction type 20014 2006 2007 2008

Steel melting, total 102870 {16226 120202 {18737
Including:

common 83960 80700 94078 92564

special 18910 25526 26124 26173
Hot rolled stock, total 94760 104121 108202 106087
Including

common steel 78030 83139 86704 84322

special steel 15840 20982 21496 21765

essing markets — welding equipment users and struc-
tural material markets, primarily steel markets. In the
Japanese steel industry such phenomena, as specializa-
tion, cooperation, and integration of production have
changed and acquired new forms during globalization
of the world economy. Steel consumption rises, being,
however, the case of qualitative, rather than quantitative
growth. A key factor of development of the country’s
metallurgy, are innovation solutions aimed at develop-
ment of new steel grades for specific products. The forms
of division of labour and cooperation between metal
producers and users have changed and acquired new
features. Products oriented to a specific application are
formed together with steel users; and adaptation of all
the production processes including joining technologies,
materials and equipment, is performed. Cooperation of
producers and users starts from the R&D field and ends
by the final product entering the market. An example
of it can be development in 1980s of the process of
thermomechanically controlled processing by Nippon
Steel for production of rolled stock from high-strength
steel, as well as technologies of its welding, which, in
its turn, led to appearance of new concepts in fabrication
of pipelines, designs of welded off-shore platforms and
lightweight ship structures [2]. Development of new
types of steels subjected to thermomechanical processing
is carried on, and new grades with improved praoperties,
i.e. high environmental, brittle fracture, corrosion and
fatigue resistance, and characterized by good weldability
are regularly introduced into the market [4].

As to the volume of steel production (118.7 mln t
in 2008), Japan takes the second place in the world
after China. Export quota of this sector amounts to
24 % of Japan’s share in the world market of ferrous
metals of approximately 25 %. Volume of steel pro-
duction in Japan in the last decade was equal to about
100 min t, and in 2007 it reached the next peak of
120 min t. Table 1 shows the data of steel and hot
rolled stock production during 2001-2008 [5].

During 20012008 steel production in Japan rose
by 15 %, the increase of common steel production
being just 10, and that of special quality steels —
38 %, and the situation in hot rolled stock production
is similar. In the structure of total steel production
the share of special steels is equal to 22 % and exhibits
a tendency to continuous growth [5].
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Japan is one of the world leaders in stainless steel
production. In 2007 the world production of stainless
steel reached 27.6 mln t, 60 % of whicli was produced
in the Asian countries (China — 7.2, Japan —
3.5 mln t). Sheet steel amounts to almost 80 % of
stainless steel produced in Japan, the main users of
which are construction, shipbuilding, industrial me
chanical engineering, railway transportation, and con-
tainer fabrication. Stainless steel export is equal to
about 500 thous t.

Non-ferrous metallurgy of Japan, in which practi-
cally all the productions are material- and power-con-
suming, as well as environmentally unsafe, went
through structural reorganization to the greatest ex-
tent. Primary production of non-ferrous metals was
greatly reduced (for instance, for aluminium it de
creased in 1980s from 770 to 32.4 thou t). A reduction
of production facilities and taking production out to
other countries takes place. By the data of the Japanese
Aluminium Association in 2007 production of primary
aluminium in the country amounted to just 6.6, and
that of secondary aluminium — to 1111.7 thou t,
which covered about 80 % of inner demand for metal
produced from scrap. The country imports about
3 min t of aluminium and aluminium alloys. The de-
mand for metal has been steadily growing for the last
five years, the main users being construction and auto-
motive industry. It is predicted that the Japanese do-
mestic demand should decrease somewhat, however,
the total aluminium production in the country will
grow,

Table 2 gives the pattern of consumption of alu-
minium rolled stock and extruded sections in Japan
by individual industries and in construction [6].

The main fraction of extruded sections (78 %) is
consumed in transport engineering and construction sec-
tors, in particular, in fabrication of structures, where
advanced welding technologies are widely used: friction
stir welding, hybrid, electron beam and laser welding.

Welding consumables market. By the volume of
welding consumables consumption (by deposited met-
al weight) Japan takes the third place in the world
(268 thou after the USA (335 thou t) and EU countries
(437 thou t) [7].

Japanese welding consumables market is closely re-
lated to structural metal market, in particular steel mar-
ket. This dependence is clearly visible in Figure 1, which

25




INDUSTRIAL

Table 2. Sectoral structure of aluminium rolled stock and extruded section consumption

foluiii S Rolled stock, thou t Extruded sections, thou t
2002 2007 2002 2007
Food 449 .4 448.8 1:2 t.1
Dishware manufacturing 1.2 3.1 1.0 1.7
Foil 159.9 154.3 - =
Metalware manufacturing 101.7 98.0 28.4 25.0
Power industry 90.3 109.5 29.6 28.6
Transport engineering 135.2 200.0 141.4 173.6
Industrial mechanical engineering 12.4 27.0 75.1 91.8
Construction /structures 62.9 48.9 642.2 573.6
Other 66.2 1.9 60.3 59.9
Total 1085.1 1161.5 979.3 935.3

Table 3. Volume and structure of domestic consumption of welding consumables

1999 2007 2008 (ostimate). 2008 (prediction)
Welding consumuhles

thou t % thou t b thou ¢ % thou ( Yo

Coated electrodes. 56.2 18.3 44.6 124 42.7 1.7 39.9 11.7
Submerged-arc welding wire and flux 32.8 10.7 36.2 10.3 40.2 11.0 37 11.0
Thin solid wire 141.5 46.2 163.5 46.7 171.0 46.8 157.5 A6.4
TIG welding wire 1.8 0.6 2.4 0.7 2.2 0.6 2.1 0.6
Flux-cored wire T4.2 24.2 105.0 29.9 108.7 29.9 103.3 30.3
Total | 3065 | 1000 | 3517 | 0.0 | 3648 | 100.0 | 3405 | 100.0

shows the data on welding consumable production
and steel consumption in Japan during 1990-2007 [8].

Volumes and patterns of domestic consumption of
the main groups of welding consumables in the period
from 1999 to 2009 are given in Table 3 [9]. Data of
Table 3 show that the tendencies exhibited by the
Japanese welding consumables market in the recent
decades, are quite stable. On the whole, welding con-
sumables consumption showed positive dynamics with
annual growth of about 3-4 %.

In the pattern of consumption a continuous reduc-
tion of the demand for arc welding electrodes should
be noted. In the period from 1999 the volume of their
application decreased by 30 %, and the fraction of
coated electrodes in the structure of the applied weld-
ing consumables dropped to 11.7 %. A stable increase
of the demand for flux-cored wires was still observed.
The demand for solid wire continues to be high: its
fraction amounts to almost half of all the used welding
consumables. The fraction of consumption of wires for

Steel, thou. t Welding consumables, thou. t
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Figure 1. Dynamics of welding consumable production (1) and
steel consumption (2) in Japan over the period of 1990-2007
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inert-gas welding is less than 1 %, however, the vol-
umes of application of this welding process, rise, par-
ticularly, in mechanical and power engineering.

In the production structure of welding consu-
mables, the fraction of welding consumables designed
for stainless steel welding is small, being 3—4 %, which
corresponds to the stainless steel fraction in the struc-
ture of total steel production in the country. Table 4
gives the data on manufacture of welding consumables
for welding stainless steels [9]. Over the recent years,
positive dynamics of the volume of production of weld-
ing consumables for stainless steel welding has been
observed with the annual output increase of 3—5 %,
which is 2007 was equal to more than {3 thou t. In
the production structure flux-cored wire constitutes
the main fraction (50 %) and almost 25 % is taken up
by solid wire for MIG welding, which is noticeably
different from the total consumption pattern of com-
mon welding consumables (see Table 3). As a result
of a considerable demand for stainless steel in the
shipbuilding, petrochemical, nuclear and electric
power industries, no considerable reduction of the de-
mand for welding consumables in this sector in 2008~
2009 is anticipated. A not more than 1-2 % lowering
of production is predicted.

‘Volume of production of welding consumables for
welding aluminium in Japan is small, despite the con-
siderable volumes of consumption of this metal in the
automotive industry, shipbuilding, railway transport
engineering. This is determined by the structure of
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Welding ¢onsuiables 2001 2002 2003 2004 2005 2006 2007 (priﬂfﬁm‘)
Solid wire for submerged-arc welding 375 289 309 438 460 470 480 480
Filler materials for TIG welding 930 861 936 973 960 950 950 950
Salid wire for MIG welding 2049 2623 2832 2953 2860 2990 3230 3150
Coated electrades lor are welding 1967 1868 2004 1976 1850 1740 1720 1700
Flux-cored wire 5081, 5099 5519 3780 5910 6180 6600 6580
Total 10405 10740 11600 12120 12040 12360 13020 12900

aluminium welding processes applied in Japan, among
which a considerable share is taken by such welding
technologies as TIG, laser welding, friction stir weld-
ing, which require no welding consumables.

Figure 2 gives the statistical data of the Japan
Light Metal Welding and Construction Association
on production of welding consumables used for alu-
minium welding [10]. Consumption of this type of
welding consumables in Japan (domestic production
and import) was somewhat higher in 2008 and
amounted to about 1.9 thou (1.5 thou t of welding
wire and 0.4 thou t of electrodes).

Volumes of foreign trade in welding consumables
in Japan are growing continuously. From 2001 to
2007, export of welding consumables increased two
times, amounting to 49.5 thou t. In the export pattern
flux-cored wires designed for gas-shielded welding ac-
count for more than 60 %. The main fraction of welding
consumable supplies is taken up by countries of the
South-Asian region, as well as the USA.

Welding consumable import is also growing. In
2007 it amounted to 48 thou t, which is 14 thou t
more than in 2001. Solid wire import constitutes the
main fraction (more than 70 %). The main trade part-
ner is the Korean Republic, which supplies almost
2/3 of all the welding consumables imported by Ja-
pan, mainly, solid wire.

By estimates of the Japanese experts, under the
influence of the world financial crisis consumption of
all'types of welding consumables will be reduced al-
ready in 2008, as a result of decrease of industrial
production in all the industrial sectors, including con-
struction, mechanical engineering, shipbuilding, and
automotive industry. For 2009 a total decline of the
demand for welding consumables by appruximately
7 % is predicted, the export being reduced by 5.6 %
toabout 51 thou t, and import being reduced by 5.8 %
to about 53.5 thou t.

Japanese companies, including the world leader in
welding consumable manufacture — Kobe Steel Lid.
are actively developing and supplying to the market
new types of welding consumables in all the market
segments. Development of new welding consumables
in Japan first of all is the response of welding con-
sumable manufacturers to the problems, arising in dif-
ferent industrial sectors: improvement of product
quality; productivity and cost-effectiveness of produc-
fion, lowering of the ecological impact on the working
medium and environment. With this purpose require-
ments are made of increase of the speed and produc-
tivity of welding processes, automation and robotiza-
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tion of welding production, widening flux-cored wire
application for welding in all positions, ensuring eco-
logical compatibility of welding processes [8].

In shipbuilding the demand for welding consu-
mables for robotic welding of ship structure compo-
nents in all positions is rising. At present developments
of flux-cored wire designed for upward vertical weld-
ing in a wide gap at high current, are pursued more
actively. The new wire ensures a high viscosity of the
liquid metal, is characterised by an increased viscosity
of the slag and its melting temperature. Another di-
rection is development of flux-cored wire to improve
the weldability during performance of welds in the
vertical position and welding efficiency in all positions
in ship and bridge building.

In construction R-bars are traditionally welded by
YGW 11 wire with a high content of alloying elements,
which allows achieving a high impact toughness and
strength of welds. However, the high content of slag-
forming components impairs the weldability in the
case of the wire application for robotic welding. In
order to solve this problem, a new wire type —
YGW18 was developed specially for robotic welding.
The wire has excellent mechanical properties, namely
ultimate tensile strength and impact toughness higher
than that of the traditional wire.

Solid wire without copper cladding (YGW 12) for
MIG welding with a low spatter index and improved
feeding characteristics was developed for robotic weld-
ing in the automotive industry and construction ma-
chinery engineering. This wire type has the highest
feeding index and provides very high arcing stability.
If we add a quite low spatter, thus preventing or
minimizing cleaning after welding and equipment
downtime, its application is cost-effective and highly
efficient.

Development of up-to-date consumables for weld-
ing low-alloyed high-temperature steels for produc
tion of oil refining installations and construction of
pipelines and thermal power plants is conducted suc-
cessfully, to provide the possibility of welded struc-
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Figure 2. Volume of production of welding consumables () for
aluminium welding: 1 — wire; 2 — electrode
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Table 5. Welding equipment production

Welding equipment

Production indives, pes (blu yen)

1999

2006

2007

2008

2009

Arc welding equipment, total

103900 (26430)

124500 (38001)

145100 (43837)

134500 (40500)

121300 (37721)

Including:

rotary type converters

29300 (7891)

29600 (8802)

28500 (7489)

23600 (5893)

21700 (5881)

automalic and semi-automatic
machines

27100 (8996)

59200 (17489)

72600 (21776)

70700 (23100)

63600 (22061)

power sources and other
cquipment

A7500 (9543)

35700 (11903)

44000 (13268)

40500 £10800)

36000 (9720)

Resistance welding machines

7600 (16286)

10500 (11549)

10400 (11597)

9000 (10000)

8100 (9100)

Total

111500 (42716)

135000 (49550)

155500 (55470)

143800 (50500)

1209400 (46821)

ture operation at an even higher temperature and pres-
sure. An indubitable suceess is introduction of new
wire of a high toughness for welding 2.25 % Cr-1 %
Mo-V steel applied in manufacture of welded com-
ponents of oil refining installations [11, 12].

Welding equipment market. Japan is one of the
recognized leaders in the world production of up-to-
date welding equipment. Japan’s fraction of the world
market of welding equipment accounts for approxi-
mately 15 %.

Table 5 gives the data on production volumes (in
terms of figures and money) of the main types of
welding equipment in the period from 1999 to 2007
and prediction for 2008-2009.

Over the period from 1999 till 2007 the volume of
welding equipment production increased by almost
40 % in figures and by almost 10 % in value terms.
Arc welding machines account for more than 90 % of
the equipment manufactured in Japan. During 2003—
2007 (after decline of production during the crisis
period of 2001-2002) production of all types of weld-
ing equipment rose by 56 %. During this period the
market registered the highest demand for automated
arc welding machines, including submerged-arc weld-
ing machines. The volume of their production in-
creased almost two times both in figures and in terms
of value, and in 2007 it amounted to 72.6 thous pcs.
Demand for resistance welding machines increased
30 % since 1999, Over the recent years it has been

from 1999 the cost of one unit of welding equipment

decreased considerably, which is particularly notice-

able in the sector of resistance welding machines [13].

Short-term fluctuations of the volumes of welding
equipment production are closely related to tendencies
in development of the national economy. In 2008, 8 %
decline in welding equipment production was noted.
An almost 20 % reduction of production in the aute-
motive industry predicted for 2009, will lead to low-
ering of the demand for welding equipment in the arc
welding machine sector by another 10 % in figures
and 7-8 % in terms of value. In the sector of automatic
arc welding machines the volume of production in
2009 will be about 63.6 thou pes (a 10 % drop com-
pared to the previous year), while sales volume will
decrease to 22061 mln yen (4.5 % decrease). In the
sector of other kinds of arc welding machines, which
includes DC and AC power sources, TIG welding
equipment, special arc welding machines and air-
plasma cutting machines production decline will con-
tinue also in 2009.

Decline in production of welding equipment in the
sector of rotary type converters driven by an internal
combustion engine (petrol or diesel), alongside the
market stagnation in the civil and industrial construc-
tion sector was also affected by the initiated in 2007
revision of the Japanese national standards in con-

Table 7. Welding equipment impart, pes

quite stable at about 8-10 thou pes per year. Starting Welding equipment #004 ‘ 2405 ‘ ¥06 | Gl
Table 6. Welding equipment export, pes Arc welding équipment:
Welding equipment 2004 l 2005 [ 2006 [ 2007 ZE:E:;:LE:; ma:}? itrl\es Semp | 0086 | 1ede3 | S0RSE: | SR
Arc welding equipment: other 31507 | 47397 | 43948 | 37953
Automatic and semi-automatic| 9991 | 11838 | 9393 | 11570 Resistance welding
machines machines:
other 10857 | 11772 | 11036 | 12839 automatic  and  semi-| 540 1509 | 3107 | 594
Resistance welding machines: automatic mazhines
automatic and semi-automatic| 4036 | 4293 | 5361 | 4142 other 860 147 b3 o
machines Special welding machines:
other 3768 | 3868 | 2752 | 12828 ultrasonic welding 1483 | 1716 | 2495 | 1858
Special welding machines 18209 | 14126 | 17719 | 18871 other 39072 | 84821 | 42428 | 19455
Total 46861 | 45897 | 46261 | 60250 Total 113548 | 154029 | 111773 | 88205
The
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struction as regards the applied equipment. In 2008
compared to the previous year, the welding equipment
sector showed the greatest decline in production:
17.4 % in figures and 25.5 % in terms of value. As
predicted, the volume of production of this type of
machines in 2009 will be reduced to 21.7 thou pcs

(8 % drop compared to the previous vear), while sales

will be about 5.94 mln yen (10 % drop). It should be
noted that manufacturing of welding transformers de-
creased abruptly, their manufacturing index being
shown as a separate line in statistical reports just 10
to 15 years ago.

In the sector of resistance welding machines the
volume of production in 2009 (prediction) will also
be reduced, and will be equal to about 8100 pcs
(9.1 mln yen). Annual decline in production will be
equal to about 10 %.

Volumes of foreign trade in welding equipment are
quite considerable. Over the recent years, import was
equal to more than half, and export to almost 40 % of
the volume of domestic production of welding equip-
ment. During the financial-economic crisis of 2008-2009
export and import of different types of welding equip-
ment will, obviously, be essentially reduced.

The prevailing fraction of arc welding application
(more than 90 %) in the Japanese industrial produc-
tion has largely determined the priorities in the field
of development and production of welding equipment.
The structure of welding equipment production has
changed Volumes of production of automatic and
semi-automatic equipment increased considerably.
The structure of production of individual groups of
equipment has also changed. Up-to-date welding sys-
tems (welding machine—power source) mainly use
digital control systems. Wide possibilities for high-
speed effective control of the welding process are
opened up by application of powerful computers and
inverter circuits, this allowing a considerable increase
of the efficiency and level of automation. The problem
of transition from partial automation of the techno-
logical processes of welding to broad robotization and
creation of completely unmanned technologies of
welding and fabrication of welded structures is cur-
rently being solved.

Welding process automation is closely related to
increased application of new welding technologies —
laser, hybrid-laser, friction stir welding and robotiza-
tion of the technological production process based on
these welding processes [14, 15].

Volumes of production and sales of industrial lasers
designed for processing various materials, including
welding and cutting lasers, are negligible in Japan,
compared to the European countries and the USA.
The world volume of sales of industrial lasers and
laser systems for welding and related technologies
in' 2008 amounted to about 2327 mln USD, and
about 51.1 thou industrial lasers were manufactured.
Process lasers designed for welding and cutting make
up about 55 % of the total production of industrial
lasers, while Japan accounts for about 23 % of the
world consumption of industrial lasers and systems.
Figure 3 gives the volume and structure of Japanese
industrial laser manufacture. The volume of domes-
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tic production does not satisfy the demand for lasers
and laser systems, which is growing continuously. Ja-
pan is one of the five countries, which are the main
importers of lasers in the world. As to the volume of
purchases, lasers take the second place in the total
product import into the country [16, 17].

Volume of consumption of both CO, lasers
(2005 1080 pes) and YAG-lasers (2005 —
2900 pes) is growing continuously. The demand for
fibre lasers has increased considerably. From 2000 to
2005 the volume of purchases of this laser type (share
of application in welding is 40 %) rose from 170 up
to 830 pes. A noticeable increase of application of disc
lasers 1s observed, on the basis of which Japan is de-
veloping a new generation of machines for high-speed
cutting and microwelding.

Laser and hybrid-laser welding technologies are
widely used in many industrial sectors: automotive,
shipbuilding, transport engineering. Development of
mobile laser equipment for welding in shipbuilding is
actively performed, and a process of diode laser weld-
ing in space was proposed, etc.

Japan in the world leader in the field of industrial
robot manufacture and production automation based
on welding process robotization. In 2007 valume of
industrial robot sales was equal to 6.5 bln USD
(575755 mln yen). In 2008 the total decline in the
sales volume was equal to about 9 %,

Robots are intensively used in a number of sectors
of the Japanese economy, particularly in automotive
and electronic industry. Total added value created
with involvement of robotics in industrial production,
:tlready in 1997 amounted to about 4.1 trln yen, which
is equivalent to 0.8 % of GDP. Assessing the current
status and prospects for development of robotics in the
XXI century, the Japan Robot Association notes the
need to switch to a new strategy of robotics development
in the country: from robots to robotic technologies.

Welding robots account for about 24 % of the total
volume of domestic supplies of industrial robots and
about 15 % of the volume of export supplies. Tables 8
and 9 give the data on the volume of production,
domestic market and export supplies of industrial ro-
bots and manipulators for welding [18, 19].

Overwhelming volume of robots produced in the
country are robots for the traditional technologies of
arc and resistance welding, more than 70 % of the
domestic consumption of which falls to automotive
industry [20].

In conclusion it should be noted that Japan is one
of the countries of the waorld, which are world leaders
in steel production and consumption, also per capita.

Volume of

production, bln yen

206 2007 ’(H]H

2005
Figure 3. Volume of protduction of industrial welding lasers: | —
CO,; 2 — YAG; 3 — excimer Jaser; 4 — ather
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Table 8. Volume of production, domestic market and expart supplies of industrial robots and manipulators for welding in terms of

value for 2006-2008, min ven

2006 2007 2008
| Domee | e | o | Domete | g |t | Dot | pgor | o
Total industrial robots 200324 | 355337 | 555661 | 212878 | 373134 | 586012 | 188999 | 345212 | 534211
welding robots 55017 44772 | 99789 51153 58535 | 109688 49494 57096 | 106590
for arc welding 29789 19785 | 49574 29327 24882 | 54209 29265 25322 | 54587
for resistance welding 24922 24942 | 49865 21723 33580 | 55312 20148 31737 | 51885
for laser welding 266 19 285 29 14 43 21 13 34
other 40 25 65 71 49 121 | 61 24 85

Table 9. Quantitative volume of production and domestic market and export supplies of welding robots and manipulators for 2006-

2008
2006 2007 2008
Welding robats DomesLiv Domestic Domestic
cunsumption Expurt Tatll consumptlon Eigpuont Total mnsumptibn Foe{iars Total
Arc welding 2482 1888 7370 5181 3852 9033 5400 3700 9100
Resistance welding 5126 1353 G479 4481 5031 4512 4400 4700 9100

Here, it should be taken into account that for eco-
nomically developed countries such as Japan, the USA
and a number of others which have reached a high
level of GDP per capita (more than 2000 USD), there
is no more direct dependence of steel consumption
growth on GDP growth. So, for instance, the rate of
steel consumption growth in response to 1 % growth
of the real GDP in 1994-2006 was equal to 0.94 in
the countries of Central and Eastern Europe, 0.57 in
Canada, and 0 % in Japan and the USA [21]. This is
in line with the modern innovation tendencies of de-
velopment of both ferrous metallurgy proper, and met-
al-processing industries in the developed countries. In
particular, the share of production of special high-
quality steels designed for manufacturing specific
types of finished products is rising noticeably.

The national welding equipment market of Japan
actually allows satisfying all the domestic demands
of the leading sectors of industry and construction.
Here, the volumes of foreign trade in welding consu-
mables and welding equipment are considerable.
Within the currently formed division of labour and
specialization in the world market of welding equip-
ment Japan is the main trade partner of East Asian
countries, which are members of ASEAN, the USA
and EC countries.

The world financial-economic crisis had an essen-
tial influence on the volumes of Japanese production
and foreign trade. The predictive estimates given in
the review may soon have to be significantly corrected.
Japanese welding equipment manufacturers believe
that the need to maintain reasonable market prices
and returns on investment is the top priority under
the crisis conditions. To increase the turnout in the
welding equipment market the Japanese specialists
proposed «New cost»> and <«Three in ones» programs
of activity, within which it is proposed to perform
optimization of welding production organization,
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eliminating considerable overhead costs, optimization
of the technological processes of welding, develop-
ment of new high-quality products, achieve as close
as possible coordination of the activity of manufac-
turers, dealers and users of welding equipment, in-
crease the volumes of sales in the domestic market by
studying the needs of welded structure manufacturers,
particularly of small and medium-sized businesses.
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PECULIARITIES OF LOW-AMPERAGE ARGON-ARC
AND MICROPLASMA POWDER CLADDING
ON NARROW SUBSTRATE

A.V. YAROVITSYN', K.A, YUSHCHENKO', A.A. NAKONECHNY' and 1.A. PETRIK’
'E.O. Paton Elcctric Welding Institute, NASU, Kiev, Ukraine
2"{)pen Joint Stock Company «Motor-Sichs, Zaporazhie, Ukraine

Comparative analysis of technological chariacteristics of Jow-amperage argon-are and micraplasma powder cladding
processes is conducted for a case of multilaver cladding on a narrow substrate 3.5 mm wide, Increase in viscosity of the
weld pool metal provided by a dispersed additive in multilayer microplasma powder eladding allows increasing the
effective heat input and thickness of the deposited layer, as well us reducing the risk of cracking of heat-resistant nickel
alloys, which may be caused by re-heating in multilayer cladding.

Keywords: low-amperage argon-arc cladding, micraplasma
powder cladding, multilayer cladding on narrow substrate,
technological characteristics of arc, energy and thermal charac-
teristics, hydrodynamic model of weld pool

Traditional methods for repair welding of blades of
ground-based and aircraft gas-turbine engines (GTE)
from heat-resistant nickel alloys with a high content
of they-phase include manual low-amperage argon-arc
cladding (AAC) using a filler wire [1-3] and laser
cladding using an additive powder [4]. Microplasma
powder cladding (MPC) has lately gained acceptance
for repair of parts from heat-resistant nickel alloys
[5-7]. as the peculiarities of this process make it pos-
sible to perform a wide range of repair operations on
blade edges (Figure 1). The Figure shows the welded
joints produced by using a powder additive similar to
the base metal (with a 30-50 % content of the y-

phase), and additive having a lower strength at high
temperatures.

Therefore, edges of the GTE blades can be repaired
by different methods (Figure 2), the option including
laser powder cladding, low-amperage AAC and MPC.
Despite the fact that numerous publications are avail-
able on repair of the GTE blades [1-7], it is expedient
to conduct comparative analysis of technological char-
acteristics of the above cladding processes.

Specific feature of repair of edges of the GTE com-
ponent blades by fusion welding is that the airfoil is
installed in a vertical position and bead is deposited
on a narrow substrate under the free formation con-
ditions [1-7]. With such a cladding procedure, to
decrease the sensitivity of welded joints on heat-re-
sistant alloys to eracking as a result of re-heating, it
is necessary to provide the maximum possible height
(thickness) of the deposited layer to decrease the quan-

Figure 1. Appearance of operational damages (marked) and experimental claddings (7, 2) made to repair the damaged regions of the

Al-25TL engine nozzle blade made from alloy JS6U with 65

% ¥ -phase content

© ANV, YAROVITSYN, K.A. YUSHCHENKO, A.A. NAKONECHNY and 1A, PETRIK, 2000
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Figure 2. Appearance of the nozzle block with blades repaired by
repaired by cladding

tity of layers of the deposited metal, which is also
advisable for the technological reasons in order to
reduce the scope of machining operations aimed at
elimination of irregularities in formation of beads and
removal of surface oxide films.

The process of repair of blade edges by laser powder
cladding [4] is characterised by performing multilayer
cladding at a speed of 0.1-0.8 m /min and thickness
of the deposited layer equal to 0.5~1.0 mm. In the
case of laser cladding of big amounts of metal on a
narrow substrate (see Figure 2), it is necessary to
deposit many layers, this increasing the risk of crack-
ing as a result of re-heating. In this connection, low-
amperage AAC or MPC is indicated for heavily dam-
aged blade edges of heal-resistant nickel alloys.

The purpose of this study is to conduct comparative
evaluation of technological characteristics of multi-
layer cladding on a narrow substrate by using the
low-amperage argon-arc and microplasma processes
for heat-resistant nickel alloys having limited weld-
ability. Considered are energy characteristics of the
arc (current, power, cladding speed), thermal char-
acteristics (effective workpiece heating power, effec-
tive efficiency of heating of a workpiece), efficiency
of deposition of a preset volume of metal, gas flow
rate, and losses of filler metal in cladding.

The technological characteristics of the low-am-
perage argon-arc and microplasma processes were
evaluated by an example of model multilayer cladding
on a narrow substrate used to develop the technology

o

—

L =1

16

. Depositedi 4
g A

Figure 3. Schematic of grouving of the defeetive region and mul-
tilayer cladding of the nozzle block blade
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the MPC method: / — grooving of defective region; 2 — blade

for repair of the nozzle block of stage 1V of the heli-
copter engine made from austenitic steel. The high
degree of wear (see Figure 2) required deposition of
a big amount of filler metal. Cladding was performed
by using wire rods 2 mm in diameter and 50 mm long,
as well as powder with a particle size of 53-153 pm
of heat-resistant filler metal of the IN 625 type. Clad-
ding on a narrow substrate was carried out under the
conditions of free formation of the bead (Figures 3
and 4). To provide side allowance for machining, the
deposited bead was formed at a contact angle of over
90° to the substrate (see Figures 3and 4) [8]. Cladding
was performed at a welding current of 30-40 A. Then
each layer of the deposited metal was subjected to
layer-by-layer dressing.

Machine UP-NS-304M was employed for AAC and
MPC. The flow rate of argon (grade 1, according to
GOST 10157-79) was 10 and 18 1/min for AAC and
MPC, respectively. Mass of the deposited metal was
evaluated by weighing on a balance with an accuracy
of up to 1 g. Direct losses of filler materials during
the cladding process were determined by weighing of
the powder and wire on a balance with an accuracy
of up to 0.1 g.

The technological characteristics of the two proc-
esses of low-amperage cladding for the conditions of
building-up of the damaged region of a blade with a

" My

o o

M,

-

&

Figure 4. Schematic of the bead deposited on a narrow. substrate
by multilayer cladding: My, — zone of net size of repaired surface;
M. — zone of side reinforcements of the deposited bead
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Figure 5. Direct losses of filler materials during eladding: 1 —
waste; 2 — irreversible losses

volume of 5.6 cm® * were as follows: current / for AAC
(MPC) — 37 (32) A, respectively; speed v in depo-
sition of one layer — 1.08 (0.667) m/h; quantity N
of layers for deposition of the preset volume of met
al — 9 (4); time ¢ spent directly for deposition of the
preset volume of metal to repair the blade — 0.833
(0.583) h; and deposition rate oy — 2.6
(4.82) g/ (A-h).

The depesition efficiency was evaluated from the
quantity of layers of the deposited metal, time ¢ di-
rectly spent for cladding of a blade, and value of
depasition rate oy [9]:

og = My /1), (1)
where My is the actual mass of the deposited metal
allowing for side reinforcements of the bead.

It was found that, compared with AAC, in MPC
on a narrow substrate the value of the welding current
was 15 % lower, speed was approximately 40 % lower,
quantity of layers was almost twice as low, and blade
cladding time was 30 % shorter. Results of check
weighing of the nozzle block before and after cladding
of the blades showed that the deposition rate in MPC
was almost 1.85 times higher than in AAC.

Direct losses of a filler material in multilayer clad-
«ing on a narrow substrate were estimated from the
following formula:

Ky =1-My/ M, ¥3)
where My is the mass of the filler material spent for
cladding of a blade, and My is the actual mass of the
deposited metal in cladding of the blade,

Direct losses of wire in AAC (Figure 5) consisted
approximately of 1 % losses for fumes and 2 % for the
rod stub. Direct losses of a powder in MPC were
estimated allowing for the powder consumption, mass
of the deposited metal and mass of the powder that
passed through the arc column and was collected then
from outside the cladding zone. Checking consump-
tion of the reference batch of the powder with a mass
of 0.5 kg (Figure 6) allowed determining the average
value of the powder utilisation factor (PUF) equal
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Figure 6. Dependence of variations in mass of the reference portion
of powder, M., in its repeated utilisatlon in MPC before (n =
=) and after the first to third claddings

to 0.625, and value of irreversible losses of the powder
equal to 5 %. Including wastes of the powder, which
cannot be used for cladding after its three times util-
isation (3.4 %), the losses of the powder additive in
MPC on a narrow substrate were about 10.5 % (see
Figure 5), which is similar to the losses of powder in
plasma power cladding [8].

Experimental studies of the technological charac-
teristics showed, in general, that despite a lower rate
of deposition of a layer, MPC is characterised by the
higher deposition efficiency than AAC. To substanti-
ate the obtained experimental data, investigations
were conducted to study energy and thermal charac
teristics of the free and constricted arc in a range of
currents of up to 50 A.

The thermal characteristics were evaluated by using
the continuous-flow calorimetry method [8]. In our case,
the current and arc voltage were measured with a digital
voltmeter of class 0.5, The constant flow of water via the
continuous-flow calorimeter and cooling jacket of plas-
matron PPS-4 was maintained with an accuracy of £1.5 %.
It was provided by discharging water from a vessel with
a constant volume using the precise water regulation
valves. The voltage from thermocouples was measured in
millivolts using analogue-digital converter ADAM 4118
with an accuracy of £0.1 %. The calorimetry system was
calibrated with standard mercury thermometer TL-4
(GOST 215-73) having a scale division value equal to
0.1 °C. The effective power of heating of a workpiece,
G+ and effective efficiency of heating of the workpiece,
Ny, wWere determined during the experiments [10]:

Ny = g4/ CUI. (3)

Total power of heating losses g, in the plasmatron
(torch) and arc was

Z m=0U-nIUIL

The maximal error of experimental data on the
cffective heating power, allowing for temperature
fluctuations in the calorimetry system, was no more
than 3 %. The adequacy of measurements was con-

(4)

Here and below in the article, the required velume after final machining of the rectangular cross section equal to 3.5 x 16 wmm,
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Figure 7. Energy balance of the constricted arc in MPC: { — share
of heat losses for plasmatron cooling, 1, 2 — nyi 2 — 1, + M.
(specific flow rate of argon: q pum, = 1 1/ min, Py = 723 |; min,
workpiece to plasmatron distance — 3 mm)

firmed by convergence of the energy balance in MPC
(Figure 7).

Figures 8 and 9 show dependencies of arc power
UJ, effective heating power ¢, and total power of
heating losses Zq; upon the arc current at constant
values of the arc length and argon flow rate for the
conditions of burning of the constricted and free arcs,
which corresponded to the above parameters of clad-
ding of the nozzle block blade. The energy and thermal
characteristics for the operating currents in multilayer
cladding on a narrow substrate 3.5 mm wide, calcu-
lated from the results of regressions of the experimen-
tal data shown in Figures 8 and 9, are given in the
Table. It was found that in multilayer cladding on a
narrow substrate the higher deposition efficiency of
MPC, compared with AAC, is provided by the higher
values of arc power (2.1 times) and effective heating
power (1.62 times).

Consider peculiarities of formation of a bead on a
narrow substrate depending upon the type of a filler
material. Geometric characteristics of cross section of
the first layer bead deposited on the narrow substrate
for MPC and AAC, respectively, are as follows: B =
=7.6 (6.0) mm, fiymy = 1.5 (1.0) mm, and by, = 4.4

ur, w

1000

800 |

600 -

ha

400 1

200 ¢

1 1 1 i

0 10 20 30 40 I, A

Figure 8. Energy characteristics: | — constricted arc, g, =

=1 1/min, gy = 7.3 |/ min, workpiece to plasmatron distance of
5 mm; 2 — free are, g, = 10 |/min, workpicce to plasmatron
distanee — 2 mm
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Figure 9. Thermal characteristics of the are: /, 2 — heating power
¢, with the constricted and free arcs, respectively; 3, 4 — power
of heating g, with the constricted and free arcs, respectively, at
different specific flow rates of argon: | — @, = 1 L/min, g, =
=7 1/min; 2 — g, =10 | /min (arc length from plasmatron to
workpiece — 5 mm (?‘) and from tlectrode to workpiece — 2 mm
2))

(2.0) mm (Figure 10). It was experimentally shown
that height of the deposited layer may amount to more
than 4 mm in layer-by-layer MPC on the narrow sub-
strate under the conditions of free formation of the
bead. This is twice as high than in AAC, where the
height is limited because of the probability of flowing
out of liquid metal of the weld pool over the side
walls of the narrow substrate at a much lower qu./v
ratio (see the Table).

To substantiate the experimental data in terms of
hydrodynamics, the moving weld pool on a narrow
substrate can be regarded as a region of the thin layer
of viscous fluid flowing over the plate end [11]. The
character of the fluid flow (laminar, turbulent) is
determined by the kinematic similarity criterion, i.e.
Reynolds number [12]:

Re=4Q /v, (3)

where Q is the consumption of the fluid per unit width
of the flow; v is the kinematic viscosity of the fluid
determined from the time of flowing of a set volume
of the fluid via a calibrated hole under the effect of
gravity [13].

Normal formation of the bead corresponds to a
laminar character of flow of the thin layer of the
viscous fluid and Reynolds number 5 < Re < 60, and
unstable formation corresponds to a turbulent char-
acter and Reynolds number 50 < Re < 200 [11].

For the case of welding (cladding) on a narrow sub-
strate, consumption of the the viscous fluid per unit
width of the flow can be written down as follows [{1]:

Q = UP‘T)I!H/SP (6)

where v is the welding (cladding) speed; F., is the
cross section area of penetration bead; and 8 is the
width of the narrow substrate.

Given that the cross section of the bead deposited
on a narrow substrate is close in shape to ellipse, its
surface area can be written down as follows:

Fpen = 0.2518h, (7)
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Energy and thermal characteristics for the free and constricted ares in multilayer cladding on a narrow substrate 3.5 mm wide

Type of arc 1A ur, w o, mm./s IU!./D. J/mm o W N Gw/ t J/mm
Free arc 37 364.34 0.316 1152.96 328.83 0.902 1040.60
32" 320_.23‘ = = 288.21° 0.902 —
Constricted arc 32 760.63 0.183 4111.51 532.74 0.700 2B79.68
“The data are given for qualitative comparison.

where h = hy,, + hy.

Assume that the maximum possible height of the
bead deposited on a narrow substrate, where the weld
pool metal is still kept from flowing out over the
narrow substrate walls due to viscosity, corresponds
to a fixed value of Reynolds number for the considered
range of the cladding speeds. Then the maximal pos-
sible cross section of the deposited bead, Fpey, which
can still be kept on the narrow substrate, other con-
ditions being equal, can also be increased by changing
viscosity of the weld pool metal.

According to the data of study [8], the powder
with particle diameters of 53—153 um for the range
of the parameters under consideration, while flying
through the arc column, gets into the weld pool in
the solid state, thus lowering its average temperature
[8]. Due to the weld pool heat the relatively cold
powder particles in it, while melting, form the over
cooled microvolumes, i.e. freezing nuclei, which act
as solidification centres [14], In this case the weld
pool is a set of the changing volumes of solid and
solid-liquid states of metal, this increasing resistance
to motion of one part of the weld pool metal relative
to the other.

Therefore, from the standpoint of hydrodynamics
of the weld pool and within the framework of consid-
ered physical model, it can be justifiably assumed that
the addition of a dispersed material causes changes in
kinematic viscosity v of liquid metal, which can be
expressed in terms of dependencies (4) through (6)
as follows:

(8)

Using the experimental data on geometric charac-

teristics of the deposited beads (Figure 10), estimate

a change in kinematic viscosity v of liquid metal of

the weld pool for MPC (vy), compared with AAC,
for the first deposited layer (vp):

Vi/ Ve = viBihy / (vaBotty),
v/ = 0.667:7.6:6.0,/(1.086.0:3.0) = 1.6,

v = 0.25vnBh /(Re §).

(9

Thus, as established, a 60 % increase in viscosity of
metal of the weld pool caused by adding a dispersed filler
metal toit allows the effective heat input into a workpiece
to be increased approximately 2.75 times in multilayer
cladding on a narrow substrate 3.5 mm wide, this leading
toa more than 2 times increase in height (thickness) of
the deposited layer and more than 2 times decrease in the
quantity of layers of the deposited metal at a preset volume
of the deposited metal.

Application of MPC to repair heavily damaged edges
of the blades from heat-resistant nickel alloys with a
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Figure 10. Schematic of measuring height & und width B of ene-layer
head depusited on a narrow substrate: Ay, by, B, — height of
the deposited bead, base metal penetration depth and width of the
bead, respectively, in MPC; by, My, 0, By — same in AAC

more than 30-50 % content of the y-phase will make
it possible to substantially reduce the risk of cracking
as a result of re-heating in multilayer cladding.
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PRODUCING PERMANENT JOINTS
IN STRUCTURED POLYETHYLENE PIPES

N.G, KORAB, S.V. KABYSH and A.V. KOSTENKO
E.Q. Paton Electric Welding Institute, NASU, Klev, Ukraine

The possibility is considered of producing a permanent joint in structured polyethylene pipes by using the indirect heating
method. As shown by mechanieal tests, strength of the joint can reach 90 % or higher of thal of the base material. Noted
isthe possibility of automated selection of heating conditions and their efficient utilization for development of a commercial

technology for joining structured polyethylene pipes.

Keywords: indirect heating, structured polyethylene, per-
manent joint, polymer pipeline

In many countries, including Ukraine, structured
(cross-linked) polyethylene pipes are successfully
used for pipelines of different application. In compari-
son with many thermoplastics, this material has higher
factors of impact toughness at low temperatures, re
sistance to slow and quick crack propagation, chemical
resistance and strength. For this purpose a three-di-
mensional cross-linked structure is generated in ma-
terial by different methods, and a distinguishing fea-
ture of this structure is a strong molecular bond be-
tween polymer chains, which significantly increases
stability of polymer and provides higher density [1].
At present, a standard [2] is in force in the territory
of Ukraine, according to which four types of struc-
tured polyethylene pipes can be produced: PE-Xa,
PE-Xb, PE-Xc¢ and PE-Xd. They are designed for
building and repairing of pipeline systems for cold
and hot watersupply and heating, and transport water
with temperature of 5-95 °C. Welding of these pipes
by using known methods does not allow receiving the
required strength properties of the joints [1, 3]
(strength factor k does not exceed 0.1-0.3 of that of
the pipe material). Today structured polyethylene
pipelines are mounted with the help of metallic fas:
teners of different configurations [4], this having a

P,
2 3 4
R
f’/. / ;
G 5
L ]

Figure 1. Scheme of permanent joint on structured polyethylene
pipe produced by the indirect heating method: 1 — pipes to be
joined; 2 — interlayer (from high density polyethylene); 2 — ouler
coupling (of structured polyethylene); 4 — nozzle of the heating
tool (&, = 200-300 °C); 5 — washer (from high-density polyeth-
ylene); 6 — guide insert

©N.G. KORAB, 5.V, KABYSH and AV, KOSTENKO, 2009,
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range of disadvantages, such as a high price, corrosion
of metal parts and probable loss of tightness in long-
term operation. Analysis of existing publications
shows that studies on welding of structured polyeth-
ylene are carried out abroad [3, 5~7], although their
results do not have a wide industrial application so
far, which is related to different reasons, for example,
complexity of fasteners production, increased emission
of harmful substances due to a high welding tempera-
ture, etc,

Based on the above-said, the possibility of produc-
ing permanent joints on PE-Xa structured polyethyl-
cne pipes by the method of indirect heating, which is
performed by <«fusions of the mating surfaces through
interlayer of PESO grade high-density polyethylene
with 0.5 mm thickness, was investigated by the E.O.
Paton Electric Welding Institute. In this case, heat
input to the ¢fusion» zone is carried out through one
of the mating surfaces (indirect heating) (Figure 1)
[8-10]. The proposed technology consists of several
basic operations. The first operation is fit-up of the
joint. Then parts 3, 2 and pipe surface / are heated
from the outer surface of coupling 3 with outer di-
ameter of 6.3 mm and wall thickness of 5.8 mm, made
from the PE-Xa material, todepth h=r + (11 5) mm
up to a temperature of around 170-200 °C (heating
duration © = 4-11 min). Axial pressure Py = 0.02—
0.05 MPa should be applied to the pipes joined, and
radial pressure P, = 0.1-0.2 MPa — to the coupling
outer surface 3 during heating and cooling (pressure
Py is generated by the loading system of the aligner,
where the joint is fixed during heating and cooling,
and P, is provided by squeezing coupling 3 with a
metallic band or special nozzles of the heater). On
completion of heating, cooling is performed for 10—
15 min, after which the nozzles of the heater Cor band)
are removed. To provide the maximum possible level
of relaxation of thermal stresses caused by formation
of the melt of high-density polyethylene in the joining
zone, it is recommended to run the pipeline 6—20 h
after the end of heating. Insert 6 serves for prevention
of misalignment and displacement of ends of the joined
pipes, and ring 5 — for additional sealing by their
partial melting and interaction with the pipe ends and
insert 6. The main investigations were carried out for
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pipes of structured polyethylene of the PE-Xa type
with an outer diameter of 50 mm and wall thickness
of 4.6 mm.

Mechanical properties of the joints were evaluated
according to tensile test results (Figure 2). The
strength factor was determined on the basis of the
forces which samples withstood before failure:

(1)

k= o/ 0y,

where o is the maximum tensile stress in the pipe
wall, which the joint withstood before failure, MPa;
oy is the yield strength of the material of the pipes
joined (o, = 19.6 MPa for PE-Xa type polyethylene).

Strength of the joints is provided by adhesive in-
teraction between the material of the interlayer in
zones of its contact with the parts jouined. As shown
by investigations of physics of the process, Van der
Waals forces underlie this interaction [1, 11], and the
presence of heating up of the interlayer material and
mating surfaces up to polyethylene melting tempera-
ture Typepr, i.e. not less than 125-130 °C, is the first
necessary requirement of its occurrence. The second
necessary requirement is the presence of compression
pressure P, in the heating zone. In this case it occurs
as a result of thermal expansion of the heated material
of the parts joined and interlayer. For this purpose,
the joint is tightly squeezed by the heater cavity or
band.

Dependence of strength of the joint on duration
of heating at different temperatures of a heating tool
(Figure 3) was studied. Increase of the strength factor
is observed with an increase of duration of heating in
an entire interval of heater temperature variations. At
k> 0.2, in all the cases, dependence & = f(1) monoto-
nously increases, reaching the k& = 1 value. By linear
approximation of the experimental data [12] in the
k =0.2, ..., 1.0 range, we obtain dependencies k =
= f(t) = at + b for each value of heater temperature
(curves 7-3 in Figure 3). Curve 6 is an example of
passing of the approximation curve. After this, by
determining dependencies ¢« = f(Ty) and & = f(T})
(which also satisfy the linear law in the selected in-
terval) and substituting them in the equation & = f(1)
= at + b, we obtaine

k = f(z, Ty) = [(0.153T), - 20)t + @
+0.06977}, — 2511072

Evaluate the limits of variations of T),, in which
equation (2) will make sense in description of the
process of formation of adhesion strength in the joint.
Set the following conditions meeting the technological
process: &, T2 0 may and take on the values of 0 <
<k <1, 19<t<1,. Inthis case, 1pand 1, are determined
for each particular value of T}, from the dependencies
derived through substitution of the k = 0 and &k = 1
values to equation (2):

_ 25— 0.0697T;

%—m (min), (3)
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Figure 2. Sample that withstood a tensile test without fracture of
the joint (a enecks — sign of residual deformations can be scen
on a pipe close to the coupling)

n = T0.153T, - 20 %

{min).

To determine the range of T} variations, 1g = 0
vilue is substituted to equation (3), and denominator
of equation (4) is set equal to zero.

Alter calculations Ty, = 358.7 = 360 "C from equa-
tion (3), and T}, = 130.7 = 130 °C for the denominator
of equation (4). Consequently, equation (2) makes
physical sense at 130.7 < T}, < 358.7 °C, as at T, >
> 3587 °Ct<0and at Ty, = 130.7 °C 1 > =, As
shown by the measurements, the temperature of the
heating tool is higher than that in the area of its
contact with a part by 40 °C on the average. In order
to correct the limit of Ty, variations, we set the lower
limit by assuming that the contact temperature should
be not less than The = 130 °C, ie. Ty min = Tmenr +
+ 40 = 130 + 40 = 170 °C. In the similar way we
determine also the upper limit, considering that the
temperature of thermal destruction of polyethylene is
Ta=280°C [1], Thmax = Ty + 40 =280 + 40 = 320 °C,
since in the case of excess of the destruction tempera-
ture the probability of decomposition (that is, weak-
ening) of joining part material in a place of contact
with the heater is run, Equation (2) should meet the
following conditions: k, T2 0, Ty > 0; k=01, T}, =
170-320 °C; T = ty — T,n, Where 1y and 1, are deter-
mined according to the equations (3) and (4) for each
specific Ty, value. By finally determining the condi-
tions, for which equation (2) can be used, the special
cases in a form of k = f(1) for temperatures of the
heating element, T} nax and Ty gy (320 and 170 °C,

k

=
i
0.8 i
]
i
06} i
¥
0} 1
'
0.2} i
v

| L L l-: : i
0 2 4 6 8 10 12 18 t, min

T Tm

Figure 3. Dependence of strength factor of the joint on heating
time tat different temperatures of the heating tool: f — T, = 300;
2 — 270, 3 — 200; 4 — 320; 3 — 170 "C (curves 4 and 5 were
plotted on the basis of calculation data, and curve 6§ — on the basis
of approximation resulls)

37




INDUSTRIAL

Figure 4. Sample of the joint on PE-Xa grade structured polyeth-
vlene pipe with ovter diameter of 50 mm and wall thickness of
4.6 mm aflter hydraulic tests

respectively) are found, and plotted in the form of
curves 4, 5 (Figure 3):

for Ty = 320 °C k = f(1) = [28.967 — 2.696]-107%, (5)
for T}, = 170 °C k= (1) = [6.017 — 13,151]-107%. (6)

Dependencies (5) and (6) show that the higher
the temperature of the heating tool, the higher is the
rate of increase in strength, and vice versa, which is
supported by experimental data.

The statement is valid that at the initial stage of
heating the strength of adhesive interaction of the
joint is zero up to the time moment v/, when the in-
terlayer is molten and in the zone of its contact with
mating surfaces there appear the areas with a tem-
perature equal to or higher than the melting tempera-
ture of polyethylene Ty, where formation of the
adhesion interaction in the contact zone becomes pos-
sible. Assuming that dependence % = f(1) is linear at
k < 0.2, it can be considered that T = 1, i.e. this is
the time necessary for achieving the temperature equal
t0 T et in the surface of contact of interlayer and pipe
at specified values Ty, and » (see Figure 1). The opti-
mum duration of heating for each specified T}, value,
at which the adhesion interaction is observed in the
entire area of the joining zones (in our case this is a
point at k = f(1) curve, conforming to the k = 1 value
and equal to 1,,, which can also be calculated from
equation (4)) can be determined in a similar way.
Thus, upon achieving heating duration t,, in the entire
area of contact of interlayer with the mating surfaces,
temperature T 2> Tl is also reached, and strength of
the adhesion interaction is maximal. Further heating
has no influence on increase of the joint strength,
which is proved by a character of failure of samples
in tensile tests (see Figure 2). With the help of the
derived dependencies it is possible to automate the
process of selection of heating modes, which, in turn,
leads to the optimum combination of high strength
properties with a minimum level of power inputs.

The conducted hydraulic tests showed that pipe
samples did not fracture at a working liquid tempera-
ture of 95 °C, pressure of 1 MPa and duration of 165 h.
To determine the maximum strength of a sample and
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Figure 5. Cross section of joint after hydraulic tests

character of its probable failure, the pressure was in-
creased after the tests. The sample fractured in a wall
of the pipe joined, by withstanding the maximum pres-
sure of 2.1 MPa, while the area of joints had no visible
signs of deformation or frcature (Figures 4 and 5).

Thus, this study covers only an insignificant part
of what is related to production of permanent joints
on new polymer materials. Analysis of publications of
many researches in Ukraine, as well as abroad, showed
that the significant interest is expressed not only in
development of the applied technologies, but also in
welding of the new types of polymers, including the
difficult-to-weld ones.

In the future it will be necessary to investigate the
influence on joint properties by such parameters as
interlayer material and thickness, wall thickness of
the joining part, and pipe wall thickness. From the
point of view of the proposed technology, it is also
important to study other types of structured polyeth-
ylene: PE-Xc¢, PE-Xd and, first of all, PE-XDb, since
it is characterized by higher strength properties and
finds an increasingly wide acceptance. This method,
as shown above, provides the maximum possible per-
formance of pipelines, not requiring utilization of com-
plicated and expensive equipment. Based on the re-
sults of these investigations; the corresponding patents
for a set of joining parts and method for producing
permanent joints on structured polyethylene pipes by
means of indirect heating [9, 10] were issued in
Ukraine and Russia.

CONCLUSIONS

1. Possibility of producing the permanent joints on
structured polyethylene pipes by thermal method
(method of indirect heating) is shown.

2. Strength properties of the produced joints are
not inferior to those the pipes joined (for structured
polyethylene pipes of the PE-Xa type).

3. Based on the experimental data the dependence
of strength properties of the joints on basic techno-
logical parameters was derived, allowing automation
of the process of selection of heating modes, and also
making some assumptions on the mechanism of for-
mation of the adhesive interaction in the zone of con-
tact of mating surfaces.
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INVERTER ACCELERATED VOLTAGE SOURCE
FOR ELECTRON BEAM WELDING MACHINES

N.K. CHAJKA
PA «SELMTI#, Sumy, Ukraine

Key diagrams of design of the power part of accelerated voltage sources with frequency conversion for electron beam
guns used in real practice are considered. The principle of eperation of the non-resonance type of a power source, wherein
the voltage regulator and converter are made as one unit, is deseribed. Its advantages and disadvantages are noted, and

specifications are given.

Keywords:
voltaye, inverter

electron beam welding, source, uaccelerated

Inverter power sources steadily displace those tradi-
tionally used in equipment for most welding methods.
Power sources for electron beam welding (EBW) do
not make an exception. Good regulation charac-
teristics, small size and weight, and increased effi-
ciency are the reasons of popularity of the inverter
POWET SOUrCES.

Certain requirements are imposed on the acceler-
ated voltage sources designed for use in EBW ma
chines [1]: output voltage instability (<1 %), pulsing
of output voltage (< 2 %), energy storage in output
circuits (< 1-2 J/kW), presence of system for sup-
pression of high-voltage discharges in a gun, and time
for recovery of high voltage after breakdown should
not increase several milliseconds.

Inverter accelerated voltage sources can be divided
into two groups — resonance and non-resonance.

As a rule, non-resonance inverter power sources
are built according to the scheme, at which the voltage
regulator feeds the inverter operating at a constant
conversion frequency with the output voltage close in
shape to a meander.

The resonance group of inverter power sources is
more diverse in designs. Consider a scheme (Figure 1,
@) which is most often used now. It comprises, in
addition to step-up transformer T, three additional
reactive elements — inductance Lg, capacitance Cg

@ NK. CHAJKA, 2009
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and inductance Lp. Inductance Lp and capacitance Cy
form a parallel oscillation circuit, which, as is well
known, has the input resistance of a capacitance char-
acter at a frequency above the resonance one. This
virtual capacitance forms, together with inductance
Ls, the series resonance circuit having a minimum
resistance, in contrast to the parallel one, which at
the resonance frequency has a maximum resistance.
Therefore, the ratio of resistances of reactive elements
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Figure 1. Scheme of inverter power source of resonance type (2)

and ascillograms of inveérter currents (b)
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and load can be changed by varying the conversion
frequency between two resonance frequencies and,
thus, regulate voltage at the source output. Since reso-
nance circuit L—C is an enhancer, the current flowing
through a primary winding of the step-up transformer
acquires a sinusoidal shape, when its frequency is ap-
proximately equal to the resonance one. Oscillograms
of the current of such an inverter are given in Fi-
gure 1, b.

The resonance group of inverter power sources used
as accelerated voltage has the following structure.
Two quasiresistor inverters work for the summing in-
termediary transformer, which in turn is loaded to the
primary winding of the step-up transformer. The con-
trol circuit works at a fixed frequency and generates
a series of rectangular pulses for the first and second
inverters. Regulation of output voltage is provided by
changing the phase shift between them. Analytically,
this can be represented in the following way:

I+ 1,=Isinwt + Iy sin(w! + @) =

afafe Yol 1]

As cos @ is the even function, then cos (—92) =
= (¢ /2). By designating the 21y cos (0/2) product
as amplitude Iy of the sum, we obtain an expression
for the sum of the currents:

Iy+Ia=1y sin{mt +£§]

where I3 if the function of phases shift between the
driving pulses.

The following design is used to obtain the high
output voltage in such sources: sectioning of a secon-
dary winding of the step-up transformer, which re-
duces parasitic capacitance of the secondary winding
and allows using rectifier diodes with a lower reverse
voltage; using the double voltage transformation
scheme [2] in the case of a lack of room for allocation
of step-up windings in a window of the output trans-
former core; applying the step-up transformer and di-
ode-capacitor multiplier combination, which makes it
possible to dramatically reduce requirements to high-
voltage isolation of the secondary winding of the step-
up transformer.

T
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Figure 2. Scheme of inverter power source of non-resonance type:

o.v — outpul voltage
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A source described in study [3], the scheme of
which is given in Figure 2 [4], can be considered as
an example of realization of the non-resonance type
of the accelerated voltage power sources. Both power
sources are assembled according to the similar struc-
tural scheme and designed to have the same power
(15 kW) and voltage (150 kV). The difference lies in
a higher conversion frequency used in the second
source (20 kHz), as well as in the fact that if in the
first source the high voltage is provided due to sum-
ming up the rectified voltages of three section of the
step-up transformer secondary winding, then in the
second source it is provided due to the step-up trans-
former with an output voltage equal to 20 kV, and
its diode-capacitor multiplier. Simplicity of design and
control of the power part, and sufficiently high dy-
namic characteristics are advantages of such schemes.
Their disadvantage is that switching of power keys
takes place at high currents, which results in increased
losses in the keys, as well as the necessity of series
switching of two power energy converters (regulator
and inverter), this reducing the overall efficiency of
the power source.

Scheme of the resonance type of the accelerated
voltage source with additional reactive elements de-
signed for generation of current pulses was used by
French Company TECHIX in commercial power
sources SR60-N-6.000-EBWS (power 6 kW, voltage
60 kV), SR-60-N-15.00/TC1 (power 15 kW, voltage
60 kV) and others. Since the main advantage of all
resonance inverters is switching of power keys at a
zero current (see Figure 1, b), which leads, first of
all, to reduction of losses in the keys at the moments
of switching and dU /d¢ and di /dt values, and, as
a consequence, decrease in the level of generation of
higher order harmonics. Besides, leakage inductance
of the secondary winding recalculated inte the primary
one can be taken into account in calculation of addi-
tional inductances. Thus, the inverters based on such
a scheme are characterized by a high efficiency (more
than 90 %). A disadvantage of this scheme includes
reduction of its dynamic characteristics [5] because
of usage of the resonance circuits for formation of
current pulses.

Scheme of the accelerated voltage source with
phase control and two quasiresistor inverters operat-
ing for one summing transformer was implemented in
a source (power 10 kW, voltage 50 kV) developed by
CJSC «Elektro-Intel» (Nizhnij Novgorod, RF). The
high voltage in this source is provided through utili-
zation of double transformation. Advantages of this
scheme of power sources, like all the resonance ones,
include switching of the power keys at zero currents,
and disadvantages include the need for two inverters,
summing transformer and a range of secondary step-up
transformers, this leading to increase in cost and vol-
ume of a source.

In addition to the above traditional schemes of
inverter power sources, consider also the scheme of
an inverter source (power 6 kW and voltage 60 kV)
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developed by OJSC SELMI (Sumy, Ukraine). The
scheme is shown in Figure 3. The source consists of
three-phase bridge rectifier with a filter in a form of
capacitance /7, bridge type key inverter with controlled
width of output pulses 2, step-up transformer 3, di-
ode-capacitor full-wave bridge voltage multiplier 4,
high-voltage feedback divider 5, element 6 for com-
parison of the voltage taken from the lower arm of
feedback with voltage of reference source 7, feedback
DC amplifier 8, and former 9 of the inverter variable-
width driving pulses.

The dosed capacity charge through inductance used
in pulse-width constant-voltage regulators of the L.—C
type underlies the principle of operation of the given
power source [6]. The difference is that leakage in-
ductance of the step-up transformer secondary wind-
ing is used as inductance, and capacitances of the
voltage multiplier serve as capacitance. Protective di-
odes of the inverter, connected in parallel to each key,
perform the role of a diode allowing the energy stored
in inductance in charging of the capacitor charge to
be returned to the source. Although the pulses change
their polarity at a conversion frequency, this fact has
no influence on the operating regime, as the full-wave
multiplier of the bridge type has a balanced input.

Owing to this design of the power source, it was
possible to combine the voltage regulator and inverter
in one unit, use leakage inductance of the secondary
winding of the step-up transformer in operation, and
decrease requirements both to size of the core window
of the step-up transformer and to high-voltage isola-
tion of the secondary winding.

Determination of parameters of the main power
elements, such as the step-up transformer, inverter
power keys and diode-capacitor multiplier, became
the main points of the development of this source. It
is known that output resistance of diode-capacitor
voltage multipliers is proportional to the number of
cascades in cubic quantity. In this connection, the
multipliers containing not more than 4-6 cascades are
used in power circuits. Based on above-said and the
required output voltage of 60-10° V, four-cascade full-
wave bridge multiplication circuit having the balanced
input was selected. The main advantage of the given
scheme is a doubled ripple frequency of the output
voltage relative to the frequency of power supply of
the transformer, as well as a flatter load characteristic.

The selected four-cascade multiplication circuit at a
set output voltage and minimum inverter supply voltage
(three phase voltage of 380 V, 50 Hz rectified by
Larionov’s circuit at offset of the circuit to minus 10 %
determined the transformation ratio equal to 33.

Four Philips cores U 100,/57 /25 of the 3C80 grade
(e =1900) [7] (two UU stand for the closed com-
binations taken together) were used as a magnetic
core of the step-up transformer. Calculation of the
number of turns of in the transformer primary winding
at a square shape of the supply voltage, made by
method described in study [7], allowing for offset of
the supply circuit to plus 10 %, showed that the num-
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Figure 3. Structural scheme of power source with functions of
frequency Lransformations and stabilization of output voltage com-
hined in one unit

ber of turns in the primary winding should be not less
than 32, Thenumber of turns in the secondary winding
is determined by the transformation ratio and is equal
to 1056. General view of the step-up transformer is
shown in Figure 4. The number of turns in primary
winding W, (secondary winding W,) is 32 (1056),
respectively; resistance is 0.02 (12) Ohm; leakage in-
ductance is 0.02 (24) mH; and capacitance between
the winding and screen is 173 (86) pF.

The multiplier capacitors were selected on the basis
of two conditions: the operating voltage should be not
less than 18-10° V (taking into account the gun train-
ing mode, where the output voltage of the source may
exceed the operating one by 10-15 %); the value of
capacitance of the discharge capacitor bank should
provide the necessary level of high-frequency pulsing.
It is natural that the maximum value of pulsing cor-
responds to the maximum value of the source current.
By setting the value of high-frequency pulsing equal
to 1 %, and knowing the load resistance at the source
maximum current the expression of voltage at capaci-
tance in its discharge (Ugq) = Ugexp (=t /RC), we
find the capacitance when it run down to 1 % during
the time equal to one fourth of the transformation
period.

The time of discharge equal to one fourth of the
inverter switching period is selected to estimate the

Figure 4. General view of step-up transformer
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Figure 5. Oscillograms of open-circuit operation of power source:
a — transition to high-voltage mode; & — shape of current pulses
of primary winding of step-up transformer
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Figure 6. Oscillograms of operation of power source at nominal
load (g, b — see Figure 5)
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capacitance value for the following reasons. Recharg-
ing the discharge capacitor bank of the multiplier takes
place two times per transformation period. Duration
of a current pulse at the maximum supply voltage and
maximum load current is assumed to be equal approxi-
mately to one forth of the transformation period. The
time from the end of a current pulse to the second
current pulse, which is also equal te about one forth
of the period, is used for widening of the current pulse
with decrease in the supply voltage and reduction of
the safety gap time. This time is a maximum discharge
time of the discharge capacitor bank. Capacitance of
the discharge capacitor bank after the calculations
should be not less than 2.54:10 F. Therefore, the
cascade capacitance should be equal to 2.54-1074 =
10-107° F. In fact, it was implemented with allowance
for the capacitance of a high-voltage connecting cable
with two capacitors K73-14-3300 pF (voltage 25 kV)
[8] connected in parallel. For unification, capacitors
of the charge bank were assumed to be similar to
capacitors of the discharge bank.

It should be noted that increase of output capaci-
tance of the source above the required level leads to
increase of the stored energy, the value of which is a
negative characteristic of the source. In our case, the
expression for calculation of the stored energy has the
following form:

CU?  2.54107°(60-10%?

E=—5-= 2

which corresponds to the specific stored energy equal
to 0.75 J /kW.

Power keys used in the inverter of the source should
provide switching of voltages of up to 600 V (bridge
circuit rectified voltage of the three-phase 380 V mains
at offset of the circuit to plus 10 % is equal to 565 V),
overload currents during switching and in moments
of reaching the operating mode after a high-voltage
breakdown in the gun, which from three to four times
exceed the rated ones, and also have an operating
switching frequency of 20-10° Hz. Proceeding from
these requirements and an operating transformation
frequency selected to be equal to 18107 Hz, the Mi-
tsubishi Electric power niodule PM 150 DSA 120 con-
sisting of two IGBT transistors connected in series,
each being shunted by a high-speed diode, was used
as a power key for the source. The module is designed
for a maximum voltage of 1200 V, operating current
of 150 A, and switching frequency of 20-10? Hz. The
module has a built-in protection for overload current
(320 A), short-circuit current (450 A) and transition
temperature (110 °C).

The following requirements are imposed on the

multiplier diodes:
Operating frequency without reduction of i
parameters, Hz oo,
Mean direct current, A
ReVErsE Valtage, V' ...coreemrrommsmessgyrssieimnsassarssnnesin 218:10
Reboot capability, A .o, AR A eSS b >2.5

< 220410
.. 20.15

kj
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[n order to fulfill all the above requirements, the
control circuits for 108 V [9], connected in series with
three columns in each, were used as diodes, each col-
umn for rectifying the voltage being shunted by re
sistor 8§3-14-10 mOhm. Rectifying column of the
108 V control circuit is designed for a maximum re-
verse voltage of 6:10° V, mean direct current of 0.18 A
and pulse overload direct current of up to 5 A.

Oscillograms of switching to the high-voltage
mode for sources operating at an open circuit and
nominal load, as well as shapes of current pulses in
the primary winding of the sep-up transformer without
load and at nominal current load are shown in Fi-
gures 5 and 6.

Osclllogram of current pulses in the primary wind-
ing of the step-up transformer in source switching the
source to a nominal load is shown in Figure 7. Meas-
urements of the current in the primary winding were
carried out with the help of a current transformer
connected in series with the primary winding. Based
on the measurement results, it can be seen that the
maximum value of the current in the primary winding
of the transformer was 213 A at switching on to the
load, and after reaching the operating mode it was
only 60 A, i.e. the maximum current in switching on
may exceed the current in the stationary mode four
times; and time of reaching the high-voltage mode
depends but insignificantly on the load is equal to
(3-5)107 s

Specifications of the source

Nominal accelerated voltage, KV ......ooocoiviiiiieeenninn... B0
Nominal power, kW ... SR R s D)
Accelerated voltage nu:talnhly. P +0.3

Accelerated voltage pulsing, % .
Transformation frequency, Whe s asmesat

This scheme of the inverter accelerated voltage
source has the following advantages:

e lower requirements to high-voltage isolation of
the step-up transformer due to a comparatively low
voltage in the secondary winding;

e possibility of using a magnetic core with a smaller
window and smaller size at the same output power
and voltage;

* higher efficiency than in known non-resonance
sources due to a combination of the regulator and
inverter in one unit, as well as no-current switching
of the power keys;

6/2009

TV:ZPMJERNAL

(="
INDUSTRIAL I-@#

T T

213A

1

b o -

M OLOD ms

Figure 7. Oscillograms of envelope curve of voltage at measuring
resistor of current transformer connected Lo primary winding of the
step-up transformer at switching on of the source to nominal voltage

s

e better dynamic characteristics than in resonance
sources due to the absence of resonance circuits with
a resonance frequency close to the switching fre-
quency;

e no need to adjust power circuits to the resonance.

Disadvantage of the above scheme of the inverter
power source is switching off of the inverters keys at
a current, this increasing losses in the keys at the
moment of switching off and leading to decrease in
the efficiency, compared with the resonance sources,
where switching on and off of the power keys occurs
as a zero current.
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EQUIPMENT AND CONSUMABLES
FOR HARD-FACING OF LINING PLATE ELEMENTS

A.P. ZHUDRA', A.P. VORONCHUK' and S.I. VELIKY?
'E.0. Paten Electric Welding Institute, NASU, Kiev, Ukraine
Experimental Design Bureau of the E.Q.Paton Electric Welding Institute, NASU, Kiev, Ukraine

The data are presented on the developed, manufactured and applied machine AD 380.03M, which is intended for
hard-facing of low-carbon steel plates with thickness of 5 to 30 mm and dimensions of 1500 x 3000 mm. Thickness of
the deposited layer can be varied from 3ta 17 mm. Characteristics of the machine, main point of the process, hard-facing
consumables, and fields of applications of hardened plates are described.

Keywords: plate, machine, control system, hard-facing,
flux-cered strip, teclmology, application

Working surfaces of machine parts operating under
intensive abrasive wear conditions should meet high
requirements for wear resistance. The known method
of extending life of the parts by increasing their thick-
ness leads to increase in weight of structures, decrease
in their load-carrying capacity, performance, etc. In
addition, frequent replacements of such parts cause
slowdown of productivity of process equipment. In
this connection, the processes of hardening of wearing
surfaces of parts by hard-facing are receiving an in-
creasingly wide acceptance.

For flat parts (bins, chutes, bucket walls, truck
bodies, sieves, pans of charging devices of blast fur-
naces, etc.) operating under intensive abrasive wear
conditions, it is economically and technically more
expedient to protect wearing surfaces by lining them
with wear-resistant plates.

The technology for hard-facing of plates, devel-
oped by the E.O. Paton Electric Welding Institute,
is based on utilisation of self-shielding flux-cored
strips with a cross section of 16.5 x 4.0 and 10.0 %
x 3.0 mm as an electrode material, as these strips allow
hard-facing without deep penetration of base metal
and exclude the labour-consuming process of removal
of slag crust [1].

The process of hard-facing of plates using flux-
cared strips is based on a continuous reciprocal move-
ment of electrode and jog movement of a part treated.

The deposited layer of a wear-resistant metal con-
tains cracks, which do not propagate to the base metal
and have a negligible effect on performance. The de-
veloped technology provides high productivity — up
to 25 kg of deposited metal per hour.

The hardened plate after full cooling has an insig-
nificant distortion, i.e. the maximal sag is no more
than 30—40 mm over a length of 2500 mm.

This technology was first applied at the Novoli-
petsk Metallurgical Works. It was done by using ma-
chine UD-249 designed by the Experimental Design
Bureau of the E.O. Paton Electric Welding Institute

© AP ZHUDRA, A.P. VORONCHUK and 5.1. VELIKY, 2009
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(2], which allowed producing deposited plates meas-
uring 2100 x 1100 mm.

In the last years Ukraine and other CIS countries
have been intensively replacing traditional charging
devices of blast furnaces by no-bell charging devices.
The main element of such equipment, which is most
vulnerable to wear, is a pan. Intensive wear of pans
is caused by a very big amount of charging materials
passing through them. As a rule, service life of such
devices is no more than a year.

We proposed using wear-resistant plates to manu-
facture lining elements of pans. Finished wear-resis-
tant elements for pans of charging devices and other
wearing elements of such equipment can be made by
cutting and bending of the plates.

To realise these proposals, the existing equipment

was employed for hard-facing of plates with a standard

size of 15 + 10 mm. Hard-facing was performed using
flux-cored strip PLAN-T-179 with a cross section of
16.5 % 4.0 mm. Then these plates were bent to a di-
ameter of 9500 mm under conditions of a metallurgical
plant, based on our recommendations. As a result, the
finished wear-resistant parts of a pan of the blast fur-
nace charging device were thus produced.

The interest expressed in this technology by a num-
ber of metallurgical plants became a key incentive for
the development of a new generation of equipment
for deposition of wear-resistant bimetal plates.

Machine AD 380.03M (Figure 1) was designed
with allowance for both experience of operation of
the existing equipment and numerous requests of a
customer. For example, sizes of the billet to be hard-
faced were increased, and functions of submerged-arc
and gas-shielded welding and surfacing, as well as
welding and surfacing with electrode oscillations,
were added. The most important point was the devel-
opment of a new, up-to-date contral system for the
machine.

As aresult, the specialised machine for hard-facing
of steel plates from 5 to 30 mm thick, 3 m long and
1.5 m wide by the electric open-arc method was de-
veloped and manufactured. The machine consists of a
carriage with two welding heads moving along the
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guiding line. The machine is equipped with two work
tables to fix the steel plates, which provides a con-
tinuous deposition process. The carriage can move at
a working and travel speed.

Specifications of the machine AD 380.03M are as
follows:

Rated welding current at duty cyc]e =100 %, A ......,. 1200

Electrode strip sizes, mm ............cccoooviinrineennn... 16.5-4.0
10.0-3.0

Range of adjustment of flux-cored strip feed

speed, mh . wavarsnd=120

Range of mbu\{mmﬂ of v.m I'ee(! spet'd m o s, 20600

Speed of longitudinal movement

of device, m/h . . 0.01-106

Speed of tmnbverst‘ mow,munt of rlewce m/h .......... 4-106

Speed of vertical movement of device, m/h ........... 10-100

Accuracy of positioning of movable upemting

element, mm .......... i i
Overall dlmemmns m r:mrhmc-. mm .. 11100 x 3498 x 3458
Weight of machine, kg, not more than ........... . 15000

The machine is controlled by means of control sys-
tem SU-320, which provides a high accuracy of move-
ment of operating elements and automatic adjustment
of parameters of the hard-facing process. This control
system is designed to control the process of hard-facing
of plates. It is based on the OMRON (Japan) com:
ponents and consists of the following main parts:

e programmable controller of the COM1H type
with software to control the hard-facing process;

s inverter frequency electric drives of the Varispeed
F7 and Varispeed V7 types for motors of machine
AD-380;

* operator's panel (terminal) of the NT-11S type
to enter process parameters;

e starting up and protection equipment, measuring
instruments and controls.

Table 1. Thicknesses of hard-faced plates, mm
Plate thickness Tl|lckr:“c§a (l:( base ﬂnicknm;:;fv;#vimitni
5+3 5 3 T
6+4 6 4 Aﬂ
8435 8 5
8+8 8 5
B+ 10 8 10
0+5 10 3
10+8 10 8
| 10+10 10 10
1243 12 5
12 + 10 12 10
| 12412 12 12
B 12 417 12 17
15+ 5 15 5
15+ 10 15 10
20+ 12 20 12
6/2009
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Figure 1. General view of machine AT 380.03M

Electric equipment of the control system is housed
in a control cabinet located near the machine. Contrals
are situated on the panel located on the cabinet door.

The control system provides functioning of the
equipment in three modes: setting up—strip—wire (the
mode is selected with a switch located on the panel).
Made esctting up» is meant to check operation of all
the mechanisms of the machine and perform the set
movements prior to hard-facing. Modes «strips and
swires are intended for automatic control of the weld-
ing and hard-facing process following the set program.
Depending upon the process consumable (strip or
wire), the control system tests the set process modes.
Indication of the process parameters on digital devices
and operator’s panel, as well as the possibility to ad-
just the parameters during welding or hard-facing are
provided in all the operation modes.

Technological or emergency messages of the type
of <no current, stop processe, «failure of feed drives,
«parameter outside the limits», etc. are displayed on
the operator’s panel to monitor operation of the equip-
ment,

The machine is fitted with two power sources of
the VDU-1250 type with constant external charac-
teristic.

Self-shielding flux-cored strips of different com-
positions, providing high hardness of the deposited

Figure 2. Appearance of clad plate
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Table 2. Chemical composition and hardness of metal deposited by using flux-cored strips

Chemical eomposition of deposited metal, wt.% Hiirdnits
Flux-cared strip grade HRC 2
C Cr Mn Nb Mo v w
PLAN-T-180 4.5 30.0 = = 1.0 = = 5862
PLAN-T-181 4.5 30.0 3.0 = = - = 58-60
PLAN-T-179 3.0 22.0 — 7.0 5.0 1.0 2.0 58-62

metal and high wear-resistance at normal and in-
creased temperatures, can be used as the electrode
material.

Flux-cored strip with a cross section of 10.0 x
% 3.0 mm is used for hard-facing of plates 57 mm
thick, and strip with a cross section of 16.5 x 4.0 mm
is used for hard-facing of plates 8-20 mm thick. Hard-
facing can be performed in one, two or three passes.

The resulting bimetal plates can be readily trans-
formed by laying-out, cutting and bending into a wide
range of parts for hardening different assemblies and
units, thus extending several times their service life.

The machine was manufactured by the Pilot Plant
for Welding Equipment of the E.O. Paton Electric
Welding Institute and delivered to the customer (Me
chanical-Repair Plant of the Magnitogorsk Metallur-
gical Works, Russia). The machine was commissioned
in February 2009.

The developed hard-facing technology and equip-
ment allow producing plates of a wide range of stand-
ard sizes (Table 1), It should be noted that the sizes
in the Table are given without allowance for the base
metal penetration depth. The penetration depth in
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hard-facing of plates 5-8 mm thick is 1.5-2.0 mm,
and above 8 mm — 2-3 mm.

Flux-cored strips providing chemical composition
of the deposited metal and its hardness as given in
Table 2 are used for hard-facing of plates.

Other materials can also be used at the request of
customers.

Appearance of the hard-faced plate is shown in
Figure 2.

The developed technology, equipment and consu-
mables make it possible to produce a wide range of
wear-resistant lining elements, which can be used to
advantage to manufacture and repair equipment in
different industrial sectors. Also such parts are com-
petitive in the world market, which is confirmed by
delivery of these products to the USA, Germany,
Greece, Russia, Poland and other countries.

1. Danilchenke, B.V., Shimanovsky, V.P., Voronchuk, A.P. et
al, (1989) Hard-facing of rapidly wearing parts by self-shiel-
ding flux-cored strips. Avtomatich. Svarka, 3, 38-41.

2. Terpilo, V.N., Shimanovsky, V.P. (1988) Technology of
hard-facing of thin sheets by fux-cored strips. In: Proc. af
Conf, of Junior Scientists and Specialists (Kiev, 1988),

EI.ECTIIOSI_AG WELDING OF STAINI_ESS STIEEI.S

" Technology of ESW of high—alloy steels has been developcd
mcludmg the stainless steels of thickness from#20 to 450 inm, using
special high-alloy welding wires. In combination, with"flux of AN45*
grade they provide the stability of welding process, full transfer of
alloying elements into weld.metal, a good weld formation and an easy ; |
‘removal uf a slag crust. Tcdmology g,uarantcas the required prnpt:nles A
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11th INTERNATIONAL SCIENTIFIC-PRACTICAL
CONFERENCE IN St.-PETERSBURG

The International Scientific-Practical Conference
«Resource-Saving Technologies for Repair, Recondi-
tioning and Hardening of Machine Parts, Mecha-
nisms, Equipment, Tools and Fixtures from Nano- to
Macrolevel» took place in St.-Petersburg on 14-17
April 2009. The Conference was organised by Research
and Production Company «PlazmaCentre» and St.-
Petersburg State Polytechnic University. This tradi-
tional annual conference has been held since 1997,
and is the largest event in Russia and other CIS coun-
tries focused on these topics. It is dedicated to indus-
trial technologies, which at the time of the economic
crisis are capable of providing the maximum possible
reduction of costs and raising the efficiency of manu-
facturing.

About 450 people representing different enterprises
and organisations of Russia, Belarus, Ukraine,
Kazakhstan, Azerbaijan, Moldova, Armenia, Uzbekis-
tan, Lithuania, Poland and Korea took part in the
work of the Conference. The main information sponsor
of the Conference was the Limited Liability Company
«Mashinostroenie> Publishing Houses». Also, the in-
formation support was rendered by over 50 periodical
scientific-and-technical journals.

The focus of the Conference was on the following
four topics:

e technologies for reconditioning of the initial sur-
face geometry using welding, surfacing, spraying and
other processes (41 papers);

e surface engineering, structural and operational
methods for improving reliability and extending serv-
ice life, tribotechnology and surface treatment of parts
(29 papers);

e
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» hardening technologies, modification and resto-
ration of physical-mechanical properties of surfaces,
and deposition of thin-film coatings (62 papers);

o technologies for diagnostics, flaw detection,
washing and cleaning (25 papers).

P.A. Topolyansky, Director General of Research
and Production Company «PlazmaCentres, noted in
his opening speech that the Conference held in St.-
Petersburg is the most important and major event of
this kind in Russia and other CIS countries. It is
attended not only by specialists, scientists and lectur-
ers of institutes of higher education, i.e. developers
of the repair, reconditioning and hardening technolo-
gies, but also representatives of the industry — direct
customers of the above technologies, who came from
different regions of Russia and CIS countries. The
Conference allows direct communication between de-
velopers and customers of the innovation projects. It
is the dialogue and sharing of experience that such
conferences are famed for. The main purpose of such
conferences is to popularise technologies and obtain
the new ones, which are capable of providing reliable
and competitive products, as well as advocate the need
for generation of the new knowledge to improve qual-
ity and reliability, and extend life of technical parts,
which are manufactured now or are already in opera-
tion. Such conferences are characterised by orientation
to practical application and possibility of finding per-
formers to introduce into practice the repair, recon-
ditioning and hardening processes, by demonstration
and deposition, together with the participants, of
wear-resistant coatings on parts they brought with
them. This Conference is of a high educational sig-
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nificance, as it is attended by post-graduates and stu-
dents who chose the line of their future labour activ-
ity — creative work in engineering.

About 50 plenary papers were presented at the
Conference. Each organisation that presented a paper
was awarded the honorary diploma.

One should note an increased scope of research
and new efficient developments made at different in-
stitutions of higher education and intended for prac-
tical application. The integrated approach to address-
ing the topical problems can be illustrated by an ex-
ample of the technology developed by the St.-Peters-
burg Agrarian University in collaboration with the
Bryansk Agricultural Academy for arc cladding of
parts of tillage machines allowing for interaction of
soil with the clad surface. The cladding performed not
in a solid layer, but in separate strips following the
certain diagram makes it possible to improve the qual-
ity of cultivation of sail, decrease wear of parts, and
save cladding consumables. The technology can be
applied not only by manufacturers of agricultural ma-
chinery, but also by small business companies provid-
ing technical service.

Developers of the repair and hardening technolo-
gies pay much attention to mechanisation and auto-
mation of both processes and information systems for
automated choice of materials for deposition of coat-
ings (e.g. development of the Military-Technical Uni-
versity, Balashikha).

We cannot but note the active participation in the
Conference by representatives of remote regions:
Yakutsk, Magadan, Khabarovsk, Chita, Novosibirsk,
etc., who presented interesting developments on cur-
rently important topics.

The largest quantity of papers (62) presented at
the Conference were dedicated to new respurce-saving
technologies for hardening of surfaces and deposition
of thin-film coatings. The technologies are charac-
terised by a wide diversity and high efficiency. Inter-
esting developments were presented by specialist from
Belarus, Irkutsk, Moscow and St.-Petersburg. The
Conference noted topicality of development of non-
vacuum technologies for production of hardening
nano-coatings.

Traditionally, a visit to industrial sections for re-
conditioning and deposition of functional coatings us-
ing the thermal spraying, cladding and hardening
technologies was arranged for the Conference partici-
pants. They were shown a new process of finishing
plasma hardening with deposition of diamond-like
coatings, which can provide a many times increase in
life of parts by a few minutes treatment, as well as
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the technology for spray cladding (PTA-process).
Tools and technological fixtures brought by the par-
ticipants were hardened during the Conference.

The new generation of equipment developed by
specialists of Research and Production Company
«PlazmaCentres, Messer Eutectic Castolin Ltd., Lim-
ited Liability Companies «OTsPN» and «Energiva
3000+, was demonstrated at the exhibition facilities
to the Conference participants.

Workshops were held in parallel within the frame-
work of the Conference for industry representatives:
«All Methods for Increasing Strength of Tools, Cold
Deformation Dies, Press Moulds and Other Techno-
logical Fixturess, «Surfacing and Spraying — Selec-
tion of Technology, Equipment and Materials», <Re-
pair, Reconditioning, Hardening and Quality Inspec-
tion of Casting Fixtures, Press-Forging Tools and
Dies# and «Design of Friction Components and Parts
with Increased Life and Wear Resistances.

During discussions, the Conference participants
noted political aspects and problems with application
of the advanced repair, reconditioning and hardening
technologies. Actively expressed were the opinions on
the expediency of arranging regional centres for reno-
vation ol technical facilities, enhancement of efforts
on application of new, science-intensive technologies
for repair and, particularly, hardening of critical parts
and tools. The Conference participants noted an ex-
tensive use of plasma, laser, ultrasonic and other
highly efficient electrophysical processes aimed at the
extension of life of parts, tools and process fixtures.
Nanotechnologies are going out from research labora-
tories and finding an increasingly wide application for
hardening of various parts. Scientists and practical
workers from different CIS countries take an active
part in collaborative efforts. International conferences
of this format promote development of practically all
sectors of economy of both Russia and other countries.

The annual St.-Petersburg Conference dedicated
to the repair, reconditioning and hardening technolo-
gies is an important link for integration of science and
industry. The Conference proceedings in two books
and in about 1000 pages were published for Conference
opening. <Encyclopaedia of Repair, Reconditioning
and Hardening Technologies» stored on the compact
disk, including proceedings of all previous conferences
(about 6000 pages) and software for retrieval by key
words to address scientific and practical problems,
was disseminated among the Conference participants.

N.L. lTvanova
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4th INTERNATIONAL CONFERENCE
ON LASER TECHNOLOGIES

Over the period of May 26-29, 2009 the 4th Interna-
tional Conference on LTWMP-2009 «Laser Technolo-
gies in Welding and Processing of Materials», organ-
ized by the E.O. Paton Electric Welding Institute of
NASU, Research Institute ol Laser Technique and
Technology of the National Technical University of
Ukraine <«KPI» and International Association
«Svarka» took place in Crimea on the base of «Kat-
sivelis House of Scientists. The co-chairmen of its
Programme Committee were Academician B.E, Paton
and Prof. V.S. Kovalenko.

Starting from 2003 the conferences on the men-
tioned subject are held regularly gathering the spe-
cialists on this progressive technology from all over
the world. The official language of conference is Eng-
lish. This year in spite of all doubts of organizers as
to the reasonability of Conference conductance under
the conditions of severe global crisis the experts of
laser technology from seven countries of the world (at
the previous conferences the number of countries-
counterparts usually exceeded 20) have successfully
overcome all problems of their participating in the
conference.

After welcome the plenary part of the Conference
was opened by the report of Prof. V.S. Kovalenko

«Modern tendencies of development of high technole-
gies in mechanical engineering». It was told about the
new paradigm of mechanical engineering development
(Competitive Sustainable Manulacturing) and chal-
lenge of implementation of innovations based on the
progressive technologies and include automation of
processes of assembling and disassembling in industry,
development of high-efficient lasers (diode, fibre optic
and other).

The fundamental report «Laser hybrid welding of
pipe steel — modeling and technology» was delivered
by Prof. G.A. Turichin with the colleagues from St.-
Petersburg Technical University. The report of
Prof. 1.V. Krivtsun with colleagues from the E.O.
Paton Electric Welding Institute « Interaction of dense
sas-discharged plasma with metal surface evaporating
during the plasma and laser-plasma welding» was also
devoted to the theoretic analysis of hybrid processes.
Dr. A. Gumenyuk from the Federal Institute of Ma-
terial Research (Berlin, Germany) reported the results
of research works of laser hybrid welding of thick-
walled structures using [ibre laser. The Chinese col-
leagues presented two reports from Laser Centre of
Zhejiang Technology University (Guangzhou). In one
of them «The investigations of residual stresses and
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mechanical properties of turbine blades of stainless
steels modified by laser radiations Prof. Jianhua Yao
presented the results of joint investigations with the
colleagues from the Research Institute of Laser Tech-
nology of the National Technical University of
Ukraine ¢KPIs. Prof. AN, Grezev from the Institute
aof Laser and Informational Technologies of RAS
(Shatura) presented the report «Laser equipment and
methods of laser cutting, welding and surface treat-
ment» which were recently developed in this Institute
for different enterprises.

In number of reports the possibility of control of
local thermal deformations using laser radiation to
change the shape and rigidity of parts of sheet mate-
rials were examined by M. Grden and Prof. F. Wol-
ersten (Institute of Beam Technology, Bremen, Ger-
many), and A. Kaglyak, the young researcher with
his colleagues of Research Institute of Laser Technol-
ogy presented the report on the subject «Forming of
workpieces of metal sheet materials using lasers. The
possibilities of application of laser radiation for per-
foration and drilling of oil and gas drilling wells were
discussed by specialists of Ukrainian State Geological
Research Institute (Kiev). The Lithuanian colleague
Prof. S. Sipyavichus (Institute of Physics of AS of
Lithuania, Vilnius) suggested the application of laser
radiation for production of nanoparticles of metals.

In some reports from «KPI» the paossibilities of
manufacture of stands for cardiosurgical operations
were described (R. Zhuk, N. Anyakin and others).
One of them was presented by the student [. Vakhdat-
inia (Iran), who prepared magister work on this sub-
ject. Among other topics of wide interest were the
report of Prof. L.F. Golovko from «KPI» {manufac-
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turing of diamond cutting tool using technology of
laser growth of workpieces) and others.

During the plenary and stand sessions over 50 re-
ports were considered. At the end of the Conference
the round table was organized for discussion of actual
problems of laser technologies development. The se-
rious discussion was devoted to the peculiarities of
physical phenomena observed at the interaction of
laser radiation and plasma in the realization of hybrid
<laser + plasmas treatment.

In the course of discussion on the application of
different modeling methods it was outlined that de-
velopment of physical and mathematical models of
processes is reasonable in the cases when modeling
results are perfectly correlated with practical (experi-
mental) results,

Before opening of the Conference the collected
theses and Conference program were published. By
the end of November, 2009 the Proceedings of the
Conference will be published in English (the works
of the previous conferences LTWMP-03, LTWMP-05,
LTWMP-07 can be ordered in the editorial board of
journal «Avtomaticheskaya Svarkas).

Friendly, hospitable and creative atmosphere of
the Conference promoted the development of useful
discussions and establishment of business contacts.
The absolute success of the Conference made its par-
ticipants from different countries adopt unanimous
suggestion on holding the next 5th International Con-
ference on Laser Technologies in Welding and Proc-
essing of Materials (LTWMP-11) in May 2011, Ka-
tsiveli, Crimea, Ukraine.

Prof. V.S. Kovalenko
Dr. A.T. Zelnichenko
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