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PILOT PLANT OF WELDING EQUIPMENT
OF THE E.O. PATON ELECTRIC WELDING INSTITUTE
AT THE NOWADAYS STAGE

Pilot Plant of Welding Equipment (PPWE) of the E.O. Paton Electric Welding Institute was founded
in 1959 on the facility of experimental shop for implementation of technologies and equipment, developed
by the PWI departments and Experimental Design and Technological Bureau (EDTB). At present the
PPWE is manufacturing equipment for implementation of new high-effective and economic technologies
for automatic submerged arc welding, mechanized and automatic pulsed-arc welding, position welding
of main pipelines, and also unique equipment for automatic narrow-gap submerged arc welding of
circumferential welds.

On demands of PWI the PPWE manufactures equipment for surfacing, installations for electroslag
technologies, automatic systems for welding process control, etc. for machine-building enterprises of
various industry branches.

Applying advanced technologies and design developments, the PPWE manufactures high-quality welding
equipment with optimum technical characteristics, thus satisfying the requirements both of large indus-
trial enterprises and also private persons in such branches as:

e machine building;

e power engineering, oil and gas industry;

e construction and transport;

e agriculture and housing and communal services.

The Plant has own industrial shops and equipment in its disposal for realizing the whole complex of
works for manufacture and testing the welding machines.

PPWE has a serial manufacture of transformers and rectifiers for manual and automatic arc welding
and surfacing, welding semi-automatic machines, machines for argon-arc welding, inverter-type units
(MIG /MAG, TIG, MMA welding including synergic control and pulsed-mode operation), installations
and power sources for electroslag technologies, welding tractors for automatic submerged arc welding
of different grades of steels, etc.

One of the main types of welding equipment is power sources for different types of arc welding,
application of which depends on the service conditions (site and repair works or industrial production).
For site and repair works the equipment of small sizes, low weight and with limitations for work duration
is used. For these purposes, the Plant manufactures both the transformers and also inverter-type rectifiers.

STSh-252 transformer belongs to transformers of PATON type, providing welding at currents of up to
250 A. For industrial enterprises, for highly-intensive conditions of work, the Plant manufactures
transformers of PATON type, namely STSh-315 SGD and STSh-400 SGD. The both types of transformers
have built-in stabilizers of arc burning, which improve significantly not only the process of welding
with rod electrodes in arc manual process, but also allow performing the argon-arc welding of aluminium
alloys.

For DC manual arc welding the Plant manufactures the rectifier VD-310N together with devices for
anti-sticking of electrodes and improvement of arc exciting.

For gas-electric welding the Plant manufactures 4 types of semi-automatic machines for 150, 180, 250
and 315 A currents. First two machines are designed for site and repair works, the second ones — for
industrial enterprises.

For especially highly-intensive conditions of work at high currents the rectifier of BS-650SR type with
a unit BP-608 for welding wire feeding is manufactured. The rectifier is versatile as it allows CO2
welding to be performed not only at one station, but also multi-station manual arc welding with rod
electrodes in four stations.
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Rectifier VMG-5000 is also manufactured as
a multi-station one, enabling welding to be
performed in 30 stations in gas electric or ma-
nual arc welding.

For powerful installations for electroslag
welding, furnaces of electroslag remelting
the Plant manufactures special single- and
three-phase transformers of TShS and TShP
types for currents of 1000, 3000 and 10,000
A. Moreover, under special orders the Plant
manufactures different specialized equip-
ment for welding and surfacing.

Over the recent years, the household sector
of applying the machines for manual and gas
electric welding was widened. Small-sized
rectifiers of inverter-type VDI for currents
from 120 up to 250 A and argon-arc inverters
of series ADI for currents of 160 and 200 A
are manufactured for the household condi-
tions.

For the same purposes a small-sized semi-
automatic machine PS-152 with built-in
feeding unit is used, which can perform weld-
ing of thin-sheet steel up to 0.5 mm thickness.

Invertor-type unit for manual and argon-arc welding

Various-type welding equipment, manufactured by PPWE over more than 50 years, is of a great demand
not only in Ukraine and CIS countries, but also abroad due to high quality of manufacture and reliability
in operation.

Starting since 2011, PPWE together with PWI and EDTB is beneficially cooperated with enterprises
included into the structure of the State Oil Company of Azerbaijan Republic (SOCAR). The training
was carried out at the PWT research centers on specialties of a blaster and manager of explosive works,
the works were performed for separation two pontoons from a block by the method of a directed explosion
in construction of offshore stationary platform on site of Guneshli oilfield in the Caspian Sea. Contract
was signed with PA «Azneft» for fulfillment of underwater repair-welding works for removal of cracks
in Guneshli oilfield.

At the end of November, 2013 the PPWE put into service the complex of equipment for automatic
submerged arc welding (circumferential welds into narrow gap) of powerful turbine rotors. On demands
of OJSC «Turboatom» (main research organization of the Ministry of Industrial Politics of Ukraine
on Power Machine Building) the PWI and EDTB specialists have developed the new welding technology
and equipment for manufacture of welded combined rotors using automatic narrow-gap submerged arc
welding. This method of manufacture increases greatly the vibro-stability reliability of rotor in service
at high- and low-temperatures conditions. Coming from the conclusion of the acceptance commission
this equipment can be used in narrow-gap submerged arc welding not only for steam turbine rotors but
also for products of other configuration.

Also, in 2013 the PPWE recommenced the design of special powerful power sources and equipment
for electroslag remelting and widened the assortment of household welding machines due to putting
into serial production of invertors PATON VDI-250S of Standard series for manual arc welding and
argon-arc welding. At the present moment the tests of plasma cutter PRI-40 of inverter type for plasma
cutting, supplied by 220 V voltage, are carried out; the semi-automatic welding machine of inverter
type for 250 A is at the stage of designing.

Since 2014 the Plant is carrying out the development of alternative energy sources and organizing a
serial manufacture of high-effective modular inverter-type power sources for welding, used as converter
of a solar energy.
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Unit for narrow-gap welding

Since January, 2014 the inverters PATON VDI-200R DC MMA /TIG are manufactured in a casing
proving IR 33 class of protection in accordance with the system of classification of degrees of protection
of electric equipment casing from entry of solids and water (International standard IEC 60529, GOST
14254-96). Earlier, the machines were manufactured in a casing providing the IP 21 class of protection,
the same as the most welding machines of the Ukrainian production.

Since March, 2014 the PPWE established the 5-year guarantee for welding inverters of ADI and VDI
series. The guarantee repair and service of the PPWE products is realized by the efforts of the own
Service Center. Welding inverters of PATON type were certified in accordance with the European
Standards (Certificate CE).

At the beginning of 2014 the new production lines were put into service for manufacture of electrodes
for welding of carbon and low-alloy steels, namely ANO-4, ANO-21, ANO-36 and UONI-13 /55 of
3-5 mm diameter and improved technological characteristics.

The dealer network of the PPWE covers all the regions of Ukraine, having more than hundred trade
sites. The plant delivers all the assortment of welding equipment into trade networks and hypermarkets
of Ukraine: Epitsentr, Novaya Liniya, OLDI, and since 2014 — to the Russian trade network STD
«Petrovich».

In 2013 the inverter and transformer welding equipment of PATON types was successfully delivered to
the Russian market, having already proved itself in household and industrial sector. Several large
enterprises of Russia has already signed the contracts for delivery and putting into service the specialized
equipment for automatic welding, and also power sources for electroslag technologies and welding
equipment for construction industry. The dealer network for selling the equipment of PATON type at
the territory of Russia is represented in the following cities:

e North-West region: St.-Petersburg and Leningrad region, Veliky Novgorod, Pskov;

¢ Central region: Moscow and region, Tula and region, Voronezh, Belgorod;

e Privolzhsky region: Orenburg, Naberezhnye Chelny, Izhevsk, Kazan, Perm, Cheboksary, Penza, Samara,
Engels;
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e Urals region: Ekaterinburg;
e Siberian region: Krasnoyarsk, Novosibirsk, Omsk, Barnaul,;
e South region: Krasnodar, Rostov-on-Don, Volzhsky.

The Plant delivers also equipment to the CIS countries and abroad: Russian Federation, Republic of
Belarus, Republic of Kazakhstan, Azerbaijan Republic, Poland, Czech Republic, Equatorial Guinea.

Participation of the PPWE in three international exhibitions «Welding. Cutting. Surfacing» (Russia,
Moscow, June, 2013), MESSE ESSEN «SCHWEISSEN&SCHNEIDEN» (Germany, Essen, September,
2013) and Weldex (Russia, Moscow, October, 2013) allowed finding out the new challenges for devel-
opment of welding machines of PATON type, well proved themselves at the market of Ukraine.

In 2014 the PPWE will participate in the specialized exhibition «<WELDING 2014» (Russia, St.-Pe-
tersburg, June) and the 14th International Exhibition of Welding Materials, Equipment and Technologies
«Weldex 2014» (Russia, Moscow, October).

The Plant representations were established in Russia (St.-Petersburg) and Republic of Belarus (Minsk),
the negotiations are carried out about opening of representation in Poland for a full entry of PATON
type equipment to the EU market.

The constant clients of the PPWE are the following companies: Azneft, Azovtranskomplekt, BelAZ,
Belaruskaly, Vostok-Ruda, SOCAR, Dneprodzerzhinsk Hydroelectric Station, Zaporozhstal, K.A.N.
Stroy, Kievwodokanal, Kievenergo, Korzhevsky specialized mining-crushing open pit, Krivorozhsky
plant of mining equipment, First private brewery, Poznyakizhilstroy, Rostenergo, Turboatom and other.

In January this year the PPWE of the E.O. Paton Electric Welding Institute was 55 and its future
plans include the further development and improvement of technologies and equipment for arc welding,
shielded-gas and automatic arc welding, flash-butt welding, electroslag welding and remelting, electron
beam welding and deposition, plasma-arc remelting, as well as updating of basic models of household
welding machines.

Unchangeable is the Plant motto: RELIABILITY, QUALITY, TRADITIONS.

Anatoly V. Stepakhno, Chairman of Plant Board
Dr. V.A. Koritsky, Scientific consultant
Anton V. Stepakhno, Vice-Chairman of Plant Board

Contacts:
66 Novopirogovskaya Str., 03045, Kiev, Ukraine
Tel. /Fax: +38(044) 259-40-00; www.paton.ua
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, SCIENTIFIC AND TECHNICAL

STRUCTURAL FEATURES OF FSW JOINTS

OF METALS WITH DIFFERENT ELEMENT SOLUBILITY

IN THE SOLID PHASE

G.M. GRIGORENKO, L.I. ADEEVA, A.Yu. TUNIK, S.N. STEPANYUK,
M.A. POLESHCHUK and E.V. ZELENIN
E.O. Paton Electric Welding Institute, NASU
11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

Results of investigation of the structure and properties of dissimilar metal joints made by friction stir
welding (FSW) are given. Systems with unlimited (Ni—Cu) and limited (Cu—Fe) solubility, as well as
absence of component solubility (Al=Fe) in the solid state were studied. FSW of copper and nickel produced
a sound welded joint with metal interpenetration to 3 mm depth. Mechanical mixing of metals plays the
leading role in this process, whereas diffusion processes are negligible. Structure refinement occurs in
mechanical mixing bands as a result of recrystallization processes. Copper diffusion into nickel along grain
boundaries proceeds down to 20 um depth with formation of interlayers of these metals solid solution.
When studying the copper to steel welded joint, it was established that metal mixing has a leading role
also in this process, and the role of diffusion processes is small. During welding a considerable grain
refinement takes place both in the recrystallization zone, and in thermomechanically affected and heat
affected zones. FSW of aluminium to iron resulted in formation of the joint zone of a considerable volume
with aluminium penetration into iron down to 2.5 mm depth. Metal interaction proceeds here, namely mass
transfer, primarily, of aluminum, and subsequent formation of FepAl7, FeAlz compounds. The hardest
regions of welded joint zone contain intermetallics in the aluminium matrix. Such a structure has the
hardness of 2870 + 410 MPa that is more than 3 times lower than that of iron aluminides Results of the
conducted investigations allow recommending this welding process to produce bimetal joints of dissimilar

metals with different solubility of elements in the solid state. 20 Ref., 5 Tables, 15 Figures.

Keywords: friction stir welding, welded joint, bi-
metal mechanical mixing of metals, diffusion, solid
phase solubility, microstructure, X-ray microprobe analy-
sis, elemental composition, microhardness

Development of modern machine, car, aircraft,
ship building and instrument making, as well as
other industries, where mechanisms operate un-
der extreme conditions, is impossible without ap-
plication of new structural materials and dissimi-
lar metal joints. These mostly are difficult-to-
weld metallic materials, differing considerably
from each other by their physico-mechanical
properties. As a rule, when joining such metals,
welding with an intermediate liquid phase leads
to formation of structural complexes and phase
components, which greatly lower joint perform-
ance. This problem can be solved using one of
the solid phase welding processes, such as diffu-
sion welding, magnetic-pulse, resistance without
flashing, friction and explosion welding. All
these processes allow solving many problems of
resources and energy saving. They are applied in
specific technologies, for instance, in manufac-
ture of electric contacts, engine valves, transition
pieces and other structures. This allows saving

expensive materials, reducing structure weight,
lowering power losses and, most importantly,
joining difficult-to-weld materials.

One of the promising methods to join dissimi-
lar metals and produce sound bimetal joints is
friction stir welding (FSW) patented in 1991 by
The Welding Institute [1]. Most of the studies
point to numerous advantages of FSW, compared
to other processes of producing permanent joints
[2-7]: preservation of base metal properties in
the welding zone to a considerable extent, com-
pared to fusion welding processes; absence of
harmful emissions or ultraviolet radiation during
welding; possibility to produce defect-free welds
in alloys, which in fusion welding are prone to
formation of hot cracks and porosity in weld met-
al; no need for application of filler material or
shielding gas; removal of surface oxides from the
edges before welding; no losses of alloying ele-
ments in weld metal.

At present, possibility of FSW application for
dissimilar metal welded joints is of great interest.
Researchers [8, 9] demonstrated success in weld-
ing such dissimilar metals as aluminium and steel.
FSW process to produce joints of aluminium to

© G.M. GRIGORENKO, L.I. ADEEVA, A.Yu. TUNIK, S.N. STEPANYUK, M.A. POLESHCHUK and E.V. ZELENIN, 2014
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magnesium was applied with success in works [10,
11]. Information on weldability and mechanical
properties of dissimilar Al-Cu, Ni—Cu joints is
given in [12—14]. As noted by the authors of these
publications, the decisive role in weldability of
dissimilar metals is played by metallurgical com-
patibility, determined by mutual solubility of met-
als being joined both in the liquid and in the solid
state, as well as formation of brittle chemical com-
pounds — the intermetallics.

The objective of this work is studying struc-
tural features and properties of bimetal joints
with different solubility of components in the
solid state, produced by FSW, in particular, Ni—
Cu system, the components of which have unlim-
ited solubility; systems with limited solubility
(Cu-steel) and systems, in which solubility of
metals being joined is absent in the solid state
(Al-Fe).

Overlap welded joints were produced by
FSW, the schematic of which is given in Figure 1.

Plasticizing and mixing of metals of the two
plates occurs in a closed volume with application
of a special rotating pin tool [14, 15], moving at
a certain speed. Samples of initial alloys (copper,
nickel, steel 3, aluminium and Armco-iron) were
selected to conduct the FSW process. FSW modes
and characteristics of materials being welded are
given in Table 1.

A complex procedure was applied during in-
vestigations, including metallography (Neophot-
32 optical microscope) and durometric analysis
(LECO hardness meter M-400 at 0.249 and
0.496 N load). Electron studies of the structure
and determination of its elemental composition
by X-ray microprobe method (XRMM) were con-
ducted in an analysis system consisting of JEOL
scanning electron microscope JSM-35 CF (Ja-
pan) and X-ray spectrometer with dispersion by
X-ray quantum energy (Oxford Instruments
INCA Energy-350 model, Great Britain). A cha-
racteristic feature of this analysis is its locality —
minimum excitation area is equal to 1 um. One
of the advantages of energy-dispersive spectrome-
ter is the possibility of simultaneous analysis of
about 50 elements (from boron to uranium) with

Table 1. FSW modes and welded material characteristics”

SCIENTIFIC AND TECHNICAL [

Figure 1. Schematic of FSW process: 1 — item; 2 — pin
tool with special profile; 3 — shoulder; vw — welding
speed; vy — rotation speed; P — applied load

reflection of the entire found spectrum. Structure
image was obtained in secondary electron mode
at U=20kV. Toreveal the studied joint structure
chemical reagents [16] and etching (Table 2)
were used. To study the possibility of producing
dissimilar joints, constitutional diagrams of Cu—
Ni, Cu—Fe and Fe—Al binary systems were ana-
lyzed [17—19]. Microstructure of transverse and
longitudinal sections of welded joints produced
by FSW was studied. Phenomena of metal mixing
in the plastic state, element diffusion, and con-
ditions of intermetallic phase formation were
studied, their composition and microhardness
were determined.

Copper and nickel are two metals forming a
continuous line of solid solutions (Figure 2) and
having one-type crystalline lattices with close
parameters (FCC). They belong to adjacent
groups of periodic system (atomic radii differ by
less than 10—15 %), and do not form any brittle
intermetallics. In welding of these metals, joints
with the most uniform properties are formed.

Cu—Ni constitutional diagram consists of three
regions. In the upper part material consists of
liquid solution of copper and nickel, in the middle
region it contains both liquid and solid phases,
the composition of which can be calculated using
the lever rule. In the lower region Cu—Ni is sub-
stitutional solid solution, where copper and
nickel atoms are irreplaceable in the crystalline
lattice. Substitutional solid solution forms in Cu—

Material grade Bimetal joint type Layer thickness, mm Pin Eli?)ltITIZEISiOD Layer miI\t;Irl(J);lardness, Weﬁ;ﬁ%iﬁfed’
N1,/M0 Ni—Cu 4,10 5 2312 /1160 40
MO /steel 3 Copper—steel 7/8 8 1160,/2160 60
AMg6,/008ZhR Al-Fe 5/3 6 552,/1260 60

"Pin tool rotation speed was 1250 rpm for all materials being welded.
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Table 2. Reagents and conditions of metallographic etching

Material Reagent composition Application method Remark
Cu (MO0) Nitric acid (50 ml) + water (50 ml) |Chemical etching at intensive Hydrochloric acid (80 ml) and water
stirring of reagent at T = 5-30 s, (20 ml) are used to remove oxide
T=20"°C film at t =1-3s, T =20 °C
Ni (N1) Ammonium sulphate (20 g) + water | Electrolytic etching at U = 6-15 V, Same
(100 ml1) t=3-10s
Steel 3 Nitric acid (4 ml) + ethyl alcohol Chemical etching at © = 5-30 s, Sample washing in ethyl alcohol
(100 ml1) T=20"°C
Al (AMg6) Caustic soda (10 g) + water (100 ml) Same To remove oxide film hydrofluoric
acid (50 ml) and water (50 ml) are
used at t=1-3s, T =20 °C
Fe (008ZhR) |Nitric acid (4 ml) + ethyl alcohol » Sample washing in ethyl alcohol
(100 ml)

Ni system, as copper and nickel solidify with
FCC lattice formation, have similar atomic radii
and electronegative valency [17, 18]. However,
copper and nickel have different physico-mechani-
cal characteristics. Copper is a soft, ductile material
with high electrical conductivity, and melts at 1085
°C, while nickel is a relatively hard corrosion-re-
sistant metal, which melts at 1455 °C.

Ni—Cu welded joint was produced at applica-
tion of concentrated thermomechanical impact of
the pin tool during FSW in the modes given in
Table 1. Welding was performed through 4 mm
nickel plate of N1 grade. Thickness of copper
plate (MO0 grade) was 10 mm.

Metallographic sections of this joint in the
longitudinal and transverse direction were stud-
ied (Figures 3 and 4). Welded joint has no defects
in the form of lacks-of-penetration, cracks or
pores. An oval nugget of 4 x 6 mm size is observed
in the transverse section of the joint zone (Fi-
gure 3, a, b), located in copper. It consists of
concentrated deformation rings with nickel par-
ticle inclusions, their content being about
10 vol.%. In the nugget upper part a region of
plastic displacement of nickel into copper formed

L0100 20 30 40 50 60 70 ¥O Ni, wr.%
Tq cL T T T T T T T T T
1455 °C|
1400 F Liquid
1200 -
1000 L 108467 °C
300
GO0
400
200
UC o 20 30 40 50 &0 70 80 Ni at.
u

Figure 2. Constitutional diagram of Cu—Ni system [17]

8

as a result of pin tool impact through nickel. In
this region of 2.5 x 3.0 mm size copper entrapment
is found, its content reaching about 15 vol.%.

When studying the longitudinal section, in-
terpenetration of nickel and copper to the depth
of down to 3 mm occurs in these metals joint
zone. Metal mixing is observed in the form of
interpenetrating alternating bands, oriented in
the direction of pin tool movement (see Figure 4,
a, b). Copper and nickel bands are equal to 0.3~
0.6 and 0.03—0.30 mm, respectively. In these
bands structure refinement takes place as a result
of recrystallization processes. In copper grain size
varies from 5 to 20 , and in nickel — from 5 up
to 40 um. Nickel band microhardness is equal to
1270 + 40, and in copper it is 1140 + 50 MPa.
Above metal mixing region in nickel, a ther-
momechanically affected region of up to 3 mm
length with oriented deformation bands (Figure 4,
a, c¢) and grain size of 20 to 70 um is found. Dark
bands of deformed nickel feature a higher hardness
(1610 + 160 MPa), compared to light spaces be-
tween them (1290 + 110 MPa). Edge region of
nickel — HAZ, located above the thermomechani-
cally affected zone, has coarser grains.

In copper a recrystallization region up to
0.6 mm wide with fine grain of 15-20 um and
up to 0.1 mm thermomechanically affected region
with slightly deformed grain going into the base
metal are observed under the mechanically stirred
zone (see Figure 4, d). In both these regions,
nickel inclusions are found in the form of elon-
gated (spindle shaped) fragments with micro-
hardness of 1300 + 170 MPa.

Band edges and nickel regions directly con-
tacting copper (Figure 4, b, e, f and Figure 5)
are stronger etched out and have lower micro-
hardness (1100 + 60 MPa). This is attributable
to copper and nickel interdiffusion along grain
boundaries with formation of interlayers of these

42014
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31 'r.

g & fiim /
Figure 4. Longitudinal microstructure of Ni—Cu welded joint produced by FSW: @, b — zone of nickel mixing with
copper; ¢, d — thermomecanically affected zone in nickel and copper, respectively; e, f — zone of copper interdiffusion
in nickel

: o
The |

412014 arton

B
o




, SCIENTIFIC AND TECHNICAL

Figure 5. Microstructure of Ni—Cu contact zone filmed in
secondary electrons (here and in Figure 6, a for numbers
see Table 3)

metals solid solution (see Figure 4, e, /). XRMM
method was used to analyze the composition of
contact zone of the two metals, and it was estab-
lished that copper diffusion into nickel to the
depth of 10-20 pm takes place along grain
boundaries.

When studying the joint zone in characteristic
radiation, no significant interdiffusion of ele-
ments in-depth of alternating layers of nickel and
copper was found. Figure 6 and Table 3 show
the results of mapping the mechanically stirred
zone of metals in Ni—Cu joint. Thus, investigation
of nickel to copper welded joints showed that
metal mixing in the plastic state plays the leading
role in FSW processes with their interdiffusion
being less important.

Copper—steel system was considered in order
to study the possibility of producing by FSW
joints of dissimilar metals with limited solubility
of components in the solid state. According to
Cu—Fe constitutional diagram, carbon solubility
in copper is practically absent in the solid state,
whereas in liquid state it is equal to 0.00015—
0.003 wt.% at temperatures of 1100—1700 °C [17—
19]. Carbon addition to Fe—Cu alloys somewhat
lowers copper solubility in solid iron and does
not change the overall pattern. Therefore, in or-

S U NNt s

and nickel (¢)

10 o o

Table 3. Composition of studied regions of Ni—Cu joint,
wt. /at.%

St o
Acc. to Figure 5
1 100 0
2 100 0
3 0.30,/0.32 99.70,/99.68
4 0.37 /0.40 99.63,/99.60
5 75.46 /76.90 24.54,/23.10
6 91.64,/92.22 6.36,/7.78
7 83.92 /84.95 16.08 /15.05
Acc. to Figure 6, a

1 99.23,/99.29 0.77,/0.71
2 99.18,/99.24 0.82,/0.76
3 4.03,/4.35 95.97 /95.65
4 5.96,/6.42 94.04 /93.58

der to analyze the process the authors considered
the interaction between copper and iron. Consti-
tutional diagram of Cu—Fe system is given in
Figure 7. Data on complete or partial solubility
of iron and copper in the liquid state are contra-
dictory. The system shows three zones of primary
crystallization of 3, y and € phases and three trans-
formations (two peritectic and one eutectoid)
proceeding at 1478, 1094 and 850 °C. Absence of
delamination in Fe—Cu system is shown. It is,
however, observed in overcooled condition
(100 °C and more). Iron solubility in copper at
1025, 900, 800 and 700 °C is equal to 2.5, 1.5,
0.9 and 0.5 wt.%, respectively [19]. At further
temperature lowering, iron solubility in copper
changes only slightly. Pure copper has FCC lat-
tice so that its addition widens the range of y-iron.
Copper solubility in y-solid solution (8 wt.%) is
higher than in o-solid solution (0.3 wt.%) and
the ratios in this system are similar to Fe—C sys-
tem. No intermetallics are found in this system.

FSW was performed on plates of copper and
low-carbon steel (see Table 1). Pin tool impact

R
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Figure 6. Image of Ni—Cu joint zone obtained in secondary electrons (@) and in characteristic radiation of copper (b)
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was applied through 7 mm copper plate. Inves-
tigation of transverse and longitudinal section of
copper to steel welded joint showed that it has
no defects: no cracks, lacks-of-penetration or
pores were detected (Figures 8 and 9). It is found
that in the longitudinal direction the joint is of
serrated nature. In copper wedge-like intrusions
are observed, which are inclined in the welding
direction (Figure 8, ¢). Maximum depth of their
penetration was equal to 500 pum. This region
consists of finest steel particles of 1 to 10 um size
embedded into deformed copper, and microhard-
ness of these zones is 2740 to 3020 MPa. Located
above such wedge-like intrusions is incomplete
recrystallization zone of copper — round-shaped
grains of 30 to 100 um size, chaotically located
between copper base metal grains (Figure 8, b).
Their maximum quantity equal to approximately
80 vol.% is in direct vicinity of the zone of joint
with steel. Farther from the joint zone their quan-
tity decreases, and their size becomes smaller.
Extent of the zone of incomplete recrystallization
in copper is equal to 600—-800 um.

SCIENTIFIC AND TECHNICAL (
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Figure 7. Constitutional diagrams of Cu—Fe system [19]

HAZ width in steel is equal to 4.5 mm. Zones
of incomplete recrystallization, fine and medium
grain are clearly visible (Figure 8, c—e). Medium
grain zone is located directly in the zone of joint
with copper. In the contact zone steel grain size
is smaller by an order of magnitude than in the

Figure 8. Longitudinal microstructure of copper—steel welded joint produced by FSW: a — general view of welded
joint; b — zone of steel mixing with copper; ¢ — medium grain region; d — fine grain region in steel HAZ; e —
incomplete recrystallization zone in steel (here and in Figures 10 and 11, @ for numbers see Table 4)
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Figure 9. Cross-sectional microstructure of copper—steel welded joint produced by FSW: ¢ — general view; b, d — side

regions; ¢ — center of copper—steel mixing zone

Figure 10. Microstructure of copper—steel contact zone filmed in secondary electrons

base metal. This zone microhardness is equal to
2290 + 120, whereas for ferritic-pearlitic steel it
is 2160 + 100 MPa. As steel hardness is much
higher than that of copper, no formation of clas-
sical oval nugget took place in the joint zone
cross-section (see Figure 9). In its upper part

joint zone consists of copper, and the lower part

| ! P e TR - - T
| i‘h.' e I‘,_..q__‘_ kB o

l'.|‘ ' ..‘-4' r | il pun h

a, b; Table 4).

is a mixture of steel particles of different size in
the copper matrix. Wedge-like intrusions of steel
into copper to the depth of about 700—1000 pm
limit the joint nugget. XRMM method was used
to analyze different regions of the joint zone and
determine their chemical composition (Figure 10,
As shown by investigations,

Figure 11. Copper—steel contact zone filmed in secondary electrons (@) and in characteristic radiation of copper (b) and

iron (c)
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Table 4. Composition of studied regions of copper—steel joint, wt. /at.%

SCIENTIFIC AND TECHNICAL t

Studied region Fe Cu Mn Si
Acc. to Figure 10, a
1 0.24,/0.27 99.76 /99.73 0 0
2 21.75/24.02 77.98 /75.68 0.27 /0.30 0
3 30.97 /33.79 68.80,/65.96 0.23,/0.25 0
4 31.69/34.41 67.88,/64.79 0.43,/0.47 0.15,/0.32
Acc. to Figure 10, b
1 97.74 /97.54 0.74,/0.68 1.19/1.21 0.29,/0.57
2 97.44 /97.27 1.03,/0.90 1.26 /1.27 0.28,/0.55
3 97.46 /97.31 1.05,0.92 1.23/1.25 0.26,/0.52
4 97.41,/97.30 0.96,/0.84 1.42 /1.45 0.21,/0.41
5 97.55,/97.40 0.83,/0.73 1.38,/1.40 0.23,/0.46
6 97.58 /97.29 0.76 /0.67 1.29,/1.30 0.37 /0.74
Acc. to Figure 11, a
1 21.47 /23.72 78.27 /75.99 0.26,/0.29 0
2 97.60,/97.44 0.99,/0.87 1.14/1.16 0.27,/0.53

wedge-like intrusions have ferritic-pearlitic struc-
ture, and contain practically no copper. In the
zone of copper to steel joint, formation of a large
number of iron inclusions embedded into copper
as individual bands and a mechanical mixture of
copper with steel is noted. In the copper matrix
a considerable quantity of iron (21.75—
31.69 wt.%) was found in the form of dispersed
inclusions (Table 4). Having studied boundary
regions of the embedded steel band (Figure 10,
b) we can make the assumption that processes of
metal interdiffusion with solid solution forma-
tion proceed alongside copper inclusions. Results
of mapping the mixing zone in Cu—steel 3 joints,
which is a mechanical mixture of copper (base)

and steel particles of different size, are given in
Figure 11 and Table 4. Dispersed inclusions of
copper are observed in the largest steel particles.
No significant interdiffusion of elements is found
during investigations in copper and iron charac-
teristic radiation, but it cannot be ruled out in
boundary regions. It is also established that dur-
ing FSW of these metals a significant refinement
of grains proceeds both in the recrystallization
zone, and in the thermomechanically and heat
affected zones. Conducted investigations show
that metal mixing in the plastic state plays a
major role in producing copper to steel welded
joint by FSW process, and the role of diffusion
processes is less significant.

0 10 20 30 40 50 60 70 80 a0 Fe, wt.%
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Figure 12. Constitutional diagram of Fe—Al system [19]
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medium; d — lower part of nugget

Ability to joint dissimilar metals by FSW
process in the absence of mutual solubility of
elements in the solid phase was studied in the
case of Fe—Al system (Figure 12). It is known
from published sources that chemical interaction
of aluminium and its alloys with iron, leading to
irreversible formation of intermetallics in the con-
tact zone of the two metals, prevents making
sound welded joints of these metals [19, 20]. In
keeping with the constitutional diagram of Fe—Al
system solid solutions, intermetallic compounds
and eutectics are formed. In the solid state iron
solubility in aluminium is quite low, at tempera-
tures of 225—600 °C it is in the range of 0.01—
0.22 wt.%. Iron solubility in aluminium at eu-
tectic temperature (654 °C) is equal to
0.053 wt.%, and at room temperature iron does
not dissolve at all. At solidification of an alloy of

B
" &

/ , gl‘

5] el W ] ;

aluminium with iron, FeAls crystals form already
at small amounts of iron in the structure. At up to
1.8 wt.% Fe content Al + FeAl; eutectic forms at
654 °C. At further increase of iron content (see
Figure 12), chemical compounds of the following
compositions form in the alloys: Fe,Al;, Fe,Als,
FeAl,, FeAl and Fe;Al with 62.9, 54.7, 49.1, 32.5
and 13.87 wt.% Al, respectively [20].

In this work an aluminium alloy and Armco-
iron were joined by FSW in the modes given in
Table 1. Pin tool penetrated through the alu-
minium alloy plate 5 mm thick to the depth of
6 mm. At FSW of these metals a nugget of 8.2 x
x 5.4 mm size and a wedge-like intrusion of iron
to 2 mm depth from both sides of the nugget form
in the cross-section of the joint zone (Figure 13,
a). Nugget structure is non-uniform, and consists
of three zones (Figure 13, b—d). The nugget

30 JAm e MM pm

Figure 14. Microstructure of upper (@), medium (b) and lower (¢) part of nugget in Al-Fe joints, produced by FSW,

filmed in back-scattered electrons (for numbers see Table 5)
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Table 5. Composition of studied regions of Al-Fe joint, wt. /at.%

SCIENTIFIC AND TECHNICAL t

Studied region Fe Al Mn Mg 0
Acc. to Figure 14, a
1 31.27 /16.91 59.06,/66.12 0.28,/0.15 1.41,/1.76 7.97 /15.06
2 27.18 /14.36 62.71,/68.71 0.28,/0.15 2.24,/2.72 7.59,/14.03
3 24.83,/13.09 65.53 /71.49 0.68,/0.36 2.26,/2.74 6.70 /12.32
4 0.87 /0.42 92.68,/92.30 0 5.65,6.22 0.79,/1.33
5 2.76 /1.33 90.43,/90.91 0 5.59,/6.20 1.22,/2.06
6 4.50,/2.21 89.08,/90.41 0.32,/0.16 5.51,/6.10 0.60,1.02
7 2.11,/1.02 91.99,/92.10 0 5.35/5.94 0.55,/0.94
8 2.98,/1.45 90.28 ,/90.89 0.37,/0.18 5.76 /6.43 0.62,/1.05
9 4.48 /2.20 89.25,90.43 0.20,/0.10 5.27/5.93 0.79,/1.35
Acc. to Figure 14, b
1 98.69,/95.87 0 0 0.26 /0.57 1.05,/3.56
2 90.42 /81.36 8.36,/15.56 0.34,/0.31 0 0.88,2.78
3 23.28 /12.25 66.98 /72.95 1.07 /0.57 2.75/3.32 5.93,/10.90
4 28.67 /15.14 59.31,/64.83 0.37 /0.20 2.61,/3.17 9.03,/16.65
) 1.03,/0.50 93.73,/94.08 0 4.47 /4.98 0
6 0.50,/0.24 94.56 /94.30 0 4.94/5.46 0
Acc. to Figure 14, ¢
1 99.76,/99.51 0.24,/0.49 0 0 0
2 21.19 /11.46 74.26 /83.23 0.52,/0.29 4.03/5.01 0
3 25.17 /13.93 70.05,/80.25 0.38,/0.21 4.41/5.61 0

formed primarily as a result of aluminium mass
transfer, as all the zones have an aluminium ma-
trix by XRMM data (Figure 14; Table 5). A zone
with the structure of Al-based alloy with Fe,Al;
inclusions is located in the upper part (Fi-
gures 13, b and 14, a; Table 5). Microhardness
of this zone is equal to 980—1168 MPa. Nugget
middle part features the greatest non-uniformity
(Figures 13, ¢ and 14, b; Table 5). Aluminium
matrix contains elongated iron particles of dif-
ferent size and clusters of Fe,Al; and FeAl, in-
termetallics. At XRMM a higher content of oxy-
gen is recorded in the studied regions, alongside
Fe—Al intermetallic formation that is indicative
of simultaneous formation of intermetallics and
small amount of Al,O3 oxide. No aluminium dif-

B S I T VT

1 [ N ]
Figure 15. Microstructure of longitudinal sec
¢ — medium region of nugget
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tion of Al-Fe welded joint made by FSW: ¢ — general view; b — upper;

fusion is found in the elongated iron particles,
but they have higher hardness (1360—2740 MPa),
probably, as a result of deformation at plastic
mixing. FeAl, intermetallic with 49 wt.% Al is
in immediate vicinity, forming an iron particle
fringe, and Fe,Al; is chaotically located in the
aluminium matrix, increasing its microhardness
up to 1260—1930 MPa. It is obvious that the
interdiffusion processes develop to the depth
equal to thickness of formed intermetallic parti-
cles and fringes.

In the nugget zone in direct contact with iron
the main structural components are Fe,Al; and
FeAl, aluminides, forming tongue-like intrusions
into iron (Figures 13, a, d and 14, ¢). Iron alu-
minides are located in aluminium matrix, so that
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microhardness of this zone is not high (2340—
3220 MPa), compared to that of intermetallics
proper (~10000 MPa). Nugget structure revealed
microporosity due, obviously, to intermetallic
phase formation (see Figure 14 and Table 5). By
XRMM data no element interdiffusion was re-
corded in the aluminium alloy and in iron at
10—15 pum distance from the nugget.

When studying the longitudinal section of the
joint zone (Figure 15), it was found to be con-
tinuous, without defects and having a wave-like
nature, varying between 3 and 7 mm in width.
Its structure consists of regions similar to the
above-described regions of this welded joint
cross-section.

Investigation of Al-Fe joint showed that me-
chanical mixing with formation of FeAls, Fe,Al;,
FeAl, compounds proceeds during FSW process.
The hardest regions of the joint zone, consisting
of intermetallics in aluminium matrix, are more
than 3 times softer than iron aluminides.

Conclusions

1. FSW of copper to nickel leads to interpene-
tration of metals to the depth of down to 3 mm.
Structure refinement occurs as a result of recrys-
tallization processes running in the bands of me-
chanical mixing of metals in the plastic state.
Nickel regions in direct contact with copper have
lower microhardness.

2. It is established that in the zone of a joint
of copper to steel 3, a region of mechanical mixing
of metals formed, which consists of wedge-like
intrusions of steel into copper to the depth of
down to 1 mm, as well as a large number of steel
inclusions of different shape of 1-10 um size.
Microhardness of this mechanical mixture is 1.5
times higher than that of steel.

3. FSW of aluminium to steel resulted in for-
mation of a joint zone of a considerable volume
with aluminium penetration into iron to the depth
of down to 2.5 mm. Metal interaction takes place
with subsequent formation of Fe,Al;, FeAl, com-
pounds. The hardest regions of the joint zone
consist predominantly of iron aluminides in alu-
minium matrix.

4. Mechanical mixing of metals in the plastic
state plays the leading role in FSW process. Role
of diffusion processes is smaller. In Cu—Ni system
with unlimited solubility of components in the
solid state interdiffusion is found at formation of
solid solution interlayers along grain boundaries
to the depth of 20 pm. In Fe—Al system, when
elements are not soluble in the solid state, diffu-
sion processes proceed to the depth, equal to

16

thickness of formed clusters of intermetallic par-
ticles and fringes down to 25 pm.

5. Conducted investigations allow recom-
mending FSW process for welding dissimilar me-
tals, having different solubility in the solid state,
as well as for making bimetal joints.
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MODELING OF WELD POOL BEHAVIOUR
IN SPOT WELDING BY PULSED LASER RADIATION"

A.P. SEMYONOYV, 1.V. SHUBA, 1.V. KRIVTSUN and V.F. DEMCHENKO
E.O. Paton Electric Welding Institute, NASU
11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

Process of metal evaporation in laser welding is accompanied by dynamic impact of metal vapours on pool
free surface. As this process proceeds non-uniformly over pool surface, reactive vapour pressure can differ
considerably in its different sections, leading to depression of melt free surface. This work proposes a
mathematical model allowing investigation of penetration dynamics and shape of weld pool free surface in
laser welding of sheet metals by a stationary pulsed source (spot welding). When developing the model,
we assumed that heat transfer process in the metal is due to heat conductivity and convection, and heat
losses from the surface are due to metal evaporation and energy loss for heat radiation. The work gives the
results of numerical modeling of weld pool penetration dynamics derived with application of the developed

model. 6 Ref., 7 Figures.

Keywords: laser spot welding, sheet material,
mathematical model, penetration dynamics, weld pool
shape

Impact of concentrated energy sources, such as
focused laser beam, on metal products being
welded, may lead to intensive evaporation of met-
al from weld pool surface. Evaporation process
is accompanied both by heat losses and dynamic
impact of metal vapours on melt free surface.
Under certain heating conditions, reactive va-
pour pressure can be quite high to cause signifi-
cant depression of weld pool surface. Moreover,
heating by a concentrated energy source creates
a high temperature gradient along the melt free
surface that is the cause for generation of Ma-
rangoni thermocapillary convection in weld pool
volume. As shown by previous studies [1], ther-
mocapillary surface forces have an essential in-
fluence on the pattern of metal flow in the weld
pool and largely determine the dimensions and
shape of penetration zone in different fusion weld-
ing processes.

This study proposes a mathematical model de-
scribing thermal and hydrodynamic processes in
molten metal pool in spot laser welding of sheet
metal. For model development it was assumed
that heat transfer in the metal occurs through
heat conductivity and convection, whereas heat
losses from the surface are due to metal evapo-
ration and heat radiation flow. Hydrodynamic
process model used in the work is based on

*Basing on the paper presented at the Int. Conf. on Laser Techno-
logies in Welding and Materials Processing (27-31 May 2013,
Katsively, Crimea, Ukraine).

© A.P. SEMYONOV, 1.V. SHUBA, 1.V. KRIVTSUN and V.F. DEMCHENKO, 2014

42014

Navier—Stokes equations for viscous incompress-
ible liquid and allows for capillary pressure due
to curvature of molten metal free surface, as well
as Marangoni thermocapillary effect. For model
simplification it was assumed that all the de-
scribed physical processes have the property of
axial symmetry. The work analyzes the influence
of various physical factors on penetration process
dynamics. For this purpose comparative analysis
of three models of weld pool dynamics was per-
formed:

e heat conductivity model;

e model of convective-conductive heat transfer
allowing for free surface curvature due to reactive
vapour pressure;

e model of convective-conductive heat transfer
allowing for reactive vapour pressure and ther-
mocapillary Marangoni effect.

Assessment of metal movement speed. Before
describing the mathematical model, let us assess
the speed of melt motion in the weld pool in spot
laser welding of sheet low-carbon steel. Material
properties used in further calculations, are taken
from work [2] and are given below:

Density p, kg-m3
Surface tension factor v, N e
Marangoni coefficient dy,/6T, N-m K
Dynamic viscosity p, Pa-s ...................
Heat conductivity A, W-m "K'

Specific heat capacity of solid phase ¢, J-kg K" ......... 700
Specific heat capacity of liquid phase ¢, J.kg K ' ....... 780
Degree of blackness € ..............cooviiiiiiiiiiiiiii, 0.4
Melting temperature T, K ...........ocoin. 1812
Boiling temperature T}, K .....ooooiiiiiiiiiinii, 3133
Latent heat of melting L,, J-kg_1 ......................... 2.4710°

Let us write an approximate expression for
tangential stresses P, on molten metal surface
I', assuming that the surface proper is flat:
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Figure 1. Characteristic flow pattern in the weld pool at
thermocapillary Marangoni convection
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where p is the dynamic viscosity of liquid metal;
ugis the value of radial component of speed vector
on the surface; & is the distance from the surface
to eddy center (Figure 1).

On the other hand, for value P, we can write

_oyor

oy Tb B Tm 2)
" oT or ’

or L

where v is the surface tension coefficient of liquid
metal; L is the weld pool radius. At derivation
of (2) we assumed that temperature in the pool
center corresponds to boiling point under normal
conditions. We will also assume 6 = L /4, then
we will finally have
WL o7 (T, —Tp) = 5.5m/s. 3
Value of Peclet number for the considered con-
ditions Pe = u L /o = 630, where a is the coef-
ficient of molten metal heat conductivity, indi-
cates that convective heat transfer will have an
essential influence on metal pool heat condition.
Description of mathematical model. Numeri-
cal solution procedure. To describe thermal proc-
esses in the metal being welded, we will use the
equation of heat transfer in area Q (Figure 2):

Figure 2. Schematic of calculated area

18

O0H o0H oH 190
—+tu—+0—=

ot or oz Tor
(4)
x | rA or +i A ﬂ ,
or 0z 0z
T
H(T) = [ cpdT + L,pm, (5)
T

0

where u, v are the components of speed vector;
H is the specific enthalpy; n is the liquid phase
fraction. We will complement equation (4) by
boundary and initial conditions:

A g ‘ = A(Ty, ¢) cos (@)qy(r)

(6)
- qCV(TF) - qrad(TF)’
or _or _or o, (7)
0z |2=0 or |[r=0 or |7=1L,
T(r,z,0)=T, (r,2)eQ. (€))

The following designations were introduced
in condition (6): A is the coefficient of laser ra-
diation absorption by metal surface; ¢, is the laser
radiation power density; q., is the specific heat
flow due to metal evaporation from pool surface;
1aq 18 the specific radiant heat flow. To describe
radiation power distribution in the laser beam
the following dependence was used:

q,(r) = 4 exp (<2(r/)"), ©)
where g, is the intensity of laser radiation on
beam axis; 7, is the beam radius on item surface.
At calculation of absorption coefficient it was
assumed that laser radiation has random polari-
zation. In this case

Ry(Tr, ¢) + R (T, 9)
ATy, @) =1-— o . 4o
Here
| Ve, (Ty) — sin? I
cos ¢ — Vg — sin
R
| cos ¢ + Ve (Tp) — sin? 0]
2
€,(Tr) cos ¢ — Ve (T) —sin” ¢
R(Tr, ¢) = | = =

€,(Ty) cos ¢ + Ne, (Tt) — sin? )

are the coefficients of reflection of s- and p-po-
larized waves by metal surface, respectively; o is
the angle of incidence (see Figure 2); ¢ is the
complex dielectric permeability of metal at laser
radiation frequency. Energy losses due to heat
radiation were found from Stefan—Boltzmann law:
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evaporation

T, K

Grad(Tp) = eo(TT = T5),

where o is the Stefan—Boltzmann constant; T_ is
the ambient temperature.

Model of hydrodynamic processes in the weld
pool is based on Navier—Stokes equations for vis-
cous incompressible liquid:

. oo, m, (11)
0z r
o0v o0v o0v 10
p|l—+u— —|==—1(0c,,) +
ot or 0z
0o, (12)
+ - 9p,
0z
lg(ru)-ﬂ—g—U:O, (13)
or 0z
where
GrrZ_P+2Ha_u; Grz:}la_v+a_u;
or or 0z
Oz = —P + 2],[ a_v,
0z
u ~
Cpp = -P+ 2u  are the o stress tensor compo-

nents; ¢ is the free fall acceleration; P is the
pressure in the melt. We will write boundary
conditions for equations (11)—(13) in the follow-
ing form:

on’= —(2yK + P )+ ? T (14)
S

@ V) =@ V), (15)

7|r:L:v|r:0: ‘_/>|Z:OZO’ (16)

where 7’and T are the unit vectors of normal and
tangential to the surface, respectively (see Figu-
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Figure 4. Temperature dependence of reactive pressure of
metal vapours

re 2); K 1V§ the average curvature of liquid metal
surface; V. is the speed of boundary movement.

Equation (14) describes the balance of normal
and tangential stresses on the pool free surface,
whereas (15) gives the kinematic boundary con-
ditions.

To solve problems (4)—(8) and (11)—(16) ar-
bitrary Lagrangian—Eulerian method [3] was ap-
plied together with finite element method [4].
Calculated area Q (see Figure 2) covers liquid
metal zone, and also includes the solid phase.
When solving the hydrodynamic problem, vis-
cosity in the solid phase is assumed to be high
enough (10% higher than liquid metal viscosity).
During performance of calculation experiment,
it allows suppressing metal movement in the solid
phase, and eliminates the need to adapt the FE
net for melting front shape and assign additional
boundary conditions in the melting front. Such
an approach was proposed for the first time in
[5], and is found in publications under the title
«effective viscosity methods».

Numerical modeling results. Numerical ex-
periments were conducted for the conditions of
laser spot welding (Nd: Y AG-laser) of low-carbon
steel 0.3 mm thick. Temperature dependencies of
evaporation process characteristics (heat losses
through evaporation and reactive pressure of met-

Figure 5. Dependence of coefficient of absorption of laser
radiation (1.06 um wave length) by the surface of low-carb-
on steel on temperature and angle of incidence
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al vapours) were derived using a model proposed
in [6], and are given in Figures 3 and 4. Depend-
ence of the coefficient of absorption for laser ra-
diation with selected wave length on angle of
incidence and metal surface temperature, deter-
mined by expression (10), is given in Figure 5.
Process parameters, used in calculations, are
given below:

20

Welded metal thickness, mm

Maximum intensity of laser radiation on metal

surface, W-cm

Laser beam radius on metal surface, mm

As shown by the results of numerical studies,
calculated values of surface temperature in the
center of laser heating spot, generated by model
I, greatly increase boiling temperature (Fi-
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Figure 7. Comparative analysis of dimensions and shape of penetration zone produced using models I-1IT at ¢t = 0.0332 s
and maximum speed of 0 (I), 0.00285 (II) and 1.264 (III) m /s

gure 6). The smallest overheating of the surface
above boiling temperature is observed with ap-
plication of model IT1. Weld pool dimensions and
shape differ accordingly. So, at one and the same
time of laser radiation impact on welded metal
surface (¢t = 0.0332 s) depth % and half-width b
of the penetration zone are equal to 0.17 and
0.24 mm for model I, 0.30 and 0.28 mm for model
II, and 0.17 and 0.36 mm for model III, respec-
tively (Figure 7).

On the whole, modeling results given in Fi-
gures 6 and 7 allow stating that Marangoni con-
vection mainly influences the width of penetra-
tion zone, whereas pool surface depression pro-
motes an increase of its depth. This results from
increase of heat flow to the solid phase, due to
reduction of thickness of liquid metal interlayer
between pool surface and melting boundary.

Thus, the most adequate mathematical model
of metal penetration in spot laser welding of sheet
materials is that of convective-conductive heat
transfer in the weld pool, allowing for reactive
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pressure of vapours on its surface and thermo-
capillary Marangoni effect (model III). This
model allows in the most comprehensive manner
for the processes of heat and mass transfer on the
surface and in the volume of weld pool in laser
welding of thin metal.
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EFFECT OF NICKEL AND MANGANESE
ON STRUCTURE OF Ag—Cu—~Zn—Sn SYSTEM ALLOYS
AND STRENGTH OF BRAZED JOINTS

V.F. KHORUNOYV, B.V. STEFANIV and S.V. MAKSYMOVA
E.O. Paton Electric Welding Institute, NASU
11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua

It is a well-known fact that alloys of Ag—Cu—Zn—Sn system are a good basis for development of cadmium-free
brazing filler metals (BFM) for brazing of different materials. However, as it follows from works of different
authors, the BFM of this system are insufficiently active in brazing of hard-alloy materials. This work tries
to eliminate these disadvantages. Effect of nickel and manganese alloying in 1—4 wt.% Ni and 2—6 wt.% Mn
interval is investigated using method of experiment planning. Investigated are the intervals of alloy melting,
areas of spreading and wetting angles on different substrates, strength characteristics of the joints in brazing
of stainless steels and hard alloys. Structure of pilot alloys is investigated using the methods of optical and
electron microscopy and microX-ray spectrum analysis. It is shown that manganese and nickel alloying of
Ag—Cu—Zn—Sn system alloys allowed developing BFM, which provide good wetting of hard-alloy materials
at the level of BFM of Ag—Cu—Zn—Cd system at filler relationship, approximately, 1.5-2.0 Mn:1.0 Ni.
Technological properties of BFM deteriorate at 1.0 Mn:1.5-2.0 Ni relationship. Development of environ-
mentally friendly BFM of Ag—Cu—Zn—Sn—Ni—Mn system for brazing of rock destruction and metal-cutting
tool allows refusing from application of harmful BFM of Ag—Cu—Zn—Cd system and significantly (per

20-50 %) increasing strength of brazed joints. 5 Ref., 4 Tables, 7 Figures.

Keywords: brazing, cadmium-free brazing filler
metals, structure, melting interval, contact wetting an-
gle, induction heating, temperature of phase transforma-
tions, nickel, manganese, silver brazing filler metal,
joint strength

Experimental investigations were carried out in
works [1, 2] for the purpose of development of
non-toxic brazing filler metals (BFM) containing
no cadmium and having the same melting tem-
peratures and mechanical properties as Ag—Cu—
Sn—Cd system BFM. The investigations included
analysis of phase composition, thermal analysis,
extrusion, mechanical tests of Ag—Cu—Zn—Sn sys-
tem alloys. The works of authors [3, 4] show that
BFM of this system provide for strength of the
brazed joints close to that in using of Cd-con-
taining BFM. However, study of wetting of hard-
alloy plates by these BFM determined that these
characteristics are not sufficient for obtaining of
quality joints. In [1, 2] it was noted the necessity
of additional manganese and nickel alloying of
the BFM of Ag—Cu—Zn—Sn system for their suc-
cessful application in brazing of hard-alloy tool.

Aim of the present study lies in the investiga-
tion of effect of nickel and manganese alloying
of Ag—Cu—Zn—Sn system alloys on structure,
melting intervals, wetting of hard alloys and
strength of the brazed joints. Alloy VK8 and
stainless steel 12Kh18N10T were used as materi-
als to be brazed.

© V.F. KHORUNOV, B.V. STEFANIV and S.V. MAKSYMOVA, 2014
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Melting of pilot alloys of Ag—Cu—Zn—Sn—Ni—
Mn system under laboratory conditions was car-
ried out by induction heating using high-fre-
quency generator of VChI4-10U4 type (fre-
quency 440 kHz, power 10 kW) with double-coil
inductor. Five alloys were melted in accordance
with the selected matrix of experiment planning
on specified procedure [ 3, 4]. General losses made
0.01-0.50 %.

Temperature interval of alloy melting was de-
termined with the help of differential thermal
analysis on VDTA-8M unit in crucibles, manu-
factured from zirconium oxide. Heating and cool-
ing was carried out in helium atmosphere at
80 °C /min speed. Mass of investigated specimen
made (1.25+0.05) g. The specimens were heated
twice in order to receive good fitting of sample
to crucible bottom and provide accurate data on
thermal effects. Therefore, thermal effects were
registered according to second heating curve.

Analysis of the received data shows that nickel
and manganese fillers significantly affect tem-
perature of phase transformations and value of
melting interval. Thus, only two phases are reg-
istered in Ag—Cu—Zn—Sn—2Mn—1Ni alloy (Fi-
gure 1). Solidus temperature makes 630 °C, and
liquidus is 694 °C. Two thermal effects are clearly
registered in Ag—Cu—Zn—Sn—6Mn—1Ni alloy,
namely in 671-693 and 640—-671 °C intervals. T'g
makes 640 °C, and T; =693 °C. Ag—Cu—Zn—Sn—
2Mn—4Ni alloy is also double phase, T's = 618 °C,
and T; = 702 °C. The second phase in Ag—Cu—
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Figure 1. Results of differential thermal analysis of Ag—
Cu—Zn—Sn—2Mn—1Ni system alloy

Zn—Sn—6Mn—4Ni alloy has weak thermal effect
in heating, but it is clearly apparent in cooling
(Figure 2). Tg = 640 °C, and T; =720 °C. Ag—
Cu—Zn—Sn—4Mn—2.5Ni alloy is also double
phase, T'¢ =640 °C and T, = 702 °C. Plates from
hard-alloy material VK8 of 13.5 mm diameter
and 4.5 mm thickness and BFM in form of blocks
(4 x 4 x 4 mm) were used as a substrate for
performance of experiments on spreading.

The specimens were degreased before brazing
by acetone (alcohol), the investigated BFM was
placed in the middle of the specimen, and PV209
flux, reactive temperature interval of which
equals 600—850 °C [5], was applied on along the
whole perimeter on the specimen. Heating of the
specimens was carried out using mentioned above
high-frequency generator. Single-coil inductor
was used for the investigations. The specimens
were positioned on ceramic support having inter-
nal channel for feeding of thermocouple, meas-
uring the temperature of specimen heating. 3-se-
cond soaking was applied after melting of the
BFM and then heating was switched on. A level
of solid substrate wetting by BFM was deter-
mined through evaluation of area of spreading of
melted BFM (three specimens for each BFM)
and contact angle, formed between the substrate
and spread drop of the BFM.
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Figure 2. Results of differential thermal analysis of Ag—
Cu—Zn—Sn—6Mn—4Ni system alloy

The contact angle was determined on mi-
crosections cut out from the specimens normal to
wetting plane (Figure 3). Area of spreading of
each BFM and contact wetting angle (Table 1)
were calculated using AutoCard 2002 program.

Experiments on determination of strength of
specimens of the brazed joint, manufactured from
12Kh18N10T grade stainless steel, were carried
out using investigated BFM. The specimens were
brazed with the help of gas heating and flux
PV209. The flux was preliminary applied to the
place of brazing in form of water-kneaded paste,
and dried before heating. After heating to the
flux melting temperature, the sample was put in
the place of joining, and heating was performed
up to melting of the latter and formation of the
brazed joint. The brazed specimens were treated
in order to remove reinforcement and break tests
were carried out on MTS-20 machine.

The experiments on stainless steel were carried
out according to GOST 23047—75. As can be seen
from given data (Table 2), alloys of Ag—Cu—Zn—
Sn system, alloyed by nickel and manganese, sig-
nificantly increase shear strength of the brazed
joints (from 300 to 400 MPa). In particular, rise
of shear strength is observed in the joint, made
using BFM No.5 (more than 450 MPa).

BFM of Ag—Cu—Zn—Sn—6Mn—4Ni, having the
best indicies on wetting as well as strength char-

Figure 3. Cross section of specimens 1-6 (a—f) (see Table 1) after spreading test
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Table 1. Melting temperature, contact wetting angle and area of spreading over hard-alloy plates of experimental alloys

BFM number BFM system C(:;?lcct ewztctgg Temperature of melting, 1C B’I]‘fﬁp};r:&u;;} OofC g::;?i?relgarglil\?[f*
' T T, ’ S, mm?
1 Ag—Cu—Zn=Sn (BAg-1)" 50 618 651 750 51
2 Ag—Cu—Zn—Sn—2Mn—1INi 20 630 694 750 123
3 Ag—Cu—Zn—Sn—-6Mn—1Ni 17 640 693 750 136
4 Ag—Cu—Zn—Sn—2Mn—4Ni 35 618 702 750 87
8] Ag—Cu—Zn—Sn—6Mn—4Ni 10 640 720 760 144
6 Ag—Cu—Zn—Sn—4Mn—2.5Ni 12 640 702 750 143
:petermination of area of spreading was carried out using high-frequency heating by nonstandard procedure.
Interval of BFM meting is taken from USA standard.
Table 2. Average strength characteristics of brazed lap joints on 12Kh18N10T steel

BFM number BFM system b, mm B, mm S, mm? P, kg 1, MPa
1 Ag—Cu—Zn-Sn (BAg-7) 2.35 20.10 47.23 1300 275.2
2 Ag—Cu—Zn—Sn—2Mn—1Ni 2 20.06 40.12 1640 408.7
3 Ag—Cu—Zn—Sn—6Mn—1Ni 2 20.06 40.12 1400 348.9
4 Ag—Cu—Zn—Sn—2Mn—4Ni 3 20.06 60.18 1860 309.3
B) Ag—Cu—Zn—Sn—6Mn—4Ni 2 20.03 40.06 1820 454.3
6 Ag—Cu—Zn—Sn—4Mn—2.5Ni 2 20.06 40.12 1658 413.2

acteristics for stainless steel joints, was selected
determination of shear strength of hard-alloy
plates. 13.5 mm diameter, 6 and 3.5 mm height
hard-alloy plates of VK8 type were used in de-
termination of the brazed joint shear strength.
The values of shear strength, received using spe-
cial device of tensile-testing machine R-05 (V.N.
Bacul Institute for Superhard Materials of the
NASU), lie in 489524 MPa range.

As mentioned above, the investigations were
carried out using the method of experiment plan-
ning. Two-factor experiment was performed and
data of two recalls were received. The results of
processing of experimental data were obtained
from «Statistica 6.0» program. Regression equa-

Sspr. mmE
160 f
 RED
B 120

] 100

] o
[ 60

140 £
120 b
Wwop

Figure 4. Dependence of BFM spreading area on manganese
and nickel content
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tions of dependence of area of spreading and joint
strength on manganese and nickel content are the
following:

Sspr = 54.1014 + 24.5059Mn + 25.061Ni —
—2.7492(Mn x Mn) + 2.8052(Mn x Ni) —
— 8.0526(Ni x Ni);

T,y = 432.7222 — 12.3333Mn — 15.3333Ni —
—2.4375(Mn x Mn) + 17.0833(Mn x Ni) —

—10.2222(Ni x Ni).

In graphic form these dependencies are shown
in Figures 4 and 5. The analysis of received results
allows stating that the best values of strength
and area of spreading are achieved at manganese

4a0
400
350
300
250

L

Figure 5. Dependence of BFM strength on manganese and
nickel content
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Table 3. Element composition of structural constituents of Ag—
Cu—Zn—Sn—2Mn—1Ni alloy, wt.%

Spectrum Mn Co Ni Cu Zn Ag Sn
number
1 0.35 | 0.42 | 5.76 | 61.35 | 23.66 | 8.09 | 0.37
2 0.19 - 3.16 | 44.52 | 19.64 | 32.18 | 0.31
3 0.16 - - 9.41 | 12.88 | 76.69 | 0.87
4 0.28 - - 14.44 | 17.16 | 61.42 | 6.70

Table 4. Element composition of structural constituents of Ag—
Cu—Zn—Sn—6Mn—4Ni alloy, wt.%

S};ﬁﬁf{)‘éf‘ Mn Co Ni Cu Zn Ag Sn
1 8.70 2.25 | 26.08 | 37.32 | 21.42 | 2.74 1.48
2 1.48 - - 8.64 | 11.67 | 78.22 -
3 1.76 - 0.36 | 15.97 | 13.52 | 65.50 | 2.89

to nickel relation, approximately, 1.5:1.0 (see
Tables 1 and 2).

Metallographic investigations were carried
out on specimens after determination of tempera-
ture interval of melting, i.e. all alloys were cooled
to room temperature at similar rate.

Structure and chemical inhomogeneity of Ag—
Cu—Zn—Sn—Ni—Mn system alloys with different
level of manganese and nickel alloying were in-
vestigated with the help of optic microscope
MIM-8M and scanning electron microscope Tes-
canMira3LMU. The results of investigations of
alloys containing 1.5 Mn:1.0 Ni showed that in
general they can be related to the eutectic struc-
tures with larger or smaller amount of primary
phase (Figures 6 and 7).

Thus, Ag—Cu—Zn—Sn—2Mn—1Ni system alloy
refers to the eutectic structure with small content
of Cu-based primary dendrites. This alloy has
two well-defined phases with different melting
temperatures, that is verified by VDTA unit re-
sults. Probably, Cu-based solid solution, contain-
ing small amount of silver and tin (see Figure 6),
appears as a primary phase. Light Ag-based phase
with smaller content of copper, zinc and tin from
0.87 to 6.70 % (Table 3), is solidified around the
primary dark dendrites. The Ag—Cu—Zn—Sn—
6Mn—4Ni system alloy has the same structural
constituents (see Figure 7; Table 4).

Comparison of data of the microX-ray spec-
trum analysis of both alloys shows significant
increase of nickel, copper and tin in Cu-based
solid solution (see Tables 3 and 4) in the second
alloy and significant reduction of content of tin
in the eutectic. The latter can explain the rise of
brazed joint strength.
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Figure 7. Microstructure (x400) of Ag—Cu—Zn—Sn—6Mn~—
4Ni system alloy

Conclusions

1. Nickel and manganese alloying of Ag—Cu—Zn—
Sn system alloys allowed receiving the brazing
filler metals, which provide good wetting of hard-
alloy materials and stainless steel, and higher
strength properties of brazed joints from stainless
steel (up to 450 MPa) and hard alloys (up to
500 MPa).

2. Application of the brazing filler metals of
investigated system requires no change of heating
methods, flux composition, use of any special
techniques and can be easily mastered in indus-
trial conditions.
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PREDICTION OF THERMODYNAMICAL PROPERTIES
OF MELTS OF THE CaO-Al203 SYSTEM

I.A. GONCHAROV', V.I. GALINICH', D.D. MISHCHENKO! and V.S. SUDAVTSOVA?
'E.O. Paton Electric Welding Institute, NASU
11 Bozhenko Str., 03680, Kiev, Ukraine. E-mail: office@paton.kiev.ua
1.M. Frantsevich Institute of Problems of Materials Science, NASU
3 Krzhizhanovsky Str., 03680, Kiev, Ukraine. E-mail: goncharov@.paton.kiev.ua

The expert evaluation of literature data was carried out and methods of calculation of thermodynamic
properties of melts of the CaO—Al203 system in the whole concentration range were offered. Thermodynamic
activities of aluminium oxide at 0.74 < xal,0, < 1 were calculated from the coordinates of the liquidus line
of constitution diagram of the system CaO—Al203, determined by different authors. Using calculation and
experimental data on thermodynamic activity of Al203, the evaluation of thermodynamic activities of
calcium oxide was carried out by integration of Gibbs—Duhem equation. It was established that they reveal
great negative deviations from thermodynamic properties of perfect solutions. Basing on the established
values of thermodynamic activity of calcium oxide, the liquidus line of constitution diagram of the system
CaO—Al203 was plotted on the side of calcium oxide. The obtained values of activity of components and
liquidus temperature of the system CaO—Al203 allow evaluating the thermodynamic properties of corre-
sponding three- and four-component systems, predicting processes of interaction in the metal-slag—gaz
system and creating new consumables for welding and electroslag remelting. 28 Ref., 2 Tables, 4 Figures.

Keywords: welding, electroslag remelting, slag
melts, thermodynamic activity of components, constitu-
tion diagram

Slag melts of the system CaO-SiO,~Al,0,~CaF,
find wide application in metallurgical and weld-
ing processes. Basing on this slag system the
fluxes for welding of high-alloyed steels and elec-
troslag remelting of structural steels were cre-
ated. The system CaO-SiO,~Al,O,—CaF, is the
base of slag-forming mixtures for machines of
continuous casting of billets. The scientifically
grounded modification of known fluxes, devel-
opment of new grades, methods of their melting
and application are not possible without know-
ledge of physical and chemical properties, the
basic of which are thermodynamic ones.

It is known that oxide-fluoride melts do not
behave like perfect solutions. Thermodynamic ac-
tivities of their components have deviations from
the Raoult law. Therefore, the capability of com-
ponents of melt to enter the chemical reactions
is determined as a mole fraction of x components
in the melt, as well as their thermodynamic ac-
tivity @ (hereinafter activity). To predict the met-
allurgical properties of slag melts the data on
activity of their components are necessary.

Experimental investigations of physical and
chemical properties of multi-component oxide-
fluoride melts are complicated due to their re-
fractoriness and high aggressiveness. Therefore,

in the last years the methods of their calculation
and modeling are developed and constantly modi-
fied.

One of the prospective directions is calcula-
tions of thermodynamic properties of melts of
three- and four-component systems with applica-
tion of similar data for two-component ones (for
the latter they are experimentally determined by
different methods). In this connection, it is nec-
essary to determine valid data from all the total-
ity of experimental data and use them for calcu-
lation.

The aim of this work is review of existing
experimental data, their expert evaluation and
establishing of valid values of activities of com-
ponents of oxide melts of the binary system CaO—
Al,Oj5 in the entire concentration range.

In the nearest time the similar investigations
of the system CaO-SiO,, Al,053-SiO,, Al,O3—
CaF,, SiO,—CaF, and CaO—CaF, will be pre-
pared. The groups of authors have already per-
formed thermodynamic modeling for most of
them. In spite of the fact that the known experi-
mental data were taken as the basis, the obtained
results are distinctly differed. Thus, valid ther-
modynamic properties of mentioned binary melts
were tried to be determined using the own meth-
ods [1, 2].

The constitution diagram of the system CaO—
Al,O3 was at the first time plotted already in

© I.A. GONCHAROV, V.I. GALINICH, D.D. MISHCHENKO and V.S. SUDAVTSOVA, 2014
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Figure 1. Activities of components of the CaO—Al203 system melts

1909 [3]. In works [4—9] the description of the
further investigations of phase equilibriums of
the system CaO—Al,O5 is given. However until
the recent time the coordinates of liquidus line
T of alloys of the system CaO—-Al,O5 at 0.75 <
< Xc,0 < 1 are not determined. It is predeter-
mined by very high temperatures of melting of
these objects. Only thermochemical properties of
intermediate phases of this system were experi-
mentally investigated [10—16].

The activities of components of liquid melts
of the system CaO—Al,O3 were formerly investi-
gated by different methods in the temperature
range of 1773-2060 K (Figure 1). In the most
works [17-21] the activities of calcium oxide
ac,o were determined, and activities of alu-
minium oxide Lo, — only in [17, 18, 22]. It

should be noted that activities of components
obtained using method of electromotive forces
[22] reveal the highest positive deviations from
the perfect solutions. It is probably predeter-
mined by the fact that membranes in the concen-
tration element have no the pure ion conductance.
Therefore, authors did not take these data into
account. As is seen from Figure 1, the activities
of components are determined in the limited
range of concentrations, which is predetermined
by the refractoriness of Al,O3 and, especially,
CaO.

For the correct description of thermodynamic
properties of liquid melts of the system CaO—
Al,Og, T1 of the constitution diagram in the range

Table 1. Calculation of Al,Oj5 activities according to coordinates
T\ of the CaO—Al,O5 system constitution diagram

of concentrations 35100 wt.% Al,O3 were used.
According to the developed methods [1, 2] the
apl0, at 84-100 wt.% Al,O3 were calculated.

The results of calculation are given in Table 1.
The liquidus temperature line changed in this
system from 2140 to 2313 K.

Combining these calculation results with
a0, values in melts of the system CaO—Al,O3

[17], determined by a very precise method of
Knudsen applying mass-spectrometer at 2060 K,
ac,o Was evaluated using intergration of Gibbs—
Duhem equation. The obtained results are given
in Figure 2.

It is seen that activities reveal negative devia-
tions from the Raoult law and satisfactory cor-
relate with the data on a ALO, D the melts of the

system CaO—-Al,O5 [17]. It is more distinctly
shown in Figure 1.

Liquidus curve of melts of the system CaO—
Al,O5 on the side of CaO (up to 35 wt.% Al,O53)

a, mole fr.

T, K ©41,0, wt.% XALO, mole fr. daLo, mole fr.

2140 84 0.74 0.60

2210 92 0.86 0.76

2280 95 0.91 0.91
412014

0
CaQ)

0.2 Al QO
Figure 2. Activities of components of the CaO—Al203 sys-
tem melts at 2100-2300 K (spots — calculation data on
the basis of TL, lines — optimized)
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Z FCa0-AlLO;

is not determined and was calculated by the
authors from ac,q in the following way:

uﬁ = H‘lg,(), “50 + RTL In a; = Hf‘o,

N I
K0 = pge A]—Imclt i

T. = -
L™ RIn a; Rlna;—AS

’
melt i

where pﬁo, wo is the chemical potential of i-th

component in liquid and solid phases, respec-
tively; T, is the liquidus temperature, at which
solid component—solution equilibrium is consid-
ered; a; is the activity of i-th component;
AH_ . AS_ . ; is the enthalpy and entropy of
melting of i-th component, respectively.

The obtained results are given in Table 2 and
Figure 3.

T K
3172
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Figure 4. Constitution diagram of the system CaO—Al203
modeled in work [23]
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Table 2. Calculation of coordinates T of constitution diagram of

the CaO—Al,O4 system melts by CaO activities

Oa,0, W% | X0, mole fr | gy, mole fr. T,, K
10 0.05 0.95 2838
20 0.12 0.80 2630
32 0.205 0.65 2424
38 0.25 0.45 2123
43 0.28 0.40 2040

Comparison of these data with experimental
results [4] showed (see Figure 3) that they are
well correlated with each other.

The Al,Oj5 activities according to the results
of these works were calculated using the method
developed by the authors [1, 2].

In the area of compositions enriched with
Al,Og, the T was determined in [4, 7-9]. In the
area of compositions of melts of the system CaO—
Al,O3at 0.63 < *al,0, <1, the liquidus tempera-

ture varies [4—9]. According to these data the
a0, calculation was carried out. The obtained

results were compared with the data of [17],
which have the best correlation with those cal-
culated from Ty [4]. In work [11] the preference
of T} was also given established in [4].

The expert evaluation of thermodynamic prop-
erties of melts and phase equilibriums of the sys-
tem CaO—Al,O3 was carried out the most fully
in [23—25]. The activities of components of alloys
of the system CaO—Al,O3 are calculated in the
limited range of the compositions 0.25 < x ALO, <

<0.7. For ay 0., the results of all these works

coincide both with each other as well with ex-
perimental data [17]. As for ac,(, then they differ
a little bit between themselves. This can be ex-
plained by the fact that the temperature of melt-
ing of calcium oxide in [23-25] was taken as
equal to 3172 K (Figure 4) but not as 2900 K,
as is accepted in all the known handbooks, for
example [26—28]. Consequently, the calculated
in [23—-25] liquidus curve of mixtures, enriched
by CaO, is located higher than that determined
by us.

The modeling of activities of components of
melts of the system CaO—Al,O5 carried out in
the whole concentration range, as well as liquidus
temperature, will allow further evaluating of
thermodynamic properties of corresponding
three- or four-component systems, developing
new consumables for welding and related proc-
esses with predicted metallurgical charac-
teristics.
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Conclusions

1. Modeling of thermodynamic properties of the
system CaO—-Al,O; in the whole concentration
range was carried out. Among the coordinates of
liquidus line of the constitution diagram CaO—
Al, O, determined by different authors, a ALO, at

0.74 < x < 1 were calculated. It was est‘ab—

ALO,

lished that only according to the data of consti-

tution diagram of [4], the AL, O, activities cor-

relate with the most valid experimental results.
2. From the calculated and valid experimental

data on a ALO, the ac,o were evaluated by inte-

gration of Gibbs—Duhem equation. It was estab-
lished that they reveal noticeable negative devia-
tions from the perfect solutions.

3. From the established values of ac,o the
liquidus line on the side of calcium oxide was
plotted. It is shown that in the range of experi-
mental errors it correlates with the data of [4].

4. The obtained data on activity of components
and liquidus temperature of melts of the system
CaO—-Al,O3 allow evaluating the thermodynamic
properties of corresponding three- and four-com-
ponent systems, developing new consumables for
welding and electroslag remelting with predicted
metallurgical characteristics.
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HYBRID LASER-GMA GIRTH WELDING TECHNOLOGIES

l INDUSTRIAL

FOR TRANSMISSION PIPELINES

S. KEITEL and J. NEUBERT
SchweiBtechnische Lehr- und Versuchsanstalt Halle GmbH
33a Koethener Str., 06118, Halle (S.), Germany. E-mail: keitel@slv-halle.de

The aim of investigation of hybrid laser-arc welding lies in accumulation of knowledges about this process
applicable to producing of pipe joints. Number of aspects are considered, such as tolerances, effect of
environment, mobility of equipment and procedure in irregularities of position. The main attention is paid
to investigation of effect of laser welding with large penetration depth in making of high-quality joint in
root face of 6—10 mm. Performed is a comparison of different positions of laser beam and arc, which can
be used in hybrid welding with different types of preparation for welding. Procedure of production of pipe
joints lies in downhill welding of two vertical welds, that is standard practice for pipeline construction
and significantly reduces degree of freedom in positioning of laser beam and arc, necessary for obtaining
technological optimum parameters during joint formation. Weld bead is elongated by means of continuous
movement of torch, that allows made the first pass using hybrid welding and cover pass by arc for one
welding cycle in order to obtain closed seam profile in joints of up to 12 mm thickness. Besides, the latter
process provides positive effect on mechanical properties of the weld metal. 3 Ref., 4 Tables, 8 Figures.

Keywords: hybrid laser-arc welding, pipe joint,
girth welds, equipment, welding mode parameters, ex-
periment setup

For many years well tested and proven arc proc-
esses have been applied for welding of large di-
ameter pipes of oil-and-gas pipelines. Depending
on the length of pipeline to be produced, wall
thickness and materials of individual pipes, ver-
satile variations of these processes are used with
a scope extending from manual stick electrode
arc welding up to orbital MAG process. In this
case, movement is not performed manually by
the welder but is fully mechanized using motor-
driven systems and clamping rings across the en-
tire circumference of the pipe. If permitted by
length of the pipeline and profile of the ground,

Figure 1. Building site in pipeline construction

© S. KEITEL and J. NEUBERT, 2014

a number of these orbital units are used at the
same time with every single station having been
designed for one- or two-pass welding and then
being displaced to the next pipe joint to produce
the same weld there. Such production aggregates
often rely on several welding heads per unit thus
representing a high state-of-the art [1], both in
relation to equipment and welding. This, how-
ever, is connected with a high expenditure on
personnel and plant engineering (Figure 1).

A further increase of the performance in this
area bears some problems since the arc processes
applied have obtained their physical limits con-
cerning deposition efficiency and welding speed.
Here, no essential increases can be achieved by
optimizing the arc welding technology.

The development of welding processes of in-
creased performance must be carried out under
the following aspects:

e reduction of the number of passes at constant
and improved weld quality;

e reduction of the number of welding stations
and, thus, the expenditure on equipment and per-
sonnel.

Welding processes based on laser beam, on the
one hand, offer the technology and, on the other
hand, the equipment needed to fulfil this demand.

Hybrid laser-GMA girth welding under con-
ditions similar to those at construction sites.
Objectives and technological approach. The ob-
jective of examinations technology and equip-
ment described was the transfer of state of know-
ledge of hybrid laser-GMA welding for the pro-
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duction of pipe joints incorporating all necessary
aspects such as tolerances, environmental influ-
ences, mobility of the entire equipment and weld-
ing out-of-position.

The focus of examinations was laid on the use
of the laser typical deep welding effect for the
production of a high quality free root pass at root
faces of 6-10 mm. To this end, the different ar-
rangements of laser beam and arc possible for
hybrid welding of butt joints were compared to
the different types of joint preparation. The ap-
proach for the production of pipe joints was weld-
ing of two vertical-down seams being common
practice in pipeline construction and consider-
ably reducing the types of freedom in the arrange-
ment of laser beam and arc required for the tech-
nological optima of the weld formation.

For the generation of a closed seam profile the
welding head was extended by a further arc torch,
thus enabling to weld the first pass using hybrid
welding and the cover pass using GMA welding
during one welding run. The objective was to
produce a closed seam profile on a plate 12 mm
thick in one rotation. Further, this trailing proc-
ess is a good opportunity to have a positive in-
fluence on the mechanical-technological proper-
ties of the weld metal.

Equipment. In order to verify the principal
feasibility of the laser-GMA process during girth
welding the proven techniques were used. The
equipment for examinations was the Gullco com-
mercially available system for pipe welding.

This system was equipped with a tractor on a
ring guide for girth welding, as well as with a
contact seam tracking and scanning system based
on two control axes for the transverse and height
positioning of the components to the groove. The
arrangement of the contact sensor forwarding the
welding process was executed in direction of
movement. Equipped with various stiffening ele-
ments the adaptation of the welding head to the
control axles for height control was executed.
For transferring the possible serial types of ar-
rangement of laser beam and welding arc are
shown in Table 1, the head for hybrid welding
was equipped with additional degrees of freedom.

As shown in this Table, either the laser or the
arc was considered at neutral position each, for
reasons of simplification. No intermediate levels
were used.

Two different fiber lasers were used as laser
beam sources. In the first phase with the focus
of investigation on root faces up to 6 mm, 4.5 kW
output system was used, and for second phase at
root face of 8 mm, the SLV Mecklenburg-Vor-
pommern mobile 10 kW laser was integrated to

4/2014 The 1) = i on
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Table 1. Serial arrangements of laser beam and arc

o Neutral Schematic
Variation Second process .
process representation
1 Laser Arc forward
beam travelling
2 Arc trailing
3 Arc Laser beam
forward travelling
4 Laser beam trailing o~

the test built-up. The 4.5 kW fiber laser from
the year 2003 was one of the first sources for
welding within this performance class having
proven its long standing stability in many appli-
cations.

Figure 2 shows the completed welding head
with equipment for hybrid welding and inte-
grated second arc torch for welding the cover
pass during one vertical-down movement.

Figure 2. Welding head with hybrid equipment for root
pass and arc torch for filling the groove: 1 — laser optics;
2 — hybrid arc; 3 — torch for filler pass welding

e
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Figure 3. Entire test built-up on the pipe

Welding was performed on pipe pieces at
lengths of up to 6 m. In this case larger tolerance
results compared to pipe with calibrated ends, in
particular, with regard to quality and misalign-
ment of edges.

Through the integration of the components
described the entire test set-up, shown in Fi-
gure 3, was realized.

Execution and results of the technological
examinations. The test was performed using two
laser beam sources of different output. In doing
so, first the principal test series for determining
the basic parameters for hybrid arc and for de-
termining the tolerance susceptibility of hybrid
process at continuously changing welding posi-
tions across the pipe circumference was performed
in first phase using the 4.5 kW fiber laser. Second
test phase served to estimate the potential of hy-
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Figure 4. Influence of hardness distribution in the root zone

on welding head location [2]
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Table 2. Edge preparation and hybrid-welded joints macrosec-
tions

Hybrid-welded first

Edge preparation pass

Closed seam profile

4.6 kW laser, 6 mm root face

face

60°

brid process at higher laser performance at simul-
taneous increase of root faces for the root pass of
6—8 mm. To his end, the 10 kW fiber laser system
was used.

In the following the results are shown in the
form of macrosections both for the first hybrid
pass and the closed seam profile, performed by
trailing arc at different variation of edge prepa-
ration at laser output of 4.6 and 6.5 kW (Ta-
ble 2). Through the tolerances, measured at pipe
joints and welding parameters assigned today,
there are considerable results on the different
tolerances of the process.

The examinations were concluded by the de-
termination of hardness distribution, in particu-
lar in the root area of welds, since this obviously
laser beam dominated area in HAZ could be sus-
ceptible to increased hardening. During these ex-
aminations, pure root welding without cover pass
was compared to welding with closed seam profile
through the trailing arc. Obtained results are
shown in Figure 4.

A decisive object of investigation was the de-
termination of typical tolerances in pipeline con-
struction and the examination of influence of
these tolerances on the hybrid welding process.
During the trials the pipe joints were positioned
and fixed using typical tools, and methods re-
sulting in tolerances typical of pipeline construc-
tion. In order to draw conclusions from these
tolerances during the future evaluations, the join-
ing edges and welded joints were measured.

Further development of equipment and tech-
nology. The major objective of the investigations
shown was to prove the principal suitability of
hybrid welding for pipeline construction with re-
gard to the more rough climatic conditions in this
field of application. Here, important information
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with a great influence on the structural design
of equipment was obtained. The specialized pro-
totype developed on the basis of this for realiza-
tion of girth movement in hybrid laser-GMA
welding (Figure 5) has the following technical
data: up to 6 m/min travelling speed at posi-
tioning and up to 3 m /min in welding; processed
pipe diameters of 500-700 mm; change of pa-
rameters depending on position; seam tracking
and guidance system.

The integrated laser working head allows cou-
pling with all fiber-guided solid-state lasers of
up to 20 kW outputs.

The focus of the examinations, on the one
hand, was directed to investigate the possibilities
of formation of the weld and root with the laser
output available and, on the other hand, on the
overlapped areas at the weld start obligatory
when welding two vertical-down seams at the
circumference of pipe.

This phase of examinations was concluded by
the performance on material tests for determining
the mechanical-technological characteristic val-
ues for the L360NB test steel. The results of ten-
sile test and V-notched bar impact test at tem-
perature of 0 °C is shown in Table 3.

Laser girth welding and in-process testing
of small diameter pipe joints with wall thick-
ness of 3-5 mm. The objective of the second
research project was a prototype for laser welding
that should be developed and will allow a com-
bined solution for the welding and testing of
small diameter steel pipes with the aid of orbital
process. The development effort in this situation
consists of the combining different test tech-
niques, in order finally to achieve a degree of
reliability of results appropriate to the area of
application.

Right from the start, the prototype was to be
based on a design, which was as easy to handle
as possible, and as space-saving as could be
achieved. With an eye to the areas of application,
which have already been described, as a first step
a rated wall thickness range of the steel pipes
from 3 to 5 mm was covered, this finally corre-
sponds to the application range of pipe external
diameters from 100 to about 400 mm. The per-

Table 3. Mechanical properties of the L360NB steel welded joints
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Figure 5. Specialized prototype equipment for pipeline
welding

missible tolerances for welding gap and detect-
able sizes of irregularities, acquired by the test
technology, are to be determined.

The construction equipped with testing and
welding technology for the pipe joining is to be
kept distinct from the equipment required for
generation of the welding energy and for proc-
essing the measurement signals. The connection
is to be produced by an appropriately arranged
service line. In this way, even considerable dis-
tances can be covered between the equipment
technology and actual workplace. This means
that, depending on the area of application, the
equipment can be installed on a site vehicle.

Experimental setup and procedure. To resolve
the basic task successfully, it was, first of all,
necessary to design the device for carrying out
the circumferential movement of laser optics, as
well as the device had to provide sufficient space
for the sensor system for process monitoring and
non-destructive testing. In this context, the focus
of the investigations was set on creation of unitary
monitoring and testing strategy, which would
provide an analysis of weld quality, achieved di-
rectly after the welding completion. The infor-
mation required for this can be acquired before,
during and after the welding process in the form
of different signals. The analysis of irregularities
in laser-welded joints shows that the majority of
these are attributable to interference in the proc-
ess sequence. The cause of these, in turn, is the

Tensile test V-notched bar impact test at T =0 °C
Dimensions, mm KCV, ]
G(9, MPa o, MPa 5, % v, % Fracture site
Width Height 1 2 3 Mean
345 532 42 71 BM 7.5 8.0 201 128 77 136
368 539 39 69 BM 7.5 8.0 180 181 169 177
412014 33
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Figure 6. Specialized prototype equipment with camera, laser optics and ultrasonic test device

quality of the joint preparation with regard to
geometry (presence of gap or poor edge align-
ment) and the standard of cleanliness.

As the first step, design and layout of the
suitable construction was developed, for trans-
forming the circumferential movement of the la-
ser optics on pipe, including the clamping tech-
nique, required for joining and fixing the pipes
of rated diameter from 80 to 150 mm with wall
thicknesses of 2—5 mm.

The construction consists of four ring-shaped
plates, open downwards in order for joined pipes
to be laid on them. Two outer plates are each

Figure 7. Ultrasonic test device: / — holding device for
ultrasonic probes; 2 — ultrasonic roller probes; 3 — axes
for coarse height adjustment; 4 — axes for adjusting dis-
tance to the welded joint

"h [ = .-::___‘rr_:;-."a T
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connected to one of the pipes by means of clamp-
ing device. Two inner rings are guided along
them, so that circular movement around the pipes
can be carried out. Two inner rings are rigidly
connected to one another. Arranged between
these rings are all the components, which carry
out the joining and testing procedures (Fi-
gure 6).

The core of experimental arrangement is the
Precitec transmitting processing optical unit of
YW30 type, from with sensor array, integrated
coaxially to the path of beam, for photo-optical
acquisition of relevant emissions from laser weld-
ing process. This processing optical array was
adapted to the construction for the purpose of
experiment.

For the assessment of weld, in particular with
regard to edge alignment and gap, the bead, pro-
duced by line laser transverse to the joint, is
recorded by camera. The camera and line laser
are located close to the laser optic centrally be-
tween two inner plates of the carrier system, and
are guided around the pipe with circumferential
movement. Following the welding process, the
same camera is used to record the topography of
weld. In this situation, particular attention is
paid to the gap and edge alignment at preparation
for welding, geometrical seam irregularities and
welding defects open to the outside.

The ultrasonic inspection equipment, used in
investigations, is made up of actual ultrasonic
testing instrument and roller angle beam probes.
The testing instrument is a multi-channel ultra-
sonic system with five channels, separated from
one another with the aid of a multiplexer. In
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Figure 8. Macrosections of welded joint specimens with various pipe bend angle (3.5 times magnification)

addition, special roller angle beam probes are
used for oblique application of ultrasonic with
55° angle and 6 MHz frequency. These probes are
characterized in that the effective coupling is car-
ried out not with the aid of couplants but by way
of silicone tyre. The probe is moved on this tyre
above the component, whereby only a movement
parallel to the seam can be carried out.

In the final project phase, the individual sys-
tems, which had been developed consisting of
welding optics, camera for recording the joint
topography and process monitoring, as well as
arrangement for the ultrasonic roller probes were
all brought together to form a complete prototype
solution.

For the direct evaluation of internal weld ir-
regularities, two ultrasonic roller probes are
guided around the pipe at defined interval from
one another, left and right of the seam. Figure 7
shows the arrangement of ultrasonic test device.

Contact between the ultrasonic roller probes
and the pipe is maintained by means of spring
tension. Height adjustment is possible for differ-
ent pipe diameters.

Results of material testing. In order to de-
termine the mechanical-technological charac-
teristic values of the laser-welded pipe joint, a
series of experiments were carried out under ideal
conditions for pipe edge preparation and without
any provoked defect settings. After the produc-
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Table 4. Mechanical properties of the L360NB steel welded
joints

Specimen Dimensions, mm KCV,J
location Width Height | Individual |  Mean
Charpy impact test at T =0 °C
Weld 3.4 8.0 59 62
3.4 8.0 75
3.4 8.0 53
3.4 8.0 79 71
3.4 8.0 66
3.4 8.0 68
V-notched bar impact test at T =0 °C
HAZ 3.4 8.0 63 55
3.4 8.0 56
3.4 8.0 45
3.4 8.0 40 41
3.4 8.0 42
3.4 8.0 41
Transverse tensile test
Specimen | o, MPa | o, MPa 5, % v, % Frzi“tt:’e
1 448 487 20.1 70 BM
2 418 467 24.5 70 BM
3 416 466 21.6 67 BM
4 413 463 25.8 62 BM
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tion of this reference sample, metallographic
specimens were taken in increments of 45°, di-
vided over the circumference. These are shown
in Figure 8, related to the pipe angle in each case.

As can clearly be seen, for the parameters se-
lected no influence derives from the orbital con-
stantly changing welding position, which sup-
ports the constant signal level of the process
monitoring system. This analysis relates both to
the weld geometry in respect of its upper and
lower side, as well as to the occurrence of internal
weld irregularities. As a result it can be estimated
that, under the conditions chosen, an evaluation
group B according to DIN EN ISO 139191 is
fulfilled.

The investigations for determining the static
weld strength and toughness, making reference
to the DVGW Worksheet GW 350, likewise did
not reveal any anomalies. The values, determined
accordingly in the tensile and V-notched bar im-
pact test (undersize samples) for L360NB steel
5 mm thick are given in Table 4.

Summary

In order to increase efficiency in p