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ABSTRACT

In the work the influence of a pulsed-arc forced welding on the structure formation and properties of welds and HAZ metal
as compared to standard pulsed-arc welding was studied. On the example of a high-strength S460M steel, it was shown that
a pulsed-arc forced welding can effectively regulate the structural formation. Change in the welding thermal cycle, namely,
accelerated heating and delayed cooling leads to the formation of the optimal structure in the weld and HAZ, which allows
obtaining high strength and resistance to brittle fracture. Advantages of a pulsed-arc forced welding allow welding without edge
preparation, which significantly improves the efficiency of the process as a whole.

KEY WORDS: pulsed-arc welding, high-strength steel, weld and HAZ metal, thermodeformation cycle, structure, properties

of welded joints

INTRODUCTION

In recent years, a continuous increase in the share
of welded structures made of steels with enhanced
strength is observed. Quality requirements in many
industries, such as shipbuilding, civil engineering, hy-
dropower, etc., dictate new rules regarding the devel-
opment of welding technologies for metal structures
while maintaining a high complex of operation prop-
erties [1-5]. A simultaneous increase in both mechan-
ical properties as well as ductility can be achieved by
adding microalloying elements to steels. The released
dispersion carbides and carbonitrides of microalloy-
ing elements reduce the grain size either by block-
ing the migration of austenite grain boundaries or by
delaying its recrystallization. As a result, the carbon
content can be reduced in microalloyed steels and
thus their weldability can be improved, in contrast to
the situation with high-strength grades of steel C—Mn.

Afurther increase in the yield strength of structural
steels can be achieved by a special method of rolling,
which includes thermomechanical treatment. This re-
quires systematic control of both temperature as well
as degree of deformation during metal formation.

Thermomechanical treatment requires fulfilment
of the rolling process in such a way that individual
stages of steel deformation take place at specified
temperatures. Here two main effects are used:

e cffect of fine-grained structure on improving me-
chanical properties and increase in impact strength;

e limitation or delay of recrystallization, which is
achieved by introduced microalloying elements (Nb, T1).

Copyright © The Author(s)

Thermomechanically treated steels with a high
level of strength and relatively low carbon equiva-
lent greatly simplify the solution to the problem of
improving quality and reliability of metal structures.
However, this raises new issues in terms of technolo-
gies for welding such steels. Namely, a carbon equiv-
alent alone is no longer enough to study the weldabil-
ity of thermomechanically treated steels. In the first
turn this is predetermined by the peculiarities of the
structural state of such steels, which is not taken into
account by the carbon equivalent at all. Technical and
economic aspects, arising from the possibility of man-
ufacturing products from these steels and their use in
energy efficient industries, as well as their suitability
for the construction of different structures, including
those, operating in extreme climatic conditions, are
of great importance for materials science. The prob-
lems related to this group of steels require solutions in
order to improve the technologies used for the man-
ufacture of metal structures from these steels apply-
ing welding methods. One of the promising ways to
solve the problems of welding thermomechanically
treated steels is the use of pulsed-arc welding (PAW),
which allows controlling the modes and welding ther-
mal cycles in a wide range [6—11]. In the previous in-
vestigations, the use of PAW to thermomechanically
strengthened S460M steel [12] showed the perspec-
tive of using this method. However, there is a need
to further improvement of the technological process
of welding thermomechanically strengthened steels,
namely to reduction in the harmful effects of welding
thermal cycle on the heat-affected-zone and increase
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Figure 1. Macrosections of specimens of butt joints made by
PAW (a) and PAW on a forced mode (b)

in the process efficiency. To solve these problems, in
the presented work it is proposed to use PAW on a
forced mode, which differs significantly from a stan-
dard one. Therefore, for the successful use of PAW on
a forced mode in the development of modern welding
technologies, the study of the influence of the modes
of this welding process on the formation of the struc-
ture and properties of weld and HAZ metal as com-
pared to stationary arc welding was carried out.

PROCEDURE OF INVESTIGATIONS

In the presented work, thermomechanically strength-
ened S460M steel [12] (strength class C440) was used,
manufactured in accordance with DSTU EN 10025-
4:2007. The chemical composition of S460M steel,
wt.%: 0.15 C; 0.23 Si; 1.3 Mn; 0.09 Cr; 0.019 Ni;
0.01V; 0.05 Nb; 0.025 Al; 0.013 Sand 0.017 P.

As a power source, the rectifier of inverter type
ewm Phoenix Pulse 401 (of MULTIMATRIX Com-
pany) was used, which provides different pulse fre-
quency at PAW [12]. To determine the welding and
technological characteristics of the current source,
a digital oscilloscope UTD2000CEX-II was used,
which allows recording the volt-ampere characteris-
tics of the power source in a wide range. To record
oscillograms, a shunt 755hSM with a resistance of

Figure 2. Equipment for record of welding thermal cycles

150 uOhm was used. This allowed recording welding
currents of up to 500 A, while the voltage drop on the
shunt was 75 mV.

For the basic comparative specimen, as in the pre-
vious studies [12], welding in shielding gases (Ar +
18 % CO,) of S460M steel joints of 16 mm thickness
with a V-shaped edge preparation by a solid cross-sec-
tion wire G3Sil of 1.2 mm diameter was used (Fig-
ure 1, a). Root passes during welding of this steel
were produced on a copper substrate. The mode of
automated PAW was as follows: | =220-240A,U_ =
=26-28 V, v, = 14.21 m/h. In this case, where |  is
the current in the pulse (450 A), | is the current in the
pause (160 A), t and t, are the duration of the pulse
and the pause, respectively. Test specimens using
PAW on a forced mode were produced for butt joints
without edge preparation: | _=320A, U, =28V, v =
= 8 m/h. It should be noted that in this case a high
quality weld formation with a full penetration was
provided (Figure 1, b), which is impossible in the case
of using a traditional welding process.

To study the effect of PAW modes on welding ther-
mal cycles, appropriate experiments were performed.
To record WTC, steel plates with a thickness of 10 mm
(Figure 2) were used, in which chromel-alumel ther-
mocouples were drilled-in to a depth of 7.5-8.0 mm.
This value of the drilling depth is based on the pre-
vious studies and is predetermined by the need in re-
cording WTC in the HAZ region.

Metallographic examinations were performed
using a scanning electron microscope Mira 3 LMU
(Tescan). During the study, the secondary electron de-
tector (designation SE on the electronic image) and
the elastically reflected electron detector (designation
BSE on the electron image) were used. To evaluate
the elemental composition during the study, the detec-
tor-spectrometer Oxford X-Max 80 and the analytical
software product INCA Energy” were used.

The microhardness of the individual structural
components and the integral hardness of the met-
al were measured in a hardness tester M-400 of the
LECO Company at a load of 100 g (HV). The speci-
mens for metallographic examinations were prepared
according to standard procedures using diamond
pastes of a different dispersion, detection of micro-
structure was performed by chemical etching ina 4 %
alcoholic solution of nitric acid.

For mechanical tests of weld and HAZ metal, the
standard specimens were manufactured from welded
joints. The specimens for static (short-term) tensile tests
corresponded to the type Il in accordance with GOST
6996-96. According to the results of the carried out
tests, the effect of the welding method on the change

“The authors express gratitude to V.A. Kostin for his promotion in conducting metallographic examinations.
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Figure 3. Oscillograms for inverter power source, standard pulsed-arc (a) and pulsed-arc forced mode (b) of welding

of the following indices of HAZ metal was evaluated:
strength (csy and 6, MPa), ductility (5, i y, %).

The ability of the metal to resist brittle fracture
was determined using the approaches from fracture
mechanics. The values of the criteria K, and 6, were
determined by standard procedures and formulas
given in [12]. To determine the values of the critical
stress intensity factor K and critical opening of the
crack 3, the specimens of a rectangular cross-section
10x20x90 mm with a notch length of 7 mm and a fa-
tigue crack with a length of 3 mm were used. These
specimens were tested for three-point bending in the
temperature range from 20 to —40 °C.

RESULTS AND THEIR DISCUSSION

INVESTIGATION OF WELDING
AND TECHNOLOGICAL CHARACTERISTICS
OF PAW

In addition to the normal welding mode, the ewm
Phoenix Pulse 501 has a forced PAW mode. Features
of this mode were studied, starting from oscillograms

of change of welding current depending on time. Fig-
ure 3 shows oscillograms for PAW of standard and
forced modes. Detailed analysis showed that the pulse
repetition frequency corresponds to 58 kHz, and it
corresponds to the standard PAW. The forced mode
differs in the duty cycle of pulses. If in the standard
pulsed-arc mode with a growth in the mean welding
current the duty cycle increases, then in the forced
mode the duty cycle is unchanged, instead, the pa-
rameters of the currents in the pulse and in the pause
change. In the pulse the current is constant and equal
to 500 A, and the pause current grows with an in-
crease in the mean current. In addition, the shape of
the pulse differs significantly, namely, if in PAW on
the standard pulsed-arc mode the pulse has a parabol-
ic shape, as was established in [12], then in the case of
a forced mode, the shape of the pulse is rectangular.
And the effective welding current is equal to the mean
welding current, while during PAW in the standard
mode, the effective welding current is by 25 % higher
(Figure 4).

I A ILA
340
300 -
L)
280 + 320 w2
260 + 300 F
240 -
280
220
200 260 |
180 240
160
220 -
140
120 | 200
1 1 1 L 1 1 1 1 1 1 1 1 1 L
120 140 160 180 200 220 240 fpig, A 200 220 240 260 280 300 320 Ipig, A

a

Figure 4. Dependence of effective (1) and mean (2) welding currents
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Figure 5. Microstructure of S460M steel

INVESTIGATION OF THE STRUCTURE
AND PROPERTIES OF THE BASE METAL

As aresult of performing a controlled thermomechan-
ical rolling in the temperature range of 900-700 °C
with an accelerated cooling in the initial structure of
S460M steel, a fine-grained banded ferrite-pearlite
structure with a grain size of about 20 pm and hard-
ness HV 195 is formed (Figure 5).

6

This structure of S460M steel of the abovemen-
tioned chemical composition provides the following
level of mechanical properties: yield strength o, =
=452 MPa, tensile strength o, = 581 MPa, elongation
8, = 26 %, reduction in area y = 58 %.

Metallographic examinations of the structure (Fig-
ure 6) of welded joints of S460M steel, which were
performed in the previous work [12], show that in
PAW, the microstructure of the weld metal consists of
refined plates of acicular ferrite (1-3 um) and a reduced
amount of polyhedral ferrite (5—-10 %) and precipi-
tates of polygonal ferrite (3—10 pum), located along the
boundaries of primary austenitic grains. Such changes
in the microstructure lead to an increase in hardness in
the weld to 2420 MPa as compared to the base metal.
In the region of a coarse HAZ grain, a bainite structure
with a negligible share (up to 3—5 %) of martensite is
observed. The hardness of this region of HAZ increases
accordingly to 3250-3340 MPa. The structure of the
HAZ region of a refined grain consists of a mixture
of upper and lower bainite (2650-2810 MPa). In the
region of a partial HAZ recrystallization, pearlite and
ferrite are observed, which significantly reduces the
Vickers hardness of metal to 2320-2400 MPa.

Figure 6. Microstructure of weld (a, ¢) and HAZ metal (b, d) of S460M steel, made by pulsed-arc (a, b) and pulsed-arc forced (c, d)
welding
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Figure 7. Welding thermal cycles for PAW (a) and PAW on a forced mode (b)

In PAW on a forced mode, the microstructure of the
weld metal differs significantly from the microstruc-
ture of the weld metal produced by a standard PAW,
namely: acicular ferrite with some larger plates is ob-
served, and precipitates of polygonal ferrite became
wider and their specific share increased. As a result,
in the metal a decrease in microhardness to 2050 MPa
occurs. In the region of a coarse HAZ grain, mainly
acicular ferrite with an ordered second phase is ob-
served. The hardness in this region of HAZ, respec-
tively, is equal to 2400-2480 MPa. In the region of
a partial recrystallization of HAZ, the formation of
pearlite and ferrite is observed, which significantly
reduces its hardness to 2160 MPa.

Such differences in the microstructure are prede-
termined by the peculiarities of WTC running in PAW
(Figure 7). Due to the fact that in PAW the tempera-
ture of the metal is above 1000 °C, the cooling rate
will be much higher, which leads to the formation of
a martensitic component in the structure. In PAW the
temperature of metal is below 1000 °C, the cooling
rate of HAZ metal is lower than that of arc welding,
which contributes to the diffusion processes during
structural transformations.

In pulsed-arc welding processes, as is noted by the
author of [11], WTC plays a key role during hardening
of weld metal, as it affects the refinement of structural
components by influencing crystallization processes
in the welding pool.

The study of hardness (Figure 8) of welded joints
revealed that at a forced PAW, its level in the weld
metal is lower than 15 % of the hardness of the weld
metal produced by a standard PAW. This is predeter-
mined by the peculiarities of the structure formation.
In HAZ metal, the hardness values in a pulsed-arc
forced welding are also lower than in a standard PAW.
This fact is an additional advantage of a forced PAW,
as far as in the welded joint a uniform distribution of
mechanical properties will be formed. It should be
noted that at a forced PAW, the hardness in HAZ de-
creases to the level of the source metal more slowly.

From the data given in the Table 1 it is seen that
under PAW conditions, higher values of strength of
the weld metal are achieved as compared to the base
metal. Ductility remains at a fairly high level. The
values of strength of the weld metal are in a good
agreement with the hardness in the weld metal region,
namely, they do not exceed the values of the base met-
al by more than 20 %. When using forced PAW, taking
into account that the values of hardness of HAZ metal
are not more than 20-25 % from the base metal, it
provides the equal strength of the welded joint.

To evaluate the sensitivity of metal regions in
welded joints to the concentration of stresses in the
conditions of plane deformation under static load, the
force criterion is used, which is the critical stress inten-
sity factor K. When increasing the values of K , the
sensitivity of metal to stress concentration decreases.
Deformation criteria of fracture are used to determine
the crack resistance of fracture materials, which is ac-
companied by significant plastic deformations in the
region near the tip of the crack and precedes its prop-
agation. This criterion is called critical opening of the
crack tip 6 . If the opening of the edges is greater than
3., than adhesion stresses are equal to zero. It is used
to evaluate the resistance of metal to brittle fracture

HV
340 +
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A 4

300

|

280
260
240
220

200

180
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0 2 4 6 8 10 12
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Figure 8. Hardness of welded joints of S460M steel in PAW (1)
and PAW on a forced mode (2)
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Table 1. Mechanical properties of weld metal of joints of S460M
steel in different welding methods

. . G, oy
Region Welding method MPa | Mpa 4 ]
Weld PAW 570 667 24 68
PAW on a forced mode 590 675 23 55
BM 452 581 26 60

under the conditions of a large plastic deformation,
when the crack at its tip reaches a critical sizes of the
value §_and begins to propagate rapidly, using the en-
ergy released during its further growth. The indices of
resistance of HAZ metal of welded joints produced
by a standard (K, = 100 MPa\m, §_= 0.11 mm) and
a forced (K, = 100 MPavVm, §_= 0.18 mm) PAW to
brittle fracture, almost equal and are at a sufficiently
high level, which is predetermined by the peculiarities
of the structure formation.

CONCLUSIONS

Studies of the effect of standard and forced PAW on
the structure and mechanical properties of thermome-
chanically treated S460M steel allowed finding the
following advantages of the latter:

e as compared to the standard PAW, the forced one
allows performing welding without edge preparation
with producing a high-quality welded joint;

® 30 % lower values of microhardness in the
heat-affected-zone of the welded joint as compared to
the standard PAW is predetermined by the peculiari-
ties of the welding thermal cycle;

® 15 % lower values of microhardness of weld
metal as compared to the standard PAW and close to
the values of the base metal, which is provided by the
formation of a favourable microstructure;

e high level of resistance to brittle fracture of
welded joints.

The mentioned features of a forced pulsed-arc
welding allow providing high mechanical properties
of welded joints of thermomechanically strengthened
S460M steel, which is the main problem for this class
of steel. It was demonstrated that the ability to per-
form forced PAW without edge preparation, in addi-
tion, can improve the process efficiency by 40 %.
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ABSTRACT

The paper confirms the presence of synergistic effect at laser-plasma welding, using fiber laser, by comparing the cross-sec-
tional areas of penetrations, made in AISI 304 plate (5 = 4 mm) by laser, plasma, and hybrid processes at close power values
of laser radiation and plasma arc (~2 kW each). It is determined that the manifestation of this effect depends on welding speed.
At the speed of 2 m/min the hybrid penetration cross-sectional area can exceed the sum of areas of penetrations produced with
the laser and plasma processes by up to 30 %, and for the speed of 4 m/min by ~20 %. Comparison of input energy of the laser
and hybrid processes of stainless steel welding showed that the difference between them depends on the welded sheet thickness
(or penetration depth). This value first decreases from ~100 % for sheets with 6 =2 mm to 50 % for sheets with § = 6 mm, and
at further increase of penetration depth it rises to 60 %. The nature of dependencies of the factor of area ratio ¢, weld geome-
try K and penetration depth @ on the speed of hybrid welding of AISI 304 steel allows recommending the range of speeds of
1.5-2.0 m/min, as a more acceptable one by the criteria of synergistic effect and penetration depth. It is found that at hybrid
welding with application of fiber laser radiation, the plasma component promotes elimination of such defects of weld upper

bead formation, characteristic for laser welding, as undercuts and a ridge, etc.

KEY WORDS: hybrid laser-plasma welding, fiber laser, stainless steel, synergistic effect, penetration depth, energy input

INTRODUCTION

Partial (up to 50 %) replacement of laser power by arc
power in the hybrid laser-plasma process at preserva-
tion of relatively small width of the welds can make
such a welding process quite attractive for a range of
industrial tasks [1]. One of such tasks can be, for in-
stance, welding of aluminium panels for railway car-
riages and boats, as well as stainless pipes for pipe-
lines [2]. Due to a considerable lowering of equipment
cost, it can successfully compete with laser welding,
which is becoming ever wider applied now. Owing
to increase of thermal locality and minimization of
residual deformations, compared to the known arc
welding processes, laser-plasma welding can be used
for fabrication of structures from sheet materials up to
6 mm and greater thickness. Such a task is urgent, in
particular, for welding stainless steels in fabrication of
structures for chemical and food industries [3].
Hybrid processes of laser-arc welding attract spe-
cialists because of a range of such advantages as pres-
ence of the synergistic effect, which helps reducing the
welding energy input, lowering of the requirements
to edge preparation for welding, modification of the

Copyright © The Author(s)

thermal cycle, which promotes elimination of harden-
ing structures and improvement of the joint ductility,
etc. [4]. At such a type of welding the arc is stabilized
by the presence of focused laser radiation. However,
different wave lengths of laser radiation initiate dif-
ferent mechanisms of arc stabilization, leading to a
difference in the obtained results. This is related to a
considerable dependence of total absorption rate «_ Of
laser radiation in arc plasma on its wave length A.

In work [5] it was revealed that the stabilizing ef-
fect of the action of Nd:YAG-laser radiation is attrib-
utable to two phenomena: laser energy absorption by
the arc plasma and change of arc plasma composition,
caused by strong evaporation of the blank material.
Both the phenomena lead to lowering of effective po-
tential of plasma ionization and, thus, ensure higher
conductivity and stability of the plasma channel. It
stabilizes the arc column, promotes overcoming the
disturbances caused by external forces, and improves
formation of the weld root. In work [6] it is noted that
at application of short wave (A = 1 um) radiation of
solid-state (Nd:YAG) or fiber lasers in the hybrid pro-
cess the laser beam absorption in arc plasma is negli-
gible (x ~ 1 m™). In this case, intensive evaporation
of metal from the weld pool surface takes place un-
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Figure 1. Dependence of welding current on applied voltage for
feeding Mn4Ni2CrMo wire (1.2 mm diameter) in the case of hy-
brid (HLAW) and arc (GMAW) [8]

der the impact of highly-concentrated source of laser
heating, which has a significant influence on the com-
position, heat, gas-dynamic and electromagnetic char-
acteristics of the arc plasma and, consequently, leads
to the change of its thermal and dynamic interaction
with the metal being welded.

Atapplication of CO,-laser radiation (A= 10.6 um)
in the hybrid processes both the interaction mecha-
nisms are significant, namely: laser radiation absorp-
tion in arc column plasma (x,_ ~ 100 m™ [6]) and metal
evaporation from the melt surface under the impact
of a focused laser beam. In work [7] it is shown that
the interaction of a focused beam of CO,-laser radia-
tion with argon arc plasma with a refractory cathode
leads to a certain reduction of radiation power, which
reaches the surface of the anode (part being welded),
as a result of partial absorption of laser radiation in
the arc column plasma. Here, beam refraction in non-
uniform arc plasma is negligible. Power applied to
the metal being welded by the laser beam in hybrid
(CO,-laser + TIG) welding, can be both greater and
smaller than the power introduced into the metal at
laser welding, depending on the conditions of absorp-
tion of laser radiation, reaching the metal surface. For
instance, formation of a vapour-gas channel in the
weld pool promotes a more effective absorption of
laser radiation, than the comparatively flat surface of
the melt.

Increase of the fraction of effective (i.e. acting on
the part) laser power in hybrid welding using CO,-la-
ser (A=10.6 um) can be achieved due to a high content
of helium in the welding (shielding) gas. It promotes
avoiding plasma formation in the weld pool zone, ab-
sorbing the laser radiation. High-speed CCTV showed
that radiation with wave length A = 1 pm (Nd:YAG-,
disc, fiber lasers) does not affect the electric arc sim-
ilar to the case of CO,-laser (A = 10.6 um) [8]. It al-
lows application of standard gas mixtures (Ar/CO,)
and simplifies selection of parameters of the hybrid
process arc component. So, in work [8] it is stated
that standard GMAW parameters can be used in the
hybrid process without essential correction. Figure 1
shows the effect of addition of 3 kW laser power to
the standard consumable-electrode arc. In the exper-
iment a bead was deposited on low-alloyed carbon
steel plate at 1 m/min speed by Mn4Ni2CrMo wire
(1.2 mm diameter), which was fed with the speed of
9 m/min at arc voltage of 27.5-33.0 V with shielding
by 98%Ar+2%CO, gas mixture. High-speed video
showed that in case of adding 3 KW fiber laser ra-
diation, the arc looks somewhat shorter and a certain
disturbance of gas shielding takes place. This distur-
bance is caused by release of vapor, coming out of
the weld pool vapour-gas channel, and which consists
both of addition of the metal vapour, and in mixing
with oxygen in ambient air. Although the impact of
this violation on the shielding gas properties is small,
it lowers the welding current by 4-7 % during hybrid
welding, compared to pure GMAW.

In work [9] it was determined that the change of
arc voltage is associated with the type of laser radia-
tion, used in hybrid welding. Application of CO,-la-
ser is accompanied by greater impact on the change
of arc voltage, characterized by its drop (Figure 2).
It was also established that increase of laser power
greatly facilitates the change of voltage. At applica-
tion of radiation of CO_- and ND:YAG-lasers a prac-
tically same increase of the cross-sectional area of

u,v
1,0 E _J;
0.8
0,6 +
04+
o=
0 L I L I 1
500 W 500 W 500 W 750 W 750 W 750 W
75 A 100 A 125 A 75 A 100 A 125 A

Figure 2. Difference in voltage at constant laser power [9]: 1 — CO,-laser-TIG hybrid; 2 — Yb:YAG-laser-TIG hybrid
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of TIG (A,) and laser (A ) penetrations [9]

penetration at hybrid welding is observed — at least
by 1.8 times, compared to the sum of separate areas of
the laser and arc (TIG) penetrations (Figure 3). More
over, it is stated that laser radiation promotes better
weld formation (Figure 4).

In recent years, fiber and disc lasers became ac-
cepted by industry. Application of CO_-lasers is rather
limited, predominantly for cutting (so-called slit la-
sers) [10]. Fiber and disc lasers also prevail in hybrid
welding processes. Mostly MIG/IGMAW, more sel-
dom TIG torches are used as an arc source in such
processes. In the opinion of the authors, however, ap-
plication of a plasma source will allow improving the
total efficiency of hybrid welding, due to constriction
of the nonconsumable electrode arc. Moreover, the la-
ser-plasma process will allow avoiding the need for
edge preparation, which is applied in hybrid welding

of more than 5 mm thick steel sheets [11]. Therefore,
a process combining welding by fiber laser radiation
with plasma welding is of interest for research.

The objective of this work is investigation of the
features of laser-plasma welding of up to 10 mm
stainless steel, using fiber laser radiation in the mode
of deep penetration of square edges.

In order to achieve this objective, the following
problems were solved:

1) selection of the modes of laser, plasma and hy-
brid welding of stainless steel by the criteria of the
quality of weld formation without edge preparation;

2) comparison of the cross-sectional areas of pene-
trations, made by the three studied processes, to deter-
mine the presence of the synergistic effect;

3) comparison of energy inputs of the laser and hy-
brid processes of stainless steel welding;
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Figure 4. Change of the parameters of weld geometry K and penetration depth ® depending on welding parameters (K = D/W, where
D is the penetration depth; W is the weld width; ® = D/T, where D is the penetration depth; T is the blank thickness) [9]
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Table 1. Chemical composition of AISI 304 steel sheets used in studies

Fe C Si Mn Cr

Ni Ti Cu S P

Base <0.8 17.0-19.0

9.0-11.0 <0.5 <0.035

— " _-_

4) optimization of hybrid welding mode by the
parameters of the ratio of penetration areas and weld
geometry;

5) determination of the difference in application
of fiber laser radiation from application of the diode,
Nd:YAG- and CO,-lasers.

Sheets of 100x50%6 mm to 300x100%6 mm size
from stainless steel AISI 304 of thickness 6 =2, 4, 6
and 10 mm (Table 1) were used as the sample mate-
rial. Welding was performed in argon shielding (flow
rate of ~30 1/min). Argon was also used as plasma gas.

A laboratory stand was built to perform the experi-
ments, which was fitted with the heads for laser, plas-
ma and hybrid welding (Figure 5). At the first stage
of studies, investigations were performed to compare
the influence of lateral and coaxial methods of shield-
ing gas feeding on the produced penetration depth in

Figure 5. Appearance of laboratory stands for conducting technological studies on welding: a — laser; b — plasma; ¢ — hybrid

o

welding by fiber laser radiation. These investigations
showed comparatively close results, which is indic-
ative of a low level of radiation losses in the plasma
flame, forming above the weld pool.

More over, at the same stage of the study the
main technological parameters of butt welding of
AISI 304 steel samples by laser and plasma pro-
cesses were established. The welding speeds and
heat source powers, at which sound formation of
butt welded joints is observed, were determined ex-
perimentally (Table 2). It was also established that
in laser welding of up to 6 mm thick sheets appli-
cation of filler wire to improve formation of the up-
per bead and weld root is not mandatory. However,
with increase of welded sheet thickness the upper
bead formation can become worse, because of un-
dercut appearance.

Table 2. Comparison of the effectiveness of different processes of AISI 304 steel welding by energy input criterion (E, J/mm)

No Welding process/ | Sheet thickness (Iljovie;P), Current I, A Arc voltage | Welding speed, E..tEy E,,
number of passes 5, mm IaskW pl u,Vv V, m/min J/mm J/mm
1 Laser/1 2 0.8 — — 1.0 36 36
2 Plasma/l 2 2.2 80 28 0.3 336 336
3 Hybrid/1 2 0.8+2.2 80 28 15 24 + 68 92
4 Laser/1 4 1.6 - — 1.0 72 72
5 Hybrid/1 4 1.6 +2.2 80 28 15 48 + 66 114
6 Hybrid/1 4 1.5+2.9 95 30 15 45+ 87 132
7 Hybrid/1 4 1.8+2.0 83 25 15 54+ 60 114
8 Laser/1 6 1.8 — — 0.8 104 104
9 Hybrid/1 6 1.8+2.0 80 25 1.2 71+ 82 153
10 Laser/2 10 1.8 — — 0.75 108-2 108-2
11 Hybrid/2 10 1.8+2.0 80 25 1.0 (81+90)-2 171.2

[N
N
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At the second stage of the study, experiments on
hybrid welding were performed in the range of speeds
of 0.25-4.0 m/min at up to 2 KW laser power and up to
100 A welding current. A directly proportional influ-
ence of laser radiation power on the penetration depth
and of plasma power on its width was established.
In addition, plasma component of the hybrid process
promoted better formation of upper bead of the welds
and eliminated the danger of undercut appearance in
welding sheets of 4-10 mm thickness (Figure 6). It
allows achieving sound weld formation in the entire
range of the studied thicknesses without filler wire
application.

At the third stage of the study, presence of a syner-
gistic effect was found, which is usually characteris-
tic for hybrid laser-plasma welding. For this purpose,
the cross-sectional planes of penetrations, made in
AISI 304 sheet (6 =4 mm) by the three studied process-
es at the speeds of 2 and 4 m/min were measured and
compared (Figure 7). Here, the energy parameters of
each of these processes were unchanged and equal to:
radiation power P = 1.6 kW, welding current | =80 A
at arc voltage of 24 V. Cross-sectional area S1 of hy-
brid penetration was compared with the sum of planes
S2 and S3 of the laser and plasma penetrations. In the
case of welding at the speed of 4 m/min, the plasma
process practically did not produce any penetration. It
was established that at the speed of 2 m/min area S1 =
= 3.121 mm? of hybrid penetration exceeds the sum of
planes S2 + S3 = 2.383 + 0.046 mm? by almost 30 %,
and at the speed of 4 m/min (hybrid — 1.653 mm?, la-
ser — 1.32 mm?, no penetration in plasma process) by
~20 %. This is indicative of the indubitable presence of
the synergistic effect at hybrid welding.

For comparison of the effectiveness of the studied
laser, plasma and hybrid welding processes the values

Figure 6. Transverse sections of penetrations in AISI 304 sheet
(6 =4 mm) made by laser (a) and hybrid (b) processes at the speed

of 4 m/min
of their energy inputs E,, E |, and E;, J/mm were used.
These values were defined as the ratio of welding source
power to welding speed, multiplied by the respective
process efficiency. The efficiency values were taken
from the recommendations in published sources. So, the
efficiency of welding stainless steel by fiber laser radia-
tion is equal to 75 % [12, 13]. The efficiency of plasma
welding can be selected in a similar fashion [14]. It is
anticipated that the efficiency of laser-plasma welding
should equal to approximately 75 %. This is confirmed
by investigations of the authors of [15]. The data, en-
tered into Table 2, were derived, proceeding from the
performed studies and given values of total efficiency of
the above-mentioned processes.

Performed investigations showed that in welding
2 mm samples the process is predominantly heat con-

Figure 7. Comparison of cross-sectional areas of penetrations produced at the speed of 2 m/min in AIST 304 sheet (8 =4 mm) by hybrid

(a), laser (b) and plasma (C) processes
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Figure 8. Two-pass hybrid welding of AISI 304 sheets (5 =
=10 mm): a — weld appearance; b — transverse section; ¢ —
welded joint appearance

ducting, and does not require the presence of filler
materials. At increase of the sample thickness up to
4 mm and higher, weld formation goes into the key-
hole mode. In order to increase the penetration depth,
attempts were made to lower the welding speed. Pen-
etration of AISI 304 sheet of thickness 6 = 10 mm
with radiation power of 2.0 kW allowed reaching a
depth of the order of 7-8 mm at laser and 8 mm at
the hybrid process in the case of 0.45 m/min speed.
In both the cases, further lowering of welding speed
from 0.45 to 0.25 m/min did not lead to deeper pene-
tration. Therefore, in order to produce a butt joint of
sheets of thickness & = 10 mm, two-pass welding was
used, which was made from two sides with weld root
overlapping (Figure 8). Further static rupture tests of
the welded samples showed that strength of the joints
produced by hybrid welding is on the level of 95 % of
base metal strength.

At the last fourth stage of studies comparison of
input energies of the laser and hybrid processes of
stainless steel welding was performed. It showed that
the difference between them somewnhat decreases with
increase of the welded sample thickness. So, in weld-

E, J/mm

160
140
120 +
100 |
80
60 +
40 +

20

0 | 1 | 1

2 4 6 8§ &, mm

Figure 9. Dependencies of welding energy input E on thickness &
of AISI 304 steel sample: 1 — laser welding; 2 — hybrid welding
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ing AISI 304 of thickness 6 = 2 mm the difference in
energy input of the hybrid process is approximately
two times higher than that of the laser process (Ta-
ble 2, modes No.1 and No.3), for =4 mm this differ-
ence is equal to approximately 60 % (Table 2, modes
No.6 and No.7), and for 6 = 6 mm it is on the level
of 50 % (Table 2, modes No.10 and No.11). Further
increase of penetration depth (for instance, to 8 mm)
leads to increase of this difference to 60 % (Figure 9).
This can be partially related to transition from the heat
conductivity process of welding samples of thickness
8 = 2 mm to the keyhole process, characteristic for
greater thicknesses.

On the whole, investigation of laser-plasma weld-
ing leads to the conclusion that the impact of plasma
is predominantly reduced to the following: heating of
the surface of the metal being welded, remelting of
the weld upper part, improvement of upper bead for-
mation. In its turn, plasma heating of the surface of
the metal being welded, promotes improvement of the
absorption coefficient of laser radiation that improves
the effective efficiency of welding [16]. The impact of
fiber laser radiation in the hybrid laser-plasma process
is reduced to ensuring a certain penetration depth and
root bead formation. Investigations show that both at
laser, and at laser-plasma welding fixed laser pow-
er allows reaching a fixed penetration depth. Here,
speed lowering below a certain threshold, does not
allow increasing this depth. To increase it, it is neces-
sary to raise the laser power. Formation of the welded
joint root bead in the hybrid process is somewhat im-
proved, compared to the laser process, primarily due
to increase of the energy input.

In the case of the hybrid process with mode param-
eters P =1.8 kW, I =80 A; U =25V at application of
fiber laser, graphs of the dependencies of weld geom-
etry parameters on welding speed V, recommended in
work [9], were plotted (Figure 10). The shape of these
dependencies allows stating that increase of welding
speed from 1.5 to 2.0 m/min is rational. Further in-
crease of speed somewhat impairs the synergistic ef-
fect from the hybrid process. However, at continuous
raising of the speed to 4.0 m/min an increase of the
weld geometry parameter K is observed, even though
it is not as intensive, as before, and decrease of factor
¢ is not too rapid. It allows stating that in the consid-
ered case of laser-plasma welding, the range of speeds
of 1.5-2.0 m/min is the most favourable.

Comparison of the above-given data with the ear-
lier obtained results of laser-plasma welding using di-
ode and CO,-laser radiation (for instance, [17]) shows
the following. Diode laser radiation was focused into
a spot of rather large diameter (~1.0 mm) so that its
power density was up to 2.5-10° W/cm?. A smaller di-
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ameter of the radiation focal spot of a fiber laser (of
the order of 0.05 mm) allows reaching a higher power
density (up to 108 W/cm?) and much greater penetra-
tion depth, compared to the diode laser. In all the other
aspects, the effect of both the types of laser radiation
on the hybrid process is similar. A similar situation
was observed in the case of application of Nd: YAG-la-
ser radiation, which was focused into a 0.4 mm spot
(powver density up to 3.5-10° W/cm?). Reduction of pen-
etration depth, both at laser, and at hybrid welding by
Nd:YAG-laser radiation is also promoted by a small-
er radiation absorption coefficient (close to 50 %, in
keeping with [18]).

In the case of application of CO,-laser radiation,
a fundamentally different mechanism of its impact
on the hybrid process is in place. A significant part of
such radiation is absorbed by the plasma component
of the laser-plasma process, overheats it, directs it to
the point of impact on the part being welded and pro-
vides the simultaneous action of the two heat sources.
Due to that, the synergistic effect of the laser-plasma
process at application of CO,-laser radiation is more
pronounced and increases the cross-sectional area of
the welds up to 50 %, compared to the sum of the
planes of welds produced by the laser and plasma
components separately. However, due to smaller val-
ues of radiation power density (up to 10" W/cm?) and
its absorption coefficient (on the level of 2040 %
according to [19]), the penetration depth is smaller,
compared to application of the fiber laser, both in la-
ser, and in hybrid welding.

Investigations showed that in the case of close
values of energy, applied to the samples being weld-
ed (radiation and plasma powers of ~2 kW each at
process speed of the order of 1.5 m/min), application
of diode laser radiation in the hybrid process allows
welding stainless steel sheets of ~2 mm thickness,
application of Nd:YAG laser — up to 3.5 mm, for
CO,-lasers it is ~3 mm, while application of a fi-
ber laser allows joining more than 4 mm (tentative-
ly 5 mm). In the case of laser welding at the same
speed at 2 kW power the penetration depths will be
equal to: for diode laser radiation — up to 1 mm, for
Nd:YAG-laser — up to 3 mm, for CO_-laser — up to
2 mm, and for fiber laser — more than 4 mm (ten-
tatively 4.8 mm). It can be stated that application of
the radiation of diode, Nd:YAG-, CO,- and fiber la-
sers, allowing for the difference in power density and
absorption coefficients in laser-plasma welding, in-
creases the penetration depths by 100, 15, 33 and 4 %,
respectively, compared to their laser welding. Here,
the effectiveness of application of a fiber laser in the
hybrid process exceeds the effectiveness of diode la-
ser application by 60 %, Nd:YAG-laser — by 30 %,

K, @, @
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//
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1.5
-0 ¢
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1 1 1 1

0 1 2 3 4 ¥V, m/min

Figure 10. Dependence of factor of plane ratio ¢, weld geome-
try K and penetration depth @ on speed V of hybrid welding of
AISI 04 steel

CO,-laser — by 40 %. Therefore, the general result
of application of fiber laser radiation in laser-plasma
welding can be regarded as the most effective in terms
of penetration depth and improvement of the process
effective efficiency.

CONCLUSIONS

1. Presence of the synergistic effect on laser-plasma
welding with fiber laser application was confirmed by
comparing the cross-sectional areas of penetrations
made in a sheet of stainless steel of AISI 304 grade
(6 = 4 mm) by laser, plasma and hybrid (laser-plas-
ma) processes. It was found that the manifestation of
this effect depends on welding speed. At the welding
speed of 2 m/min at the power of laser radiation and
plasma arc of ~2kW each the cross-sectional area
of hybrid penetration (3.121 mm?) is greater than
the sum of cross-sectional areas, obtained by laser
(2.383 mm?) and plasma (0.046 mm?) processes, by
30 %, and for the speed of 4 m/min the specified ex-
cess reaches ~20 %.

2. It was determined that the laser-plasma welding
of stainless steel using a fiber laser differs from sim-
ilar processes with application of diode, Nd:YAG-,
CO,-lasers, namely, it allows increasing the penetra-
tion depth at simultaneous reduction of its width. So, at
application of laser and plasma power of ~2 kW each
at the speed of ~1.5 m/min, the penetration depth with
application of the fiber laser in the hybrid process in-
creases, compared to the use of the diode laser by 60 %,
Nd:YAG-laser — by 30 %, CO,-laser — by 40 %.

3. Increase of penetration depth at hybrid la-
ser-plasma welding, compared to the laser process,
depends on radiation wave length, power density
and absorption capacity of the welded surface.
So, in stainless steel welding with application
of laser and plasma power of ~2 kW each at the

15
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speed of ~1.5 m/min the contribution of the plasma
energy source increases the penetration depth at diode
laser application by ~100 %, for Nd:YAG-laser — by
15 %, for CO,-laser — by 33 %, and for fiber laser —
by 4 % (compared to laser welding by the same radia-
tion of ~2 kW at the speed of ~1.5 m/min).

4. Comparison of input energies of laser (E_,
J/mm) and hybrid (E,, J/mm) processes of stainless
steel welding showed that the difference between
them depends on the welded sheet thickness (or pen-
etration depth). E,/ E,__ parameter first decreases from
~100 % for sheets with 6 =2 mm to 50 % for sheets
with 6 = 6 mm, and at further increase of penetration
depth from 6 to 8 mm this value rises from 50 to 60 %.

5. Analysis of the behaviour of factor ¢ (ratio of
the cross-sectional area of hybrid penetration to the
sum of cross-sectional areas of plasma and laser pen-
etrations), which characterizes the synergistic effect,
shows its increase in 1.5-2.0 m/min speed range of
AISI 304 steel welding with further slight decrease in
the range of 2.0-4.0 m/min. Weld geometry parameter
K (ratio of penetration depth to weld width) increases
in the entire analyzed speed range (1.5-4.0 m/min).
The penetration depth parameter @ (ratio of penetra-
tion depth to blank thickness) somewhat decreases in
this range. Comprehensive analysis of the behaviour
of these three parameters allows recommending the
speed range of 1.5-2.0 m/min for laser-plasma weld-
ing of stainless steel with application of fiber laser ra-
diation, as more acceptable one by the criteria of the
synergistic effect and penetration depth.

6. At hybrid welding with application of fiber laser
radiation the plasma component promotes elimination
of such defects of weld upper bead formation, char-
acteristic for laser welding, as undercuts and ridge,
and increases the radiation absorption coefficient due
to heating of the welded part surface. In the range of
speeds of 0.25-4.0 m/min at fiber laser power from
0.8 to 2.0 kW and welding current from 0 to 100 A
a directly proportional increase of penetration depth
from 2 to 8 mm (depending on laser power), and in-
crease of upper bead reinforcement width from 1.5 to
5.5 mm (depending on plasma power) are in place.
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DECEMBER 14, 1922 Opening of the underground metro line in Glasgow, Scotland took
place. The line is the third oldest underground system in the world after the London and Budapest
metro. This is the only metro in the British Isles outside London, which is located completely un-
derground. During the construction of the metro, arc welding was used.
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ABSTRACT

There is a large number of investigations on the impact of distribution of non-metallic inclusions in the weld metal on its struc-
ture and mechanical properties. However, the authors of these works do not describe the kinetics of forming such a distribution.
The results of the development of a distribution model in the weld metal of non-metallic inclusions by sizes are presented.
Formation of the calculation part of the model is based on the processing of experimental data on the sizes of non-metallic
inclusions in the metal of welds, deposited by the methods of submerged arc welding and in shielding gas. Generalization and
analysis of experimental data showed that the final distribution of inclusions in the metal of the studied welds is submitted to
the law of gamma-distribution (probability is > 95 %). To describe the evolution of the distribution of non-metallic inclusions
during weld formation, the authors proposed to apply a probabilistic model in the form of gamma-distribution with time-de-

pendent parameters.

KEY WORDS: low-alloy steel, welding, weld metal, non-metallic inclusions, distribution

INTRODUCTION

Non-metallic inclusions are an integral component of
the weld metal structure. Their characteristics such as
chemical composition, sizes, distribution density in a
solid solution have a significant impact on mechanical
properties of weld metal, which determines the rele-
vance of the possibility of their forecasting. In con-
nection with the ever-increasing volume of low-al-
loy high-strength steels in the manufacture of metal
structures, in recent years a lot of attention is paid to
the study of the possibilities of providing mechanical
properties of welded joints on steels of this type at the
level of the base metal. A significant influence on the
conditions for the microstructure formation and me-
chanical properties of weld metal from non-metallic
inclusions was shown [1-4], that affect the processes
of crystallization, formation of primary and second-
ary microstructure. But at the same time, in parallel,
a change in the parameters of their size, distribu-
tion density, composition and surface compounds is
observed. In the weld metal, the final result of the
processes of forming non-metallic inclusions (deox-
idation of liquid metal, crystallization of weld pool,
diffusion in a solid solution) was recorded, which
occurs in different temperature ranges. The intensi-
ty of the development of each of the stages of these
processes affects the final distribution of non-metallic
inclusions. Thus, for example, in [5] it was shown that
the time of existing a liquid phase during cooling of
the metal has a significant impact on the sizes of in-
clusions. Therefore, to predict the characteristics of

Copyright © The Author(s)

inclusions, it is necessary to take into account not only
the chemical composition of the weld pool, but also
the time of its existence. It should be noted that de-
spite a large number of works, in which the influence
of the composition, morphology and sizes of non-me-
tallic inclusions on the structure and mechanical prop-
erties of weld metal, insufficient attention was paid to
the issue of the effect of the distribution of inclusions,
depending on their size.

STATE-OF-THE-ART OF THE PROBLEM

The distribution of non-metallic inclusions in metals
by sizes is numerically characterized by means of the
function of the distribution density, which is gener-
ally determined by solving the Smoluchowski equa-
tion [6]. However, since the processes of coarsening
non-metallic inclusions are rather complicated in any
metallurgical system, then for such a solution it is
necessary to introduce additional assumptions regard-
ing the conditions and characteristics of the relevant
process that are not always equipped with the neces-
sary numerical values of parameters or not subject-
ed to checking at all. For example, in the mentioned
work [6], a list of the mentioned assumptions has 19
points. Therefore, another calculation and experimen-
tal approach is used, namely: based on a large array of
accumulated experimental data, researchers are trying
to approximate experimentally observed distributions
of non-metallic inclusions by sizes by certain known
mathematical functions of distributions.

In particular, in [7, 8] it is noted that distribution
of non-metallic inclusions by sizes for some non-sta-
tionary metallurgical processes can be considered as

18
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a constant exponential distribution and described by
the formula

n(r)znoexp(—kr), r<r<r, (1)

where the parameters n, A depend on specific condi-
tions and equipment, and inclusions have a shape of
the sphere with the current radius r.

Formula (1) is suitable in the case of such metal-
lurgical processes of steel production as a circulating
vacuuming, vacuum refining, continuous pouring and
ladle treatment. For these processes, the values A are
in the range from 0.44 to 0.75 for the radii of non-me-
tallic inclusions from 1 to 30 um [7].

It is known, that both the sizes of non-metallic
inclusions themselves, as well as the density of their
distribution by sizes depends on duration of the pro-
cesses of inclusion formation [8—10].

The process of forming non-metallic inclusions
in the welding pool is significantly different both as
to its thermodynamic as well as to physico-chemi-
cal characteristics from the corresponding processes
of a “large” metallurgy. Certain attempts on numer-
ical evaluation of trends in changing the density of
non-metallic inclusions depending on their sizes [11]
can be noted, but in general, in scientific and technical
literature, descriptions of models for calculating the
distribution of inclusions in the weld metal by sizes
are absent, which would allow performing the corre-
sponding numerical forecasts, although the urgency
of possibility of such forecasts is undoubted.

PROCEDURE OF WORK

Digital images of the surface of non-etched sections
were obtained in the NEOPHOT-30 optical micro-
scope with the use of a high-resolution digital camera.
Further images were processed in order to increase the
accuracy of a further recognition of non-metallic inclu-
sions by means of the special software (Gaussian fil-
ter was used [12]). The size of each image amounts to
2592 by 1944 pixels. Processed images were subjected
to recognition with the use of the special software (trial
version of Media Cybernetics ImagePro, available on
the site of the manufacturer http://www.mediacy.com/).
According to this methodology, the volumetric content
(V,.ine) and distribution of non-metallic inclusions in
the weld metal was determined.

Consideration of the nature of distribution of
non-metallic inclusions was started from the model
(1), found for the processes of steel making. The val-
ue of the parameter n, for the conditions of weld pool
existence can be determined based on the law of con-
servation of a substance based on such considerations:

The amount of oxygen in the inclusion of radius
. . 4 4 .
r and density p, is equal to 3P, Ko where X is

the mass fraction of oxygen in the inclusion. Then,
according to the expression (1), the amount of oxygen
in the inclusions of radius r is equal to

4 3 _4 ar 3
3 meXOn(r)_gnmeXOnoe r.

Consequently, the total amount of oxygen con-
tained in the inclusions with the radius ranging from
r..,tor. . isdetermined by the integral

A 3a—Ar
_[ r’e” " dr. @)

On the other hand, having marked density of mol-
ten steel by p,, and the content of oxygen in the in-
clusions for the unit of a molten metal mass by w,,
the mentioned amount of oxygen in the inclusions can
be evaluated by the product pw,, which, according
to the law of conservation of a substance, should be
equated to the expression (2):

rmax

3,—Ar _
Ire dr—pswo.

rI’T]In

iTcp, X

3 Tinc® O nO

From the last equality we obtain an expression for
the parameter n :

3p,w,
- 0
= e : 3)
3,-Ar
dnp. X, j ree " dr

rmln

In order to simplify the work with the expression
(3), following [12], w,, can be replaced in it by [O%],
I.e., the total amount of oxygen in molten metal. Such
a replacement means that further results on the num-
ber of inclusions will actually provide the upper limit
of numerical evaluation.

In addition, the integral in the denominator of the
fraction from the expression (3) can be calculated ex-
actly, as far as according to [13]

3 2
3 axq,  .ax| X 33X 6x 6
jxe dx=e (—a e +_a3 ——a4J,

from which it follows that
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Table 1. Chemical composition and content of non-metallic inclusions in the weld metal

Weld Mass fraction (%) in the weld metal
nmincl’
number | ¢ Si Mn s P cr Ni Mo Cu Al Ti 0 %
NNL | 0034 [ 0212 | 151 | 0023 | 0021 | 041 | 374 | 044 | 012 [ 0.022 [ 0.009 | 0.078 | 0.62
NN2 | 0.038 | 0417 | 157 [ 0025 | 0.022 | 033 | 350 | 052 | 013 | 0.034 | 0.044 | 0070 | 058
NN3 | 0.034 | 0321 | 1.38 | 0023 | 0.015 | 039 | 383 | 051 | 012 | 0020 | 0.005 | 0.067 | 0.55
NN4 | 0.050 | 0290 | 1.32 | 0024 | 0.014 | 016 | 219 | 027 | 036 | 0039 | 0.019 | 0061 | 047
NN5 | 0049 | 0298 | 1.39 | 0.023 [ 0015 | 015 | 226 | 025 [ 044 | 0.039 | 0008 | 0.072 [ 058
- ergy of 21 kJ/cm (welds NN-4, NN-5), were subjected
j r3eMdr = to examination. The parameters of the welding mode
o meet the requirements of the standards 1SO 14171
1 m (submerged arc welding) and ISO 26304 (welding
—[exp( kr —exp(—kr _ )r3_ ]_ in a shielding gas). The chemical composition of the
Y min / ‘min . ..
metal of welds and their content of non-metallic in-
%[exp( o r2 —exp( )rZ_ } + (4 Clusions (V, ..) are given in Table 1. Other features
A v min ) "in of the procedure of experimental investigations are
6 presented in [13].
—[exp( M —exp( )r. J— . T
3 "in ) Tin Our experimental study of distribution of non-me-

_%[exp(—Kr )exp( mmﬂ

Taking into account the fact that the values of
the smallest and largest radii of inclusions differ by
at least an order of value, it is possible to obtain a
simple approximate numerical evaluation by a further
replacement of a finite integral to an infinite one in
the interval (from 0 to o) in the expression (3), then,
according to [13]:

o0
Ir3e‘“dr -
0

and, therefore

0" 8n P, X ®)

The relative error of calculation according to the
formula (5) is lower than 2.4 % as compared to the
calculation by exact quadrature (4).

OBTAINED RESULTS

In order to check the suitability of the distribution
modeling according to the formula (1), experimental
studies were performed, where the characteristics of
non-metalic inclusions in the weld metal were deter-
mined, which differed in the time of existence of the
liquid metal of the welding pool depending on the in-
put energy of the process as well as its chemical com-
position. The specimens of the deposited metal,
produced in submerged arc welding of butt joints of
low-alloy steel 20KhSND of 14 mm thickness with
an input energy of 36 kJ/cm (welds NN-1, NN-2,
NN-3), as well as in a shielding gas with an input en-
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tallic inclusions in the metal of welds produced by
the methods of submerged arc and flux-cored wire
welding (Figure 1) showed that experimental dis-
tributions are not exponential with a reliable prob-
ability of at least 95 % according to Pearson and
Kolmogorov-Smirnov criteria.

Analytical analysis showed that the available ex-
perimental data can be described by the gamma-dis-
tribution function with a set reliable probability.

To analyze the distribution of non-metallic inclu-
sions, the density function of the gamma-distribution
probability was used, which has the form [13]

x* 1 exp(—xj
B
BT (o)

ao,fp>0; 0<x<omo,

f(xap)= : ©)

where I'(a) is the gamma function; parameters o and
P are called shape and scale parameters, respectively.

This distribution is characterized by the fact that
many other distributions are its partial cases. In partic-
ular, as is seen from the formulas (6) and (1), provided
that the parameter of the shape o = 1, the gamma-dis-
tribution is converted into an exponential distribution.
Moreover, in the case of increase in the value of the
shape parameter, the distribution behaviour changes
qualitatively (Figure 2).

Analysis of the behaviour of the probability den-
sity functions of exponential and gamma-distribution,
as well as the physical phenomenon of coarsening
non-metallic inclusions due to coagulation leads to
the following model description of the distribution of
non-metallic inclusions in the weld metal.
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Figure 1. Histograms of distribution of non-metallic inclusions by sizes according to the results of submerged arc welding and corre-
sponding calculated curve of probability density function according to the gamma-distribution: a—c — input energy of welding

36 kd/cm; d, e — 21; a — weld NN1; b — NN2; c — NN3; d —

At the beginning of the process of coarsening
non-metallic inclusions, their distribution by sizes is
subjected to the exponential law, since the vast major-
ity of them have small radii close to the critical.

In the process of coarsening due to coagulation, a
relative number of inclusions of small radii decreases,
and large — increases, which leads to the change in
the shape of the distribution function from a mono-
tonically descending one, corresponding to the ex-
ponential distribution by sizes, to a single-modal
one (with the maximum), corresponding to the gam-
ma-distribution.

Thus, at the moment of beginning of the process
(time variable t = 0), the shape parameter o.= 1, and
at the end of the process, according to our experimen-
tal and calculation data, it acquires a value from the
range of 2.33-4.15 (Table 2).

Denoting the final value of the shape parameter
by a, and considering the shape parameter as a linear
function of time a(t), we obtain the following depen-
dence of the shape parameter on time:

o, -1
tk

t+1, %)

a(t)=
where t, is the final value of time.

Therefore, for further evaluation calculations to
analyze the distribution of non-metallic inclusions
by the size in submerged arc welding, the value a, =
= 3 can be set, which is approximately the average
point of the interval of changing the shape parame-
ter in this case.

NN4; e — NN5

Let us assume the duration of the process under
the specified welding conditions as t, = 3.5 s, which
follows from the results of modeling the growth of
non-metallic inclusions in the weld pool metal.

Then, from the equation (7) the following equa-
tion follows to describe the dependence of the shape
parameter on time:

=it+1.

a(t) -
As far as the nucleus of the formed non-metallic
inclusions are the nuclei of refractory oxides of the
chemical composition A1,0,, we should further use
the following values: density of steel p. = 7.15-10° kg/
m?; density of non-metallic inclusion (equal to the
density of alumina) p, =3.97-10° kg/m? X =47.1%
of the total amount of oxygen in the molten metal
[0%] = 0.055.

1.0

®)

0.8

oS
o

Probability

0.4

1.0
Size of inclusions, pm,

1.5 2.0

Figure 2. Change in behaviour of the gamma-distribution probability
density function depending on the value of shape parameter o
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Table 2. Experimental values of shape and scale parameters for submerged arc welding

Measurement code NN1-1 NN1-2 NN1-3 NN1-4 NN1-5
Shape parameter 3.52979 2.90481 3.00837 2.81644 2.66076
Scale parameter, 10° m 7.40262 6.53177 6.51605 5.73114 4.94883
Measurement code NN2-1 NN2-2 NN2-3 NN2-4 NN2-5
Shape parameter 2.99376 3.25676 3.19255 3.41001 2.68183
Scale parameter, 10°m 5.39726 5.99253 6.24691 6.57369 4.99286
Measurement code NN3-1 NN3-2 NN3-3 NN3-4 NN3-5
Shape parameter 2.65562 3.30154 3.63677 3.4343 3.17487
Scale parameter, 10°m 5.12298 6.35464 6.36239 6.75384 5.51374
Measurement code NN4-1 NN4-2 NN4-3 NN4-4 NN4-5
Shape parameter 3.94454 2.88799 2.74705 3.44743 2.33062
Scale parameter, 10° m 8.89796 5.50171 6.3869 7.40532 4.2632
Measurement code NN5-1 NN5-2 NN5-3 NN5-4 NN5-5
Shape parameter 2.60281 4.14994 3.6945 3.54269 3.40696
Scale parameter, 10 m 548739. 8.26347 7.54531 7.70252 7.81811
Note. Shape and scale parameter was calculated by the formulas (7) and (13), respectively.

Then, the expression (5) takes the form

B 1 7.15-10°-0.02 e
0 8.3.1415926 397.10°.47.1

—44 4
—~0.83677-107*2.". ©

n

Obviously, the value inverse to A in the expression (1)
is exactly a scale parameter. Therefore, let us rewrite § =
1/A in the entered symbols and the equation (1)

r 1 r
n(r)= n exp(—EJ = nOBEexp(—Ej = o
=npf (x1B),

from which it follows for the set values of parameters:

Density of distribution, m -3

0 1.0 2.0 3.0 4.0
Size of inclusions, um

Figure 3. Change in distribution of non-metallic inclusions in
time t in the conditions of lack of the formation of new nuclei of
inclusions during the process
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n(r)=0.30428-10*2%f (x;1,17%) =

~0.83677-10p2F (x,1,B). an

Dependence (11) describes the initial distribution
of non-metallic inclusions in submerged arc welding
by size. It is naturally that the dependence of the de-
sired distribution on time is given in the form:

n(r,t)=0,83677-10*8°f (x;a(t).B(t)), (12

where we will also consider the scale parameter as a
linear function on time with finite values, correspond-
ing to the values of the shape parameter from Table 1:

B —B
B(t)zﬁﬁ%t.

k

(13)

The obtained formulas allow using a tool of elec-
tron tables to calculate the distribution of non-metal-
lic inclusions in a discrete volume of metal by sizes
depending on time (Figure 3). The results shown in
the diagram correspond to the data of [11].

Considering the real process, it is necessary, as is
noted in [9], to take into account the formation of nu-
clei of non-metallic inclusions at a certain tempera-
ture depending on the rate of their formation and time
spent in a set temperature range. Thus, the evaluation
of the distribution density of non-metallic inclusions
is obtained as the sum of products of the mentioned
rates by the corresponding values of the time variable.
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The final result is presented in Figure 3. It is seen
that the gamma-distribution provides an objective de-
scription of the density function of the probability of
distribution of non-metallic inclusions by sizes inde-
pendent of the time of existence of the liquid metal in
the welding pool and the chemical composition of the
molten metal.

CONCLUSIONS

1. It was established that processing of experimental
data on the sizes of non-metallic inclusions in the met-
al of welds deposited by submerged arc and shielding
gas welding, showed that the final distribution of the
studied inclusions by sizes is subjected to the law of
gamma-distribution (probability is > 95 %).

2. It is shown that to describe the evolution of dis-
tribution of non-metallic inclusions during weld for-
mation, it is advisable to use a probability model in
the form of gamma-distribution with time-dependent
parameters.

3. At the beginning of the process, the distribution
of non-metallic inclusions in the proposed model is
exponential due to the fact that the value of the shape
parameter is equal to one. The values of the shape and
scale parameters, calculated from the experimental
data, are 2.6-3.9 and 4200-8900, respectively, re-
gardless of the type of welding.

REFERENCES

1. Oh, Y.J., Lee, S.Y., Byun, J.S. et al. (2000) Non-metallic in-
clusions and acicular ferrite in low carbon steel. Materials
Transact., JIM, 41(12), 1663—1669.

2. Quintana, M.A., McLane, J., Babu, S.S., David, S.A. (2001)
Inclusion formation in self-shielded flux cored arc welds.
Welding J., 4, 98-105.

3. Babu, S.S. (2004) The mechanism of acicular ferrite in weld
deposits. Current opinion in solid state and materials science,
8, 267-278.

4. Lee, T.K., Kim, H.J., Kang, B.Y., Hwang, S.K. (2000) Effect
of inclusion size on the nucleation of acicular ferrite in welds.
ISIJ Int., 40(12), 1260-1268.

5. Zhang, J., Lee, H.G. (2004) Numerical modeling of nucle-
ation and growth of inclusions in molten steel based on mean
processing parameters. 1bid., 44(10), 1629-1638.

6. Kwon, Y.-J., Zhang, J., Lee, H.-G. (2008) A CFD-based nu-
cleation-growth-removal model for inclusion behavior in

a gas-agitated ladle during molten steel deoxidation. Ibid.,
48(7), 891-900.

7. Njzawa, H., Kato, Y., Sorimachi, K., Nakanishi, T. (1999) Ag-
glomeration and flotation of alumina clusters in molten steel.
Ibid., 39(5), 426-434.

8. Zinngrebe, E., Van Hoek, C., Visser, H. et al. (2012) Inclusion
population evolution in Ti-alloyed Al-killed steel during sec-
ondary steelmaking process. Ibid., 52(1), 52-61.

9. Hong, T., Debroy, T., Babu, S.S., David, S.A. (2000) Mod-
eling of inclusion growth and dissolution in the weld pool.
Metallurgical and Materials Transact.: B., 20B, 2, 161-169.

10. Zhang, L., Thomas, B.G. (2003) Inclusion nucleation, growth,
and mixing during steel deoxidation. UIUC. Continuous Cast-
ing Report, 200206, 1-19.

11. Zhang, B.W., Li, B.W. (2007) Growth kinetics of single inclu-
sion particle in molten melts. Acta Metallurgica Sinica, 20(2),
129-138.

12. Lucas J. van Vliet, lan T. Young, Piet, W. (1998) Verbeek Re-
cursive Gaussian Derivative Filters Fac. of Appl. Phys., Delft
Univ. of Technol. DOI: 10.1109/ICPR.1998.711192. Confer-
ence: Pattern Recognition. In: Proc. of Fourteenth Int. Conf.,
\ol. 1.

13. Gradshtejn, LS., Ryzhik, I.M. (1971) Tables of integrals,
sums, series and products. Moscow, Nauka [in Russian].

14. Golovko, V.V., Pokhodnya, 1.K. (2013) Effect of non-metallic
inclusions on formation of structure of the weld metal in high-
strength low-alloy steels. The Paton Welding J., 6, 2-10.

ORCID
V.V. Holovko: 0000-0002-2117-0864

CONFLICT OF INTEREST
The Authors declare no conflict of interest

CORRESPONDING AUTHOR

V.V. Holovko

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine
E-mail: v_golovko@ukr.net

SUGGESTED CITATION

IL.A. Taraborkin|, V.V. Holovko (2021) Calculat-
ed-experimental model of distribution of non-metal-
lic inclusions in the metal of welds by sizes. The Pa-
ton Welding J., 12, 18-23. https://doi.org/10.37434/
tpwj2021.12.03

JOURNAL HOME PAGE
https://pwj.com.ua/en

Received 12.10.2021
Accepted: 24.12.2021

DECEMBER 22, 2007 French carrier rocket Ariane 5 launched the first ever African satellite. To
create Ariane 5, the engineers supervising welding of the fuel tank for the rocket, made it from alu-
minium 3 mm thick. The welding unit was rotating inside the tank that allowed conducting seamless
welding. The weld integrity is of critical importance, as cryogenic tanks form the load-carrying struc-
ture of the carrier rocket first stage. In addition, KUKA welding robots were used to build the rocket,

which also ensured seamless welding.
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STABILITY OF THE PROCESS OF ELECTROSLAG WELDING
WITH BIFILAR POWER CIRCUIT WITHOUT EQUALIZING
WIRE

Yu.M. Lankin, V.G. Soloviov, V.G. Tyukalov, I.Yu. Romanova

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: hhsova@gmail.com

Electroslag welding (ESW) by wire electrodes with bifilar circuit of power connection without equalizing wire is not applied
now. There is reason to believe that bifilar ESW without the equalizing wire has certain advantages over bifilar electroslag
remelting (ESR) without equalizing wire. Therefore, additional studies of the process of bifilar ESW without equalizing wire
are required. Investigations were performed and the range of parameters of a stable process of ESW with bifilar power circuit
without equalizing wire was determined, using a mathematical experiment. The causes for process unbalance can be temporary
violation of the feed rate of one of the electrodes, local change of electrode cross-section, asymmetrical arrangement of the
electrodes in the slag pool, etc. The notion of “resistance to external factors (REI) was introduced. It was proposed to use as
the measure of resistance, the maximum value of REI parameter, above which the process goes into an unstable mode. REI
nomogram was obtained, depending on welding voltage and electrode feed rate, which allows selection of the mode of bifilar
ESW with the highest resistance to external disturbances. A mathematical model was used to show that the process of bifilar

ESW without equalizing wire can run in a stable manner in a certain zone of values of the technological mode parameters.

KEY WORDS: electroslag welding, bifilar circuit, slag pool, metal pool, electric conductivity

INTRODUCTION

In 1960s PWI developed a new process of electro-
slag remelting (ESR) — so-called bifilar electroslag
remelting. The essence of the process consists in
that in a bifilar furnace two consumable electrodes
are connected is series to the secondary winding of
a single-phase transformer. It was proved that bifilar
electroslag remelting has more advantages over the
canonical two-electrode monofilar ESR [1], as the
units operating by this scheme consume less power,
are more efficient and have a higher power factor.
Their advantages are especially great in production of
slab ingots and plate ingots. However, alongside the
advantages (such as favourable position of the zones
of the main heat evolution in the slag pool, reduction
of reactance of furnace loading), a bifilar ESR fur-
nace without equalizing wire turned out to be oper-
ationable only in a certain range of remelting modes,
as a result of ineffective self-regulation. That is, the
process became unstable at certain short-term exter-
nal distances acting on it. To eliminate this drawback
with preservation of ESR bifilar circuit advantages,
the secondary winding of the supply transformer is
made with a midpoint, connected to the workpiece to
be welded by equalizing wire.

As regards bifilar ESW with wire electrodes with-
out equalizing wire, such a technology has not been
used up to now. There is ground to believe that bifilar
ESW without equalizing wire has certain advantag-
es over bifilar ESR without equalizing wire. As the

Copyright © The Author(s)

sectional area of consumable electrodes in ESW and
ESR differs considerably, the thermophysical pro-
cesses causing their melting also differ essentially.
Analysis of the pattern of current spreading in the
slag pool of ESR bifilar furnace without equalizing
(zero) wire [1] was performed by a simplified two co-
ordinate (2D) electric circuit. Here, current spreading
along the workpiece edges and shoes was not taken
into account. The proposed ratio of current flowing
through the slag and the metal pool (10-30 %) and
current, flowing only between the electrodes in the
slag pool (90-70 %), requires more precise determi-
nation in 3D dimension. Therefore, additional studies
of the process of bifilar ESW without equalizing wire
are required. New data will result in corrections in the
range of parameters for a stable ESW process.

The objective of this work is study and determina-
tion of the parameter range of a stable process of ESW
with bifilar power circuit without equalizing wire, us-
ing mathematical experiment.

The mathematical experiment was performed with
application of an earlier developed model [2]. In the
mentioned work mathematical experiments were con-
ducted with two-electrode ESW, connected to a power
source by monofilar and bifilar circuits with equaliz-
ing wire. In order to study the distribution of the elec-
tric field, current and potential in the slag pool, work-
piece being welded, the forming weld, and the shoes,
as well as heat distribution in the studied zone volume,
its finite element model was used, which consisted of
a slag and metal pools, two shoes, two electrodes, im-
mersed into the slag pool, as well as fragments of the
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workpiece and the weld. In connection with the fact
that the circuit of welding equipment connection to
the power source creates external conditions for the
model and does not change either graphic, or physical
characteristics of the model of the studied ESW zone,
a decision was taken to use this model for conducting
a mathematical experiment in the study and determi-
nation of the parameters of a stable ESW process with
bifilar power circuit without equalizing wire. Here,
the cables of the transformer secondary winding are
insulated from the grounding terminal of the power
source. ESW power supply circuit is shown in Fig-
ure 1.

With bifilar power circuit of ESW without equal-
izing wire, the current in the slag pool flows in two
generalized circuits: “electrode el — slag pool — elec-
trode e2”; “electrode el — slag pool — workpiece —
slag pool —electrode e2”. It is understood that the cur-
rent flowing in the workpiece, is the current passing
through the metal pool, workpiece edges and shoes.
The current in each of the above-mentioned circuits
depends on their electric conductivity, which, in its
turn, depends on the flux composition, used metal
grades, as well as on the temperature state of each el-
ementary volume of this zone of the welding process,
through which the current flows. The potential of both
the workpiece edges, shoes, weld and metal pool is
of practically equal importance, in view of their low
specific resistance, compared to higher specific resis-
tance of the slag pool. More over, for the purpose of
electrical safety of service personnel, the ESW unit
and the workpiece are grounded.

At the change of ESW supply voltage and/or rate
of electrode feeding into the slag pool, the depth
of electrode immersion and their melting rate are
also changed. Here, the conductivity of each of the
above-mentioned circuits and the distribution of the
amount of heat, evolving in the slag, are changed. In
connection with the fact that the same current flows
in both the electrodes in the bifilar circuit, a feedback
forms between the processes of self-regulation of
melting rate of each of them. Therefore, for the bi-
filar circuit it is important to maintain a balance be-
tween the electrode melting rates, as the change of
self-regulation feedback in the electrodes from the
negative to the positive one can lead to instability of
ESW process. The causes for the unbalance can be
temporary violation of the feed rate of one of the elec-
trodes, local change of electrode section, asymmetri-
cal arrangement of the electrodes in the slag pool, etc.
Figure 2 gives an example of asymmetrical running
of ESW process.

In order to understand the nature of the change of
electrical characteristics of the electroslag process

sh2

MP

Figure 1. ESW two-electrode bifilar power circuit without equal-
izing wire (U — power source voltage; el and e2 — consumable
electrodes; shl and sh2 — water-cooled shoes; SP, MP — slag
and metal pools)

when different disturbances are introduced into it, for
instance, at the change of the rates of electrode feed-
ing into the slag pool, a physical experiment on bifi-
lar ESR into a graphite casting mould was conducted
in the laboratory conditions at PWI using AD-381Sh
machine [3]. Remelting was performed with bifilar
circuit of power source connection without equalizing
wire with a grounded stand. Technological parameters
of experimental remelting were as follows: mould in-
ternal dimensions of 80x30 mm, electrode spacing of
40 mm (at symmetrical arrangement of the electrodes
relative to each other); slag pool depth of 50—70 mm,;
electrode wire diameter of 3 mm; number of elec-
trodes — 2.

The testing objective was to perform continuous
saving on electronic carrier of such parameters as feed
rate of electrode el -V, , feed rate of electrode e2 —
V,,, voltage between the nozzle of electrode el and
workpiece U,, voltage between the workpiece and
nozzle of electrode e2 — U,, as well as power source
current 1, while changing the feed rate of electrode
e2 in a certain range during the remelting process (at

100+ 1|

s0

mm 50

Figure 2. Fragment of the graphic part of the model (sectional
view) at the developed asymmetry of ESW process
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Figure 3. Dependencies of the change of ESW parameters in time
with simulation of external disturbances

unchanged feed rate of electrode e1) at supply voltage
U =85V (Figure 3).

One can see in Figure 3 how the voltage between
the electrodes and workpiece U, and U, changes at
the change of V,,. The sum of these voltages is equal
to power source voltage of 85 V. In the range of t, —t,,
V,, is smaller than V,, resulting in shallower immer-
sion of electrode ¢2 (Figure 2), lower conductivity
of “electrode e2 — workpiece” channel, lower power
source current, and higher voltage U, between elec-
trode e2 and workpiece. Voltage between electrode el
and workpiece U, = U — U, decreases accordingly. In
this time range at low V,,, voltage U, reaches a criti-
cally small value of 7.1 V. Here, electrode e2 reaches
minimum immersion into the slag pool and current | |
drops abruptly from 350 to 290 A. A similar situation
is observed at moment of time t,, when electrode el
reaches a minimum of immersion into the slag pool at
critical value of voltage U, = 9.9 V. Here, current |
drops abruptly from 460 to 300 A.

This physical experiment showed that violation of
the process stability can occur at certain combinations

Table 1. Physical properties of materials used in the model

of the values of electroslag process parameters and
external disturbances. For a technologist, developing
the melting process, it is important to know the work-
ing zone of parameter values and the level of process
resistance to external disturbances. We will introduce
the notion characterizing the electroslag process with
bifilar power circuit without equalizing wire — “re-
sistance to external factors”. It is recommended to use
as the measure of resistance, the maximum value of
REI parameter, above which the process goes into un-
stable mode. REI is determined as follows:

AU :‘Ul—Uz‘;rei:

AU—U‘ -100 %,

where rei is the intermediate value of the external fac-
tor, %; REI = max (rei) is the limit of the mode of
stable running of the process. A stable mode is found
in the range of 0 < rei < RELI.

At bifilar ESW any external action, leading to un-
balance of electrode melting rates, always leads to
value AU > 0. Therefore, in the computational exper-
iment the unbalance can be assigned in the model by
changing AU, as a source of unbalance, which is uni-
versal.

For the computational experiment the follow-
ing model parameters were taken: U = 85 V; V, =
= 280 m/h; workpiece thickness of 80 mm; gap width
of 30 mm; slag pool depth of 50 mm; electrode spac-
ing of 40 mm; workpiece material was 09G2S steel;
electrode wire was Sv.08G2S steel; flux was AN-8;
forming shoes were from copper. Physical properties
of the materials are given in the Table 1 [4].

Parameters Cp[T], p[T], K[T], a[T], o [T], o [T]
were set by the respective approximating dependen-
cies on temperature T, K (not given in the paper).

Computational experiment yielded maximum val-
ues of short-term disturbance. The limit was found, at
which the feedback between the processes of self-reg-
ulation of melting rates of both the electrodes changes
from the negative to positive one (Figure 4).

Maximum value of disturbance, above which the
process goes into an unstable condition, is equal to AU =
=14.4V.AtU =85V the stability value should be:

Parameter Workpiece Electrodes Slag Shoes Weld
Heat capacity (Cp), J/(kg-K)) Cp[T] Cp[T] 1400 385 Cp[T]
Relative dielectric permeability (g) 1 1 25 1 1
Density (p), W/(m'K) p[T] p[T] 2600 8960 p[T]
Thermal conductivity (k), W/(m-K) k[T] k[T] 295 400 k[T]
Thermal expansion coefficient (o), /K a[T] a[T] - 17E-6 a[T]
Specific electric conductivity (6) S/m o [T] o [T] o, [T] 6E7 o [T]
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AU
|
|
|
|
|
|

14.4
AU

2 -+ 6 8 10 12 14

1
16 AU,V

Figure 4. Result of self-regulation of electrode melting rates
(AU — disturbance value, V; AU, — respective reaction of the
process as a result of self-regulation of electrode melting rates, V)

REI :E -100 % =19.9 %.
85

At long-term action of an external factor, the val-
ue of which is smaller than REI, the process will go
into a stable mode with different depth of electrode
immersion into the slag pool, leading to thermal field
asymmetry and may lead to violation of the uniformi-
ty of workpiece edge penetration.

The created model was used for computation of
REI for different combinations of U and V, values.
REI = F[U, V] nomogram was derived (Figure 5),
which allows selection of the mode of bifilar ESW
without equalizing wire with the highest resistance to
the action of external disturbances. During REI com-
putation, the following constraints were set for the
model, at which the process of bifilar ESW should,
probably, be more stable:

o temperature of lower electrode faces does not go
beyond 1500-2000 °C;

o electrode immersion depth stays within 2-48 mm;

o presence of negative feedback between the pro-
cesses of self-regulation of both the electrodes is man-
datory.

Study of the conditions of current spreading in the
slag pool and the workpiece, conducted using the mod-
el, showed that, depending on ESW mode (voltage,
electrode feed rate, welding zone geometrical parame-
ters, electrode arrangement in the slag pool) from 33 to
85 % of current flows between the electrodes through
the slag pool, while the other part of current (15-67 %)
passes through the slag and the workpiece, including
the shoes. It leads to the assumption that for modes of
bifilar ESW without equalizing wire, characterized by
considerable currents, flowing through the workpieces,
the influence of feedback between self-regulation of
each of the electrodes will be reduced, and it will allow

Resistance to external actioni (REI), %

50 55 60 65 70 75 80 85 90 UV

Figure 5. Nomogram of resistance of bifilar ESW process

widening the range of ESW process stability. It can be
the subject of further studies.

CONCLUSIONS

1. For ESW bifilar circuit it is important to keep a
balance between the processes of melting of both the
electrodes. The causes for unbalance can be tempo-
rary violation of feed rate of one of the electrodes,
local change of electrode cross-section, asymmetrical
arrangement of electrodes in the slag pool, etc.

2. The notion of “resistance to external factors” for
bifilar ESW without equalizing wire was introduced.
As the measure of resistance, it is proposed to use the
maximum value of REI parameter, above which the
process goes into an unstable mode.

3. REI nomogram depending on welding voltage
and electrode feed rate was derived, which allows se-
lection of bifilar ESW mode with the greatest resis-
tance to the action of external disturbances.

4. Using the mathematical model, it was shown
that the process of bifilar ESW without equalizing
wire can run in a stable manner in a certain zone of
technological mode parameters.

5. The developed model can be used to predict the
parameters of a stable process of bifilar ESW after
physical model testing.
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PRODUCING AND PROPERTIES OF DETONATION COATINGS
BASED ON FeMoNiCrB AMORPHIZING ALLOY
WITH ADDITION OF STRENGTHENING PHASES
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ABSTRACT

The structure and properties of amorphizing composite detonation coatings based on FeMoNiCrB alloy were studied.
FeMoNiCrB + ZrB,, FeMoNiCrB + (Ti, Cr)C, FeMoNiCrB + FeTiO, composite powders were used for coatings deposition,
which were produced from a mixture of the composition powders by mechanical alloying. It is found that as a result of deto-
nation spraying of all the powder compositions, the formed coatings have dense, lamellar, multiphase structure. The coating
composition includes Fe(Ni, Cr) solid solutions, Mo,FeB, and Fe,B borides, dispersed inclusions of alloying additives (ZrB,,
(Ti, Cr)C, FeTiO,) and oxides (ZrO, and FeCr,O, or Fe,O,, or Fe,0,), as well as an amorphous phase, the amount of which
in the coating structure has increased, as a result of the detonation spraying process. The values of microhardness, corrosion
resistance, fatigue life and wear resistance of the composite detonation coatings are given.

KEY WORDS: detonation spraying, composite powders, amorphizing iron alloy, zirconium boride, titanium-chromium car-
bide, iron titanate, coating, corrosion resistance, wear resistance

INTRODUCTION
The complex of special physicochemical and mechan-
ical characteristics found in materials with amorphous
structure, opened broad prospects for their practical
use for development of protective coatings operating
in the conditions of higher wear and corrosion, as well
as for coatings with special properties (magnetic, re-
sistive, radiation resistant, etc.) [1-3].

One of the methods of producing coatings with
amorphous structure is thermal spraying of coatings [3].

An important advantage of thermal spraying (TS)
in the production of metallic materials with amor-
phous structure (MMA) over other methods (melt
spinning, melt extrusion, producing of thin layers of
MMA using laser, evaporation in vacuum, magnetron
spraying, etc.), which allow producing foils, strips
with a thickness of not more than 10-150 pum, is the
possibility of forming layers of coating material with
an amorphous structure of up to several mm thick-
ness. The basis of the technology of TS coatings with
amorphous structure consists in providing the cooling
rate of the melt particles of the sprayed material at
the moment of forming the coating on the surface of
the base of not lower than the critical value that is
characteristic of each amorphizing alloy. Most of such
Ni-, Fe- and Co-based alloys have the following char-
acteristics in the range of 10°-10° K/s [1, 3], which is
possible to provide in TS conditions by appropriate
selection of sizes of the sprayed particles, parameters
of the spraying process and cooling system of a prod-
uct on which the coating is sprayed, when using al-
most all TS methods (flame, plasma and detonation).

Copyright © The Author(s)

However, in flame and plasma spraying, the direct
effect of a high-temperature gas jet on the sprayed
surface requires the development of special cooling
conditions of the spraying zone to avoid reduction in
the rate of temperature drop of the sprayed particles
below the required one. In this regard, the conditions
of detonation spraying are more favorable to provide
the cooling rates of the melt of the sprayed particles,
necessary for the formation of the amorphous state
of the sprayed coating structure. On the other hand,
higher velocities of melt particles during detonation
spraying at the moment of their hitting against the sur-
face of the base, lead to the formation of deformed
weave particles of smaller thickness, which provides
higher cooling rates of the sprayed material and pro-
motes amorphization of the coating material.

The accumulated experience of detonation spray-
ing of amorphous coatings showed the prospects and
effectiveness of their practical application for resto-
ration of parts of internal combustion engines (ICE)
Fe,,B.:C,Sig, Fe,Cr,B,, Fe,Cr P,.C.) strengthen-
ing of parts of metal-cutting machines and the stamp
tool (Fe,,B,,C,, Fe,,Ti.B,,C, Ni_B), for protection of
parts of chemical mechanical engineering against wear
and corrosion (Fe, Cr, P,.C., Ni, Ti, Si,)) [3]. One of
the directions of further development of technologies
of detonation spraying of coatings with amorphous
structure, which can lead to increase of their service
properties and expansion of areas of application, is
the development of detonation composite coatings on
the basis of alloys with amorphous structure.

The aim of the work was to study the process of
structure formation and to determine the properties of
detonation coatings from composite powders based
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Table 1. Characteristics of source powders

Powder Partic:sz size, DZI}?[:; P Micro'\r;li)r:ness, Phase composition
FeMoNiCrB + ZrB, <80 7.42 6020 + 1280 SO&‘L?EL‘QT;?};S\X’PET)’
FeMoNiCtB + (Ti, Cr)C <40 7.283 5650 + 1100 Mofﬁéing‘(’gfig‘;)ze,(gris’cc;)Aph

FeMoNiCrB + FeTiO, <80 752 5050 + 660 Sﬂiﬁigﬁfﬁ?kgﬁ)

on FeMoNiCrB alloy with ZrB,, (Ti, Cr)C and FeTiO,
additives, produced by mechanical alloying.

OBJECTS OF STUDIES AND PROCEDURE
OF EXPERIMENT

For detonation spraying of coatings, composite pow-
ders produced by mechanical alloying from a mix-
ture of powder of amorphizing FeMoNiCrB alloy
with 30 vol.% of refractory compounds ZrB,, (Ti, Cr)
C and FeTiO, were used. The method of producing
composite powders is described in detail in [4], and
their characteristics are presented in Table 1.

Detonation spraying of coatings was performed in
the installation “Perun-S” using propane-butane as a
detonating mixture (50 % CH, + 50 % C,H, ) with
oxygen in a ratio of 1:3 with the addition of air. As a
transporting gas, air was used (Table 2). The spraying
distance was constant — 110 mm, the frequency of
cycles was 6.6 s,

To study the structure and phase composition of
the coatings, methods of metallography (microscope
Neophot-32, equipped with the attachment for digital
filming) were used; X-ray diffraction phase analysis
(XDPA) was performed in a DRON-3 diffractometer
in CuK_ radiation with a graphite monochromator at
a step movement of 0.1° and exposure time at each
point of 4 s with the subsequent computer processing
of the obtained digital data. Phase identification was
performed using the ASTM database.

Corrosion resistance of detonation coatings in the
10 % H,SO,, 3 % NaCl and 5 % NaOH solutions was
investigated by the potentiostatic method in the poten-
tiostat P-5827 M at a scanning rate of 2 mV/s using a
specially designed clamping cell that provides a one-sid-

Table 2. Conditions of spraying detonation coatings

ed access of the electrolyte to the coating and does not
require protection of nonoperating surfaces. As a refer-
ence electrode, a silver chloride electrode filled with a
saturated solution of potassium chloride was used, and
as an auxiliary electrode, platinum served. Preparation
of specimens before the corrosion tests was performed
according to GOST R 9.905-2007 [5].

According to the experimental values, cathode and
anode polarization curves were constructed in the co-
ordinates:

E . =f(lgi),
where E_is the corrosion potential, V; i_is the current
density, A/cm? [6, 7].

The rate and corrosion potential of coatings was
determined graphically by polarization curves by
extrapolation of Tafel regions of cathode and anode
curvesto E=E,_.

Using the values of corrosion currents determined ac-
cording to the polarization curves, the weight and depth
value of corrosion was calculated by the formulas [6]:

~iA-1000

K
nF ’

w
where K is the weight index of corrosion, g/m?h; i
is the current density, A/cm?; A is the atomic weight
of metal, g/mol; n is the valence of the metal ion that
passed into the solution; F is the Faraday number
(26.8 A-h/mol).

876
p )

=K

w

where K, is the index of corrosion depth, mm/year; p
is the metal density, g/cm?; 8.76 is the conversion fac-

Consumption of detonation mixture, m¥h Consumption of
Powder Propane-butane ) transporting gas (air),
CH+CH, Oxygen Air m3/h
FeMoNiCrB 0.5 1.55 0.5 0.65
FeMoNiCrB + ZrB, 0.5 1.55 0.9 0.35
FeMoNiCrB + (Ti, Cr)C 0.5 1.55 0.9 0.35
FeMoNiCrB + FeTiO, 0.5 1.55 0.9 0.35
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tor for transition from the weight index of corrosion
to the calculation per 1 h to the depth index of up to
1 year, calculated from the number of hours per year
(24 h-365 = 8760 h) and divided by 1000.

For the comparative characteristics of corro-
sion resistance, ten-point evaluation scale was used
(GOST 13819-69), based on the use of depth index of
corrosion (K,) [6].

Wear resistance of coatings was studied in the condi-
tions of abrasive wear by friction against a loosely fixed
abrasive (GOST 23.208-79) [8]". As an abrasive materi-
al for tests SiO, sand with a hardness of 11 GPa and B,C
carbide with a microhardness of 45 GPa were used; the
particle size of the powders was 250-300 pm.

The index of wear resistance of the coating was
evaluated by the loss of mass of the specimen after
the experiment with an accuracy of 0.0001 g. For each
type of coating, three specimens were tested.

The relative wear resistance (K,) was evaluated by
the formula [8]

K=o P
I Gi pe
where p_, p, are the densities, and G,, G, is the loss of
mass of reference and test materials, g.

As a reference specimen, steel 30KhGSA with the
hardness HV 212-248 was used.

EXPERIMENTAL RESULTS
AND DISCUSSION

The study of the microstructure of detonation coatings
(Figure 1) showed that during spraying of both pow-
ders of the amorphizing FeMoNiCrB alloy as well as
composite powders, the coatings are formed which
are dense, uniform by thickness and with a lamellar
structure, where alternation of light and dark lamellae

Table 3. Characeristics of detonation coatings

is observed. The values of microhardness of both dark
and light lamellae vary in wide ranges (Table 3), and
in general, its higher values for dark lamellae can be
noted, where, probably, oxide inclusions are concen-
trated. If we compare the averaged values of micro-
hardness of coatings depending on the composition,
their higher values for CP with (Ti, Cr)C carbide un-
like ZrB, borides and FeTiO, oxide can be noted. The
same pattern occurs in the case of source CP (Table 1).
However, the microhardness of the sprayed coatings
appeared to be lower than of the source powders. The
reason for this difference probably consists in the dif-
ferent content of the amorphous phase [9].

X-ray structure phase analysis of detonation coat-
ings shows that during spraying of CP of all compo-
sitions, an amorphous-crystalline structure is formed,
which is evidenced by large areas of “halo” on the
X-ray patterns (Figure 2).

The study of the kinetics of electrode potentials of
detonation coatings (Figure 3) showed that their val-
ues stabilize within 15-40 min after immersion of the
specimens in the electrolyte. Thus, in a 3 % NaCl solu-
tion with the introduction of additives ZrB,, (Ti, Cr)C,
FeTiO, the shift of the corrosion potential (E ) occurs
to the more positive direction from —0.35 to —0.28 V and
the cathodic reaction of hydrogen evolution inhibits. If
in the case of coatings from FeMoNiCrB powder, cor-
rosion currents are in the range of 4-10° A/cm?, then
with the introduction of additives, they are reduced
for almost all coatings to 2—3-10-° A/lcm?. The absence
of passivation of the coating in 3 % NaCl medium
may be predetermined by the fact that this solution
belongs to the aggressive media with a high content of
Cl-, the presence of which gradually displaces oxygen
from the protective film to the electrode surface. At
the same time, the anode process of forming the pro-

XDPA Composition

H“*, MPa Characteristics of structure

APh, solid solution Fe(Ni, Cr),

Dense homogeneous structure with hardly noticeable

Mo,FeB,, ZrB,, Fe,B, ZrO,, FeCr,0,

FeMoNiCrB 4855 + 1023 lamellarity and small amount of dark tiny
Mo FeB,, Fe B, F
0,FeB, Fe;B, Fe,0, (probably oxide) inclusions (Figure 1, a)
Dense fine-lamellar structure with alternating light
AP, solid solution Fe(Ni, Cr), FeMoNiCrB + ZiB, 3830 + 570 and dark gray lamellae, whose microhardness differs

slightly (respectively, 3270-4500 and 3040-5590 MPa)
(Figure 1, b)

APh, solid solution Fe(Ni, Cr),

n T
Mo,FeB,, (Ti, Cr)C, Fe,B, Fe,0, FeMoNICrB + (11, CrjC

Dense lamellar structure with light inclusions
4450 £ 700 of rounded shape, microhardness of which changes
within the range from 3800 to 5700 MPa (Figure 1, c)

APh, solid solution Fe(Ni, Cr),

. + FeTs
Mo,FeB,, FeTiO, Fe,B, Fe,0, FeMoNiCrB + FeTiO,

Dense fine-lamellar structure with light
(Hp =2220-4350 MPa) dark gray
(Hp =3000-3980 MPa) lamellae with a large number
of both light and dark gray inclusions (Figure 1, d)

3750 + 620

“Investigations were carried out at the participation of Cand. o

f Techn. Sci. V.F. Labunets.
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<200 d

Figure 1. Microstructure of detonation coatings produced from powders FeMoNiCrB (a), FeMoNiCrB + ZrB, (b), FeMoNiCrB + (Ti,

Cr)C (c), FeMoNiCrB + FeTiO, (d)

tective oxide is slowed down by the anodic process
of formation of easily soluble compounds of metals
with CI- [10].

The study of the electrochemical behavior of deto-
nation coatings in the 10 % solution of H,SO, showed
that the introduction of ZrB,, (Ti, Cr)C, FeTiO, leads
to the change of corrosion potential in a more positive
direction from —0.12 to —0.044 V, corrosion processes
occur with a hydrogen depolarization, corrosion cur-
rents are in the range of 1.6-1.8-10°A/cm?2. The ob-
tained anode polarization curves indicate the absence
of passivation of coatings in a wide range of poten-
tials. Pure chromium and nickel in sulfuric acid are
well passivated [11, 12], while in the coatings, whose
source powder includes these metals, they do not
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transfer into the passive state. This can be explained
by the presence of the phases Mo FeB,, ZrB,, TiC in
the layer structure, which are the cathodes relative to
nickel and chromium. They prevent the formation of
continuous oxide films on the surface of the coatings
in the solution of sulfuric acid, as a result of which the
system loses the ability to passivate.

Electrochemical studies of detonation coatings in
the 5 % NaOH solution show that the introduction
of additives ZrB,, (Ti, Cr)C, FeTiO, shifts the cor-
rosion potential in the positive direction from -0.48
to —0.34 V and reduces the corrosion currents from
5-10°t0 2-10° A/cm?.

Analysis of the results (Table 4) shows that for
all the studied coatings, the maximum corrosion rate
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Figure 2. X-ray patterns of detonation coatings produced from powders: FeMoNiCrB (a), FeMoNiCrB + ZrB, (b) FeMoNiCrB + (Ti,
Cr)C (c), and FeMoNiCrB + FeTiO, (d)
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Figure 3. Polarization curves of detonation coatings: a — in 3 % NaCl; b —in 10 % H,SO, solution; ¢ — in NaOH (1 — FeMoNiCrB;
2 — FeMOoNiCrB + ZrB,; 3 — FeMoNiCrB + (Ti, Cr)C; 4 — FeMoNiCrB + FeTiO,)

Table 4. Results of electrochemical tests of detonation coatings (coating thickness is 500 pm)

Electrolyte
Composition of coating 3% NaCl 5 % NaOH 10 % H,SO,
E.V i, Alem? E.V i, Alem? E.V i, Alem?
FeMoNiCrB -0.35 4-10° -0.48 5107 -0.12 1.9-10
FeMoNiCrB +ZrB, -0.31 2.5-10°° -0.34 2:10° -0.24 1.5-10°
FeMoNiCrB + (TiCr)C -0.33 3107 -0.33 3-10°¢ -0.08 1.6:10°
FeMoNiCrB + FeTiO, -0.28 31078 -0.44 3-10°® -0.04 1.8-10°
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Table 5. Indices of corrosion resistance of detonation CP based on FeMoNiCrB

Composition of coating Corroston rate Index Service life, year Point O_f corrosion Group 9f corrosion
K, g/m?h K, mm/ year resistance resistance
3 % NaCl
FeMoNiCrB 0.042 0.047 10.6 4 Resistent
FeMoNiCrBi + ZrB, 0.026 0.029 17.2 4 Same
FeMoNiCrBi + (Ti, Cr)C 0.031 0.035 14.3 4 »
FeMoNiCrB + FeTiO, 0.031 0.035 14.3 4 »
5 % NaOH
FeMoNiCrB 0.047 0.052 9.6 4 Resistent
FeMoNiCrBi + ZrB, 0.033 0.038 13.1 4 Same
FeMoNiCrBi + (Ti, Cr)C 0.038 0.04 125 4 »
FeMoNiCrB + FeTiO, 0.04 0.043 11.1 4 »
10 % H,SO,
FeMoNiCrB 0.2 0.22 23 6 Low-resistant
FeMoNiCrBi + ZrB, 0.156 0.174 2.8 6 Same
FeMoNiCrBi + (Ti, Cr)C 0.166 0.186 25 6 »
FeMoNiCrB + FeTiO, 0.182 0.21 24 6 »

Table 6. Test results of detonation coatings based on FeMoNiCrB on abrasion resistance by friction against a loosely fixed abrasive

SiO, abrasive B,C abrasive
Composition of coating . Relative wear . Relative wear
Given wear, g/km resistance Given wear, g/km resistance
FeMoNiCrB 0.00875+0.00075 33 0.0509+0.002 1.9
FeMoNiCrB + ZrB, 0.01065+0.00015 2.6 0.0419+0.0003 2.3
FeMoNiCrB + (Ti, Cr)C 0.01+0 2.7 0.031+0.001 3.0
FeMoNiCrB + FeTiO, 0.00955+0.00595 2.9 0.0414+0.0003 2.3
Steel 30KhGSA 0.0291+0.00145 - 0.099+0.0002 -

occurs in a sulfuric acid solution, the minimum is in
3% NaCl, i.e. the corrosion rate correlates with the pH
value of the solution and decreases in the range from
weakly acidic to neutral and alkaline solutions. There-
fore, the corrosion rate in the 10 % H,SO, solution (pH
is 1) is higher than in the neutral 3 % NaCl (pH is 8.0)
and in the alkaline 5 % NaOH solution (pH is 13).

0107___ E R o
| » Si02 0.099
N = B,C

0.08 - ——

0‘06‘5'_..-"'__ T e —— o
|
4 i R 004[9

0.04 'I P 00414

o 3 002912
0 \io.uos:fj S 000955
A 00[06ﬁ
0+
Fe\1Cr\'IoB B

Ff;f?:f? FeNiCrMoB+
+(FeTiO3) FQNICIMOB

ips . SBOKKGSA

Figure 4. Test results of coatings on friction wear against SiO,
and B,C abrasives, g/km
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Thus, electrochemical tests in the studied solu-
tions showed that in detonation coatings with CP
FeMoNiCrB + (ZrB,, (Ti, Cr)C, FeTiO,), corrosion
current decreases from 2-107° in the 3 % NaC1l and
5 % NaOH to 1.5-10° A/cm, in the 10 % H_SO,. In-
troduction of ZrB2, (Ti, Cr)C, FeTiO, in all the coat-
ings leads to a decrease in the corrosion current by
1.5-3.0 times as compared to the material of the base
FeMoNiCrB depending on the type of additive in the
direction FeTiO, — (Ti, Cr) )C — ZrB,,.

On the basis of the received experimental data, the
comparative evaluation of fatigue life of the studied
coatings of identical thickness in the considered cor-
rosion media was carried out. The results of the cal-
culation of the evaluated service life of the studied
coatings at a thickness of 500 um are given in Table 5

The results of tests of wear resistance of detona-
tion coatings are presented in Table 6 and in Figure 4.

When using the SiO, abrasive, the highest wear
resistance is observed in the coatings produced from
FeMoNiCrB powder, and in the case of B,C abrasive,
among the developed composite coatings, the coat-




PRODUCING AND PROPERTIES OF DETONATION COATINGS BASED ON FeMoNiCrB AMORPHIZING

ing produced from FeMoNiCrB composite powder
+30 vol.% (Ti, Cr)C is the the most wear-resistant. This
correlates with the average microhardness of the coat-
ings (see Table 3), which in the case of FeMoNiCrB +
(Ti, Cr)C amounts to 4450 MPa against ~3800 MPa in
CP FeMoNiCrB + FeTiO, and FeMoNiCrB + ZrB,,.

CONCLUSIONS

1. The coatings deposited by detonation spraying of
composite powders (CP) FeMoNiCrB - ZrB,, (Ti, Cr)
C, FeTiO,, and FeMoNiCrB powder, have a dense
lamellar multiphase structure. The microhardness of
FeMoNiCrB coating is 4855 + 1023 MPa, and in the
composite coatings FeMoNiCrB + (ZrB,, (Ti, Cr), Fe-
TiO it is 3830 £ 570 MPa, 4450 + 700 (20 MPa and
3750 £ 620 MPa, respectively).

2. All the produced coatings have an amor-
phous-crystalline structure. The composition of all the
coatings includes solid solutions based on Fe and (Fe,
Ni) and boride phases Mo,FeB,, Fe,B, oxides, as well
as the amorphous phase, the content of which in the
spraying process grows as compared to the powder.

3. The carried out electrochemical studies showed
that the corrosion resistance of detonation coatings
depends on pH of the solution. In alkaline and neutral
media, the corrosion resistance of coatings is by an
order higher than in acidic medium, which is prede-
termined by the presence of SO, anions. The intro-
duction of additives ZrB,, (Ti, Cr)C and FeTiO, into
the coating reduces the corrosion rate by 2-3 times in
the 3 % NaCl solution and 5 % NaOH and has a weak
effect on the corrosion rate in H,SO,. Detonation coat-
ings, which were investigated in the 3 % NaCl and
5 % NaOH solutions are classified in accordance with
GOST 308-85 at a thickness of 500 um as resistant
with a service life of 14-17 years and 11-13 years,
respectively, and in the 10 % H,SO, as low-resistant
with a service life of 2.4-2.8 years.

4. The studies of wear resistance of the detona-
tion coatings FeMoNiCrB and CP FeMoNiCrB under
wear conditions in unfixed abrasives SiO, and B,C
showed that the relative wear resistance in relation to
the reference “steel 30KhGSA” amount to 2.6-3.3 in
SiO, medium and 1.9-2.9 in B,C medium. The high-
est wear resistance 2.7-3.0 was achieved in the case
of FeMoNiCrB + (Ti, Cr)C coating, having a micro-
hardness of 4450 + 700 MPa.
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ABSTRACT

Chemical welding as an attractive alternative to classical joining techniques occurs through the formation of new chemical
bonds between neighboring molecules at the contacting surfaces to be joined. This review paper presents the current state of the
chemical welding of polyurethanes and their composites via dynamic covalent bonds. The strength of welded joints obtained by
different welding technologies was compared. Different processing parameters affecting the joint quality, namely welding time
and welding temperature were summarized. The future perspectives of chemical welding of polyurethanes and their composites

were discussed in the paper.

KEY WORDS: polyurethanes, composites, chemical welding

INTRODUCTION

Polymeric materials have been widely used in various
fields of advanced technology, including transport,
defense, civil industries due to low weight, specific
stiffness, corrosion resistance, and high fatigue life. In
advanced technologies, manufacturing large parts re-
quires a complex mold, which consequently means a
substantial increase in the cost. However, such a com-
plex part can be manufactured through the assembling
of small parts by using different joining techniques.
Thus, there is a growing need for a fast and effective
way of joining polymer structures.

Welding technology serving as an exceedingly
good tactic to save materials and provide an excellent
bonding strength in the field of metal processing is
also extensively applied in thermoplastic polymer ma-
terials. High-quality welding could be obtained when
thermoplastic polymers are heated to their viscous
flow state in the contact area. Thermosetting polymers
are quite advantageous in comparison to thermoplas-
tics since they have higher thermal stability, fixation
ability, and can perform higher levels of mechanical
work. Moreover, they cannot be replaced by thermo-
plastics in a wide range of engineering applications,
especially those requiring high-performance such as
the aircraft and automotive industry. However, due to
the permanent molecular structure, thermosets could
not melt or be dissolved once synthesized. As a con-
sequence, the traditional diffusion welding technolo-
gy cannot be simply applied to thermosets and their
composites. Therefore, thermoset systems must rely
on chemical welding only to join them.

Chemical welding refers to the process that oc-
curred through the formation of new chemical bonds

Copyright © The Author(s)

36

between neighboring molecules at the contacting
polymer surfaces to be joined. In particular, vitrimers
as a new class of polymers can rearrange their net-
work topology via thermally triggered bond exchange
reactions (BERSs) at elevated temperatures without af-
fecting the average crosslinking degree. Thus, when
two separated vitrimer surfaces are brought into con-
tact the reversible associations (bridges) are formed
across the interface resulting in chemical welding
(Figure 1). Polyurethanes represent a class of materi-
als with important industrial applications that exhibit
favorable mechanical, physical, and biocompatible
properties [1-3]. Moreover, vitrimeric characteristics
of polyurethanes have been already reported [4-5].
This review paper summarizes results on investiga-
tions of the current state of the chemical welding of
polyurethanes and their composites.

RECENT WORK ON CHEMICAL WELDING

Recently, to tackle the obstacle the vitrimer polyure-
thanes have been easily synthesized by using the de-
signed secondary amine (through the addition reaction
of aziridines and lauric acid) and isophorone diisocy-
anate in the absence of any catalyst [6]. The long strip
of the sample with a width of 4 mm and thickness
of 2 mm was cut in half with a razor blade and then
the two pieces were put together at 25 °C for 3 min,
followed by welding at 120 °C for 60 min without
external stress. The thermal-triggered mechanism of
chemical welding via dynamic hindered urea bonds
exchange under catalyst-free conditions is shown in
Figure 2. It was found, that the welded joint can be
stretched up to 200 % strain without tearing and can
lift a weight of 0.5 kg without breaking at the welded
part (Figure 3).
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Figure 1. Chemical welding of two surfaces involves chemical reactions (a). Topological rearrangements occur via exchange reactions

on a macromolecular chain during chemical welding (b)

In recent years with increasing attention on the
environment and economy, various low-cost and sus-
tainable biobased resources have been used as alter-
natives to petroleum-based materials. Fully biobased
and recyclable polyurethane-vitrimers were designed
via classical polyurethane chemistry: reaction of poly-
ethylene glycol, castor oil, and hexamethylene diiso-
cyanate, using dibutyltin dilaurate and ethyl acetate
as catalyst and solvent, respectively [7]. The chem-
ical welding through transcarbamoylation reaction
of carbamate bonds was carried out (i) at 150 °C for
different time (2, 5, 10, 20 and 30 min) and (ii) at dif-
ferent temperature (140 °C, 150 °C, 160 °C) for 5 min
by keeping the other parameters constant. This study
showed that the stress of chemically welded joints
tended to increase with welding time at a fixed tem-
perature (Figure 4, a). It is worth noting that the weld-
ed joints with welding time of 2, 5 min (Figure 4, d©),
and 10 min (Figure 4, d®) all broke at the overlapped
part and had relatively lower stress at break. However,
the welded joints under the same temperature but with
a longer welding time (20 and 30 min) had stress at
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Figure 2. Thermal-triggered mechanism of dynamic hindered
urea bonds exchange [6]

break higher than 2 MPa and broke at bulk material
instead of the overlapped part (Figure 4, d®) due to
nearly complete transcarbomoylation reaction at the
overlapped part. Welding temperature also plays an
important role in weld quality. It can be seen in Fig-
ure 4 b that higher welding temperature promoted bet-
ter recovery of the material strength across the inter-
face with the same welding time. Importantly, samples
chemically welded at 140 °C (Figure 4, d®) or 150 °C
(Figure 4d®) were broken at the overlapped part and
had relatively lower stress at the break, whereas the
samples welded at 160 °C were broken at bulk materi-
al part (Figure 4, d®). Thus, a facile strategy to select
and optimize the processing conditions for chemical
welding of films based on polyurethanes could be re-
alized through changes in welding time and welding
temperature.

Figure 3. Photograph of film welded at 120 °C for 60 min before
(@) and after (b) stretching. Photograph of welded joint with a 0,5
kg weight lifting test (c) [6]
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Figure 4. The mechanical properties of the welded joint at 150 °C at different times (a) and different temperatures for 5 min (b). Spec-
imen of the lap-shear test (). Fracture modes of the welded joints (d) [7]

The welding process is not limited to the film
joints, and the thick samples can be chemically weld-
ed. Thus, a new type of vitrimers were prepared from
commercially available monomers (trimethylolpro-
pane tris(3-mercaptopropionate), hexamethylene di-
isocyanate) by an easy procedure using tert-butyl iso-
cyanate and dibutyltin dilaurate as the catalysts [8].
The synthetic reaction has click characteristics, which
assure a great homogeneity of the poly(thiourethane)
network structure. These materials can be chemical-
ly welded at 180 °C for 40 min under pressure, as it
is shown in Figure 5. The trans-thiocarbamoylation
reaction, which has a non-dissociative mechanism,
responsible for the welding ability of these vitrimers
has been chemically assessed by the use of model
compounds and gas chromatography coupled to mass
spectrometry. The non-dissociative character of the

trans-thiocarbamoylation process has been confirmed
in the materials by FTIR spectroscopy.

In the above studies, the heating stimulus was uti-
lized to activate the chemical welding. However, di-
rect heating is unsuited for a heat-sensitive application
like biomedicine, and it is also limited when the tar-
geted locations could not be reachable in some special
engineering environments. In comparison with heat-
ing, the near-infrared (NIR) light-responsive method
possesses many distinctive advantages including (i)
remote activation is available due to the travel char-
acteristics of light; (ii) regional activation can be re-
alized by regulating the spot size without intervening
with the surrounding environment; (iii) light stimu-
lus is immediate by turning the light source on or off
[9]. A common approach to creating light-responsive
chemical welding is to introduce photothermal fillers,
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i

——

Figure 5. Visual demonstration of chemical welding of poly(thiourethane) vitrimer films at 180 °C for 40 min under pressure [8]

such as metal nanoparticles, conjugated polymers,
rare earth organic complexes, carbon nanomaterials,
photothermal fillers. Among them, carbon nanotubes
(CNTs) as novel 1D nanomaterials have many excel-
lent performances, namely high mechanical proper-
ties, electrical and thermal conductivity. Most import-
ant of all, CNTs can absorb NIR light and generate a
large amount of heat [ 10 — 11]. Therefore, the addition
CNTs to polyurethane-vitrimers may be a good option
to carry out chemical welding induced by NIR light.
Recently, CNTs-polyurethane vitrimer nanocom-
posites were synthesized by chemical reaction of the
hexamethylene diisocyanate with polyethylene glycol
(M, = 2000) and castor oil in the presence of dibut-
yltin dilaurate as a catalyst for transcarbamoylation,
with different content of CNTs ranging from 0 to
1 wt.% [12]. Chemical welding of the nanocompos-
ites induced by NIR light (980 nm) was conducted
with an overlap area of 1.0x1.0 mm and irradiation

Figure 6. The sample of the lap-shear test («). The photographs
of the lap-shear test from the samples with different weld times: 2
(b), 5 (¢), and 20 min (d) [12]

by a NIR light at different times. The light intensity of
the NIR laser irradiation was 1.41 W-cm™2, Although
the shortest welding time was only 0.5 min, the shear
strength has already reached 0.2 MPa, which was an
amazing welding efficiency. As seen in Figure 6, b—d,
the shear strengths of the welded joints gradually in-
creased with the extension of welding time from 2 to
20 min proving that longer welding time enhances the
welding effect. Beyond that, the effect of CNTs con-
tent on the welding efficiency was discussed as well.
It was found that the composite with 0.5 wt.% CNTs
has a higher thermal conductivity than that with 0.05
and 0.1 wt.% CNTs under the same welding condi-
tions, which promotes transcarbamoylation and en-
dows the sample with excellent welding performance.

Recently, the chemical welding of the nanocom-
posites induced by heat and NIR light was discussed
separately, and the welding efficiency of the two meth-
ods was compared (Figure 7) [12]. It was found, that
the two pieces of CNTs-polyurethane nanocomposites
can never be chemically welded at 80 °C (T, = 90 °C)
due to the lack of adequate exchange reaction at this
temperature. However, the specimens could be welded
together at 110 °C for 10 min. It should be noted, that
temperature of nanocomposites produced by the pho-
tothermal effect of CNTs has reached 90 °C 0.5 min
or 110 °C at 1 min. It was surprising to find that the
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Figure 7. Comparison of welding effects of CNTs-polyurethane
vitrimer nanocomposite induced by NIR and heat [12]
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shear strength of the sample irradiated for 1 min by
NIR was much stronger than that of the specimen
heated at 110 °C for 10 min, which further proves that
the NIR-welding technology possesses a higher effi-
ciency. According to these results, chemical welding
induced by NIR light would be beneficial for joining
or repairing the CNTs-polyurethane nanocomposites.

CONCLUSIONS

Chemical welding is a relatively new welding ap-
proach that opens the way towards assembly of poly-
urethane materials without adhesives or molds. Thus,
polyurethanes can be facilely welded by heat. The
weld quality could be controlled by different weld-
ing parameters associated with the welding proce-
dure such as welding time and welding temperature.
Chemical welding of polyurethane nanocomposites
could be induced by heat and NIR-light. The NIR-in-
duced welding technology is not only convenient but
also environmentally friendly and has higher effi-
ciency compared with thermal technology. Moreover,
the NIR-induced welding technology makes remote
and spatial welding technology of nanocomposites
possible. Although significant progress was made by
researchers in the past years, their inputs are mostly
based on observation of the weld with electron micro-
scopic techniques and test data coming from mechan-
ical tests. Work is left to be done to get high joining
strengths with a reasonable welding time to enable the
efficient transfer of new technologies to the industry
in the close future.

Funding: This research was funded by the Nation-
al Academy of Sciences of Ukraine under program No
6541230 for Young Scientist Laboratories (agreement
No 11/01-2020).
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BY THE METHOD OF EB-PVD ON A ROTATING SUBSTRATE

Yu.A. Kurapov, V.O. Osokin, G.G. Didikin, L.A. Krushynska, S.E. Lytvyn, V.V. Boretskyi

E.O. Paton Electric Welding Institute of the NASU
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT

The paper gives the results on the features of formation of a microlayered structure of NaCl-Fe composite and the possibility
of producing iron nanoparticles of different size on a rotating substrate by EB-PVD method with peripheral position of evapo-
ration material sources relative to the substrate rotation axis. It is shown that the layer thickness is determined by the substrate
rotation speed. It is found that Fe nanoparticles are present in NaCl matrix in the form of Fe,O, oxide.

KEY WORDS: electron beam evaporation, condensation, EB-PVD, composite, nanoparticles, iron oxide, phase composition

INTRODUCTION

Investigations of the conditions of formation of com-
posite materials based on iron nanoparticles, having a
set of medicobiological characteristics, are required
for development of nanostructured medicinal sub-
stances with the purpose of modification of the ex-
isting medical drugs by active nanoparticles. The
nanoparticles have a well-developed active surface
and, consequently, high sorption capacity. Due to
their size (less than 15 nm) the iron nanoparticles can
interact and bind with biological objects, the size of
which is equal to 10-100 nm in the case of cells, 920-
450 nm for viruses, 2 nm wide, 10-100 nm long for
DNA [1]. Formation of nanoparticles in water-soluble
matrices allows storing them while preserving their
size for a long time.

Experimental data accumulated so far, confirm
the possibility of obtaining NaCl-Fe composite ma-
terials with nanoparticles of iron oxide (Fe,O,, Fe,0,)
on stationary substrates. The geometry of stationary
substrate location relative to vapour flows of initial
materials leads to formation of films with compo-
sition gradient up to almost 40 %, increases the in-
homogeneneity of NaCl-Fe materials and limits the
technological process productivity [2-5].

EB-PVD process combines the possibilities of in-
tensive controlled evaporation of various materials
in vacuum with their subsequent condensation on a
cooled rotating substrate, and it opens up broad pos-
sibilities of variation of application of diverse control
schemes and automation of the parameters of this
technological process performance [6—8]. Therefore,
development of scientifically based electron beam
technology of producing iron nanoparticles in NaCl
matrix on a rotating substrate is an urgent task.

Copyright © The Author(s)

The work deals with the features of application of
a technological procedure of conducting the EB-PVD
process with the position of evaporation material sources
peripheral relative to the substrate rotation axis to pro-
duce NaCl-Fe composites [9], and presents the results
of experimental studies of the structure and some prop-
erties of the produced micro- and nanoscale materials.

INVESTIGATION MATERIALS
AND PROCEDURES

Sodium chloride and Armco-iron were used as initial
materials for evaporation. Material purity was 99.5 %.
Sodium chloride cylinders of 49.8 mm diameter and 60—
80 mm height were made by cold pressing. Iron ingots
were produced by electron beam remelting of 60 mm di-
ameter rods into a 52 mm crucible. Produced ingots were
ground to finish size of 49.5 mm diameter and 150-200
mm length, which prevented their jamming in the cruci-
ble at vertical feed as they evaporated.

After complete depressurizing of the vacuum cham-
ber, NaCl-Fe composite was separated from the sub-
strate and stored in the initial state in air and in alcohol.
In connection with the problem of making sections by
a standard procedure from NaCl-Fe composites (NaCl
matrix dissolves in H,O), investigations were conducted
on self-standing brittle chips of composites.

MICROSTRUCTURE

was studied on transverse (in the condensation direc-
tion) chips of the samples, using scanning electron
microscopy Cam Scan 4D.

ELEMENTAL COMPOSITION

of the composites was determined using an X-ray
spectral microanalyser — EDX attachment to Cam
Scan 4D microscope. At application of INCA-200 En-
ergy program for result processing, the measurement
error was equal to 0.3 %.
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X-RAY PHASE ANALYSIS (XPA)

Diffraction patterns of the samples were recorded in
DRON-UMI diffractometer in filtered cobalt (CoK )
radiation in Bragg-Brentano filming geometry in the
angle range of 10-85° with 0.05 step and exposure
in 2 s point. They were saved in the digital form in a
file of 20(degr.)-I(intensity, s ') format. Phase identi-
fication was conducted with application of X-ray data
base PDF-2. Average crystallite size was calculated
by Scherrer equation. Semi-quantitative phase analy-
sis was performed using Match program.

STUDYING THE SIZE OF IRON POWDER
PARTICLES OF Fe,0,-NaCl-H,0)
COLLOID SYSTEMS (CS)

Deionizer water was used to prepare Fe,O,~NaCl-
H,O CS. Not less than three measurements were taken
in each sample to control the repeatability of the re-
sults. Higher degree of particle dispersion in the stud-
ied samples was achieved by heating the samples up to
80 °C temperature in a quartz cuvette. In DLS-method
(Dynamic Light Scattering) the main parameters char-
acterizing the particle size distribution are the average
hydrodynamic diameter of particles (Z-average) and
polydispersity index (Pdl) — a dimensionless value
characterizing the distribution width (this parameter
is highly sensitive to the presence of aggregates in the
sample). For monodispersed samples Pdl parameter is
not higher than 0.1.

PARTICLE SIZE DISTRIBUTION
IN THE COLLOID SYSTEMS

was studied by the method of laser correlation spec-
troscopy (LCS) in laser correlation spectrometer “Zeta

Figure 1. Diagram of producing NaCl-Fe composites on a rotat-
ing substrate: 1, 2 — electron beam guns; 3 — rotating substrate;
4,7 — water-cooled crucibles; 5 — Fe ingot; 6 — NaCl cylinder;
8 — graphite washer
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Sizer-3” (Malvern Instruments, Great Britain) with
“Multi 8 computingcorrelatetype 7032 ce” correlator.
The instrument is fitted with helium-neon (He—Ne)
laser with 633 nm wave length and 25 mW power. In-
strument measurement range is from 1 nm to 20 pum.
The function of size distribution of the nanoparticles
was computed from experimentally derived autocor-
relation function using PCS Size Mode v.1.61 pro-
gram. Particles being in a suspended state in the lig-
uid, at their irradiation by the laser beam scatter the
light, which is focused at a certain angle and recorded
by the photodetector. Scattered light registration angle
was 90°. Particle size distribution was converted from
intensity units into quantitative ones using Mie theory
(Mie 1908).

KINETICS OF OXIDATION OF MICROLAYERED
NaCl-Fe COMPOSITES IN AIR

was studied in thermogravimetric analyzer (TGA)
TGA-7 of Perkin Elmer Company (USA) at a stable
fixed heating/cooling rate of 10 °C min! in the range
of 20-650 °C. A sample of NaCl-Fe composite of
up to 100 mg weight was placed on a platinum plate,
which was hung on sensitive balance (up to 0.1 pg)
and was heated or cooled, fixing all the weight chang-
es in dynamics.

EXPERIMENTAL TECHNIQUE

Technological procedure of producing NaCl-Fe com-
posites on a rotating substrate is shown in Figure 1.
Evaporation materials 5, 6 are placed into copper
water-cooled crucibles 4, 7 and they are transformed
into vapour by electron beam guns 1, 2, and the mixed
vapour flow is condensed on the rotating substrate 3
positioned above the crucibles.

Initial material evaporation was performed from
crucibles 4, 7 with inner diameter of 50 mm by elec-
tron beam guns 1, 2 of 60 kW power. The gun ac-
celerating voltage was 20 kV. Application of washer
8 with a system of inclined vapour channels at NaCl
evaporation ensured uniform distribution of sodium
chloride layer thickness in the produced composites
along the rotating substrate radius.

Vacuum in the process chamber during evapora-
tion was (1.2-2.4)-1072 Pa. The total vapour flow was
condensed on a rotating water-cooled copper substrate
3 of 400 mm diameter with pre-applied anti-adhesion
layer of NaCl. Substrate temperature was equal to ap-
proximately 70 £ 10 °C. The distance from the cru-
cibles to the substrate was equal to 230 mm, and the
distance between the crucible axes was 115 mm. One
composite layer (composite) — H which consisted of
two NaCl- and Fe-enriched layers, h, . and h_, re-

NaCl Fe!
spectively, was produced in one cycle of substrate ro-
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Ta6auus 1. Characteristics of typical microlayered NaCl-Fe composites produced at different speeds of substrate rotation (V)

V.. rpm-min- t,. min Number of layers H. pm Ny M h.,. um he/Ne
2 11 22 3.89 3.25 0.64 0.2
20 12 240 0.68 0.56 0.12 0.2
25 20 500 0.55 0.46 0.09 0.2

Note. H — total thickness of an isolated NaCl composite; h, .,

— thickness of NaCl-enriched layer in an isolated NaCl-Fe composite. h_, —
thickness of the layer enriched in Fe in an isolated NaCl-Fe composite

tation on the path over the total vapour flow of ion-so-
dium chloride. The thickness of the composite layers
and iron concentration in the composite was regulat-
ed by substrate rotation speed and intensity of initial
material evaporation. The deposition rate of the total
vapour flow (condensation rate V) was 6-9 pm-min-".
The produced condensate thickness was 80—240 pm.

EXPERIMENTAL RESULTS

A feature of the produced NaCl-Fe composites at
evaporation from two independent crucibles and
deposition of mixed vapour flows on the rotating
substrate is their layering. It is logical to assume that
the main causes for appearance of layering are varia-
tions of the condensation flows and features of crystal
growth. Generalized comparative characteristics of
the studied NaCl composites produced on a rotating
substrate, are given in Table 1.

As one can see from the presented data, a reduction
of the total thickness of an individual NaCl layer by
14 % is noted with increase of the substrate rotation
speed from 2 to 25 rpm-min-!, here the ratio of layers
enriched in iron and sodium chloride h_/h, . remains
constant and equal to approximately 0.2.

Influence of the rotating substrate speed on thick-
ness of the layers, enriched in Fe and NaCl in NaCl—
Fe composite, is shown in Figure 2.

Thicknesses of the layers enriched in NaCl and
Fe in NaCl-Fe composite depend on the rotating
substrate speed (Figure 2). At the speeds of 25 rp-
m-min-! the thicknesses of the layers enriched in
NaCl and Fe, are equal to 0.46 ad 0.09 um, respec-
tively and are by 14 % lower, compared to speed
V =2.0 rpm-min-'.

NaCl

Hpe m Iy M
045
0.25]
0.05 i ! I )
0 5 10 15 20 V,rpm:min’!

Figure 2. Dependence of the thickness of h,, — (1) and h,, (2)
layers of NaCl-Fe composite on the substrate rotation speed

STRUCTURE OF CHIPS
OF INITIAL NaCl-Fe COMPOSITE

Figure 3 shows the microstructure of the produced
NaCl-Fe composites at condensation temperature of
approximately 70 °C with different speed of substrate
rotation of 2 and 20 rpm-min-'. The composites con-
sist of layers located parallel to the rotating substrate
plane (Figure 3, a). The layers are made up of crys-
tallites directed along the condensation flow, and have
a weakly pronounced columnar structure across the
condensate thickness. Columnar crystallites are ori-
ented in the direction, normal to the rotating substrate
surface and have NaCl and Fe-enriched alternating
layers of different thickness (Figure 3, b). Such a
growth pattern corresponds to the earlier established
regularity, according to which columnar crystallites
form in the range of the ratio of substrate tempera-
ture to metal melting temperature of 0.3—0.5 [10]. The
maximum size of the crystallites calculated by Sherrer
equation in NaCl-enriched layers, is close to 45 nm.
Maximum size of crystallites in Fe-enriched layers, is

- = — T ——— =
et At ettty Ry T
e gt -
| AR
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Figure 3. Typical microstructure of the transverse chip of NaCl—
Fe composite samples, produced on a rotating substrate: a — 2;
b — 20 rpm-min-!
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Table 2. Elemental composition of transverse chip of samples of NaCl-Fe composites, produced at different speed of substrate rotation, wt.%

ISp_cct_rum 3: -;\ - v Spectrum 4 —r
. - | T & - : : - i '1.|! LA ;
“ - - 5 TSpectrum 3t
Si‘wctrum 2 - ‘ ;
106 pm - - o
- . - :‘ fure 2 o i
i *' .." .
- spectrum |
’ i I
SN — S0um .
a
Spectrum Fe 0O Na Cl
Substrate rotation speed V_ ~ 2.0 rpm-min' (a)
1 27.85 13.96 28.05 30.14
2 16.46 18.00 30.39 35.15
3 14.22 17.36 30.68 37.73
4 18.38 15.43 29.49 36.69
Substrate rotation speed, V, ~ 25.0 rpm-min-' (b)
1 19.75 5.64 29.40 45.21
2 18.06 6.28 28.79 46.87
3 19.93 7.22 28.74 44.12
4 23.43 4.80 25.18 46.60
5 16.75 8.78 27.48 46.99

within 8-10 nm. Certain differences in the crystalline
structure of alternating layers (sodium chloride and
iron) are due to the condensation features and are in
accordance with the main regularities of direct elec-
tron beam evaporation of inorganic substances with
subsequent condensation of the vapour flow at sub-
strate temperature T_ < 0.3T_ (T is the melting tem-
perature), where condensates have an amorphous or
nanosized structure [11].

So, at V, =20 rpm-min~' (Figure 3, b) the compos-
ite layering is preserved, but the intensity of reduction
of the thickness of iron-enriched metal layers is more
pronounced, compared with thicknesses of NaCl-en-
riched layers. More over, in metal layers h_, in the
area of crossing the joint crystallite boundaries addi-
tional opening of the channels along intercrystalline

O/Fe, at.%

10 15 20 Fe, wt. %

Figure 4. O/Fe ratio in NaCl-Fe composites produced on rotating
substrate at V,, rom-min-": 1 — 2; 2 — 20; 3 — 25 depending on
Fe content
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boundaries is observed across the composite thick-
ness. Presence of porosity in h_, layers stimulates this
mechanism. At increase of substrate rotation speed, as
a result of thinning of iron-enriched layers, the inten-
sity of channel formation across the layer thickness is
increased, leading to their fracture.

Investigations of element content on the transverse
chip of NaCl-Fe composite showed a large amount
of oxygen, adsorbed by Fe nanoparticles from the air,
after depressurizing the vacuum chamber (Table 2).
Here, the average percentage of oxygen decreases
from 16.2 to 6.5 wt.% at increase of substrate rotation
speed from 2 to 25 rpm.,

The value of the ratio of atomic fraction of oxy-
gen to atomic fraction of iron depends on the quantity
of iron, and decreases with increase of its content in
NaCl-Fe composite (Figure 4). Lowering of the ratio
of atomic percentage of oxygen to that of iron, de-
pending on increase of the rotating substrate speed is
attributable to reduction of average percent of oxygen
in NaCl-Fe composites.

Indeed, the high adsorption capacity for oxygen
is inherent in smaller nanoparticles, and the size of
iron particles decreases with increase of iron content
in the composite, leading to increase of the total area
of nanoparticle surface, which results in decrease of
the value of the ratio of atomic fraction of oxygen to
that of iron.
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Table 3. Influence of Fe content on phase characteristics of initial NaCl-Fe composites, stored in air and placed into containers with

alcohol
Air Alcohol
Fe, wt.% Fe304 NaCl Fe304 NaCl
av. cr! nm Fcr’ wt.% av. cr’ nm Fcr’ wt.% av. cr’ nm Fcr’ wt.% av. cr’ nm Fcr’ wt.%
14 - ~1 30 99 15 5 95 95
15 7 3 27 97 14 12 50 88
17 8 4 40 96 13 6 58 94
19 » » 30 » - - - -
20 » 5 45 94 13 12 60 88
23 5 » 30 95 » 10 55 90
24 6 8 » 92 14 12 50 88
25 » 6 28 94 » 7 65 93
Note. D,, . — average crystallite size, F — crystalline phase content.
Metal phase content in NaCl-Fe composites was o
. . s M
varied from 16 up to 25 wt.%. X-ray phase analysis = 7
(Table 3) showed that iron nanoparticles are present Y 3 -~ 4 1
in the form of Fe,O, in sodium chloride matrix. Ox- 2 )
idation of iron nanoparticles to Fe,O, occurs at de- :
.. . A A
pressurizing of the vacuum chamber during compos- A
- - - - - b
ite separation from the rotating substrate, resulting in 4 ; | A
13 17 21 Fe, wt.%

violation of the composite integrity and acceleration
of the reaction of oxidation of the open surface of iron
nanoparticles by oxygen in porous NaCl matrix. At
interaction of iron nanoparticles with oxygen from the
air an exothermal reaction with heat evolution takes
place. In some cases, the temperature of condensate
plates separated from the substrate exceeds 100 °C.
Therefore, in order to preserve a stable state of the
composite at separation from the substrate, fractures
of NaCl-Fe composites were directly placed into a
container with alcohol.

Phase composition and average crystallite size of
(Sherrer equations) of initial NaCl-Fe composites,
stored in air and in alcohol, are given in Table 3.

In samples of NaCl-14 wt.%Fe composite, stored
in air, XRD records reflexes only from NaCl. It is ob-
vious that the dimension of iron oxide phase particles
(~ 1 wt.% Fe content in the composite) is beyond the

Figure 5. Dependence of average size of Fe,O, crystallites on Fe
content in NaCl-Fe composites, produced in air (1) and in alcohol (2)
limits of sensitivity of this method. Increase of the
amount of iron leads to appearance of Fe,O, oxide
with average crystallite size (D, ) equal to 5-9 nm.
Here, with increase of the content of crystalline phase
F. the average size of crystallites (D,) becomes
smaller (Figure 5). Reduction of particle size leads to
an increase in the role of surface energy and points to
a high adsorption ability of small nanoparticles [11].

Atformation of Fe,O, nanoparticlesinalcohol, their
size practically does not change (D,, = 13 = 1 nm) de-
pending on Fe content from 14 to 25 wt.% (Figure 5).
Increase of average size of Fe,O, nanoparticles in al-
cohol is probably related to better protecting proper-
ties of alcohol at the stage of oxygen sorption, but this
requires further studies.
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Figure 6. X-Ray diffraction patterns of NaCl-Fe composite powders: a — 25; b — 17 wt.% Fe
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Table 4. Phase composition of NaCl-Fe composites

Sample Fe, wt.% Phase composition Average crystallite Crystalline phase
size, nm content, wt.%
1 17 NaCl JCPDS # 75-306 68 94
Fe,0, JCPDS # 88-315 13 6
2 25 NaCl JCPDS # 75-306 65 93
Fe,0, JCPDS # 88-315 14 7

Samples of Fe,O,-NaCIl-H,O colloid systems
(CS) with iron content of 17 to 25 wt.% were studied
in the work. In keeping with X-ray data, the samples
were single-phase Fe,0,. Material dispersion was de-
termined by X-ray diffraction methods (XRD) and
dynamic light scattering (DLS). Figure 6 and Table 4
show the results of analysis, performed by X-ray dif-
fraction method.

In keeping with the calculations, the size of Fe,O,
oxide crystallites in the studied powders was in the
range of 13—14 nm (Table 4).

Data presented in Figure 7 and in Table 5 show
that heating of the studied samples up to the tempera-
ture of 80 °C leads to stabilization of powder disper-
sion. For each of the samples, a monomodal distribu-
tion with a maximum in the range of 106.3-115.6 nm
(for different compositions) and 60.5 nm for a sample
washed from salt (not given in the paper) is in place.
A large value of distribution width (Pdl > 0.252) is
indicative of presence of agglomerates of particles of
different size in the dispersion. Maximum part of the

Volume, %

particles is represented by 90 and 170 nm fractions,
and the size of the smallest particles is close to 40 nm.

In the studied CS the value, corresponding to the
distribution maximum (Table 5) can be regarded as
characteristic average value of particle size. These
values are higher than the average size of the crys-
tallites determined by X-ray diffraction method. It
means that the studied samples contained aggregates,
which do not break down at heating to 80 °C.

Data given in Table 6 show that for dispersions
of CS samples at temperatures of 25 and 80 °C the
parameters of average particle size (Z-average) and
distribution width (PdI) had high values and scatter
that characterizes the samples as polydispersed with
presence of aggregates.

NaCl-20 wt.% Fe composite, produced at sub-
strate rotation with maximum speed of 25 rpm-min-',
was selected to study the kinetic characteristics, as the
condensate with maximum possible uniform distri-
bution of iron across its thickness and optimum iron
content (up to 20 wt.%) [8]. X-ray phase analysis of

Volume, %
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Figure 7. Particle size distribution (abscissa is given by the logarithmic scale) of NaCl-Fe composite powders at measurement tem-

perature, °C: a — 25; b — 80, samples 1 and 2
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Table 5. Average size of CSA™ measured by XRD method, and of
particles measured by DLS method, for NaCl-Fe powders

Method of measuring particles size
Fe DLS (maximum of particle
Sample Wi ‘;A) size distribution, nm) XRD (CSA
T, °C size, nm)
25 80
1 17 796.5 110.9 13
2 25 593.2 106.3 14

*Coherent scatter area.

Table 6. Estimated values of the quality of dispersion of NaCl-Fe
powders

7,°C
Fe,
Sample W% 25 80
Z-average Pdl Z-average Pdl
1 17 894.1 0.889 2893 1.000
2 25 1182 0.663 2578 »

Table 7. X-Ray phase analysis of NaCl-20 wt.% composites after
storing in air and in alcohol for 30 days

Phase Fe,0, NaCl
Dimension nm % nm %
Air 10 3 30 97
Alcohol 13 12 60 88

the initial NaCl-20 wt.% Fe composites after storage
in air and in alcohol for 3-days is indicative of the
presence of Fe,O, phase with 8 and 13 nm nanoparti-
cles in them (Table 7).

Figure 8, a shows kinetic curves of the initial sam-
ple, stored in air for a day (curve 1) and in alcohol
(curve 2). Sample, stored in air (Figure 8, a, curve 1)
is characterized by 4.5 % reduction in mass at heating
to 430 °C [12], that is attributable to desorption of
adsorbed moisture (differential curve 1, Figure 8, b).
Further increase of temperature to 650 °C is accom-
panied by increase of sample mass due to additional
oxidation of Fe,O, phase to Fe,O, [13]. The sample
stored in alcohol (Figure 8, a, curve 2) is characterized
by 3 % reduction of mass at heating to 650 °C, that is
also attributable to desorption of adsorbed moisture
(differential curve 2, Figure 8, b). However, a smaller
percentage of sample mass decrease can be account-
ed for by better protective properties of alcohol at the
stage of moisture sorption. It is possible that storing
in alcohol prevented the start of additional oxidation
of Fe,0, to Fe,O, (12 % of Fe,0, phase instead of
3 %, Table 7), and formation of a more stable Fe,O,,
although it still requires additional studies.
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Figure 8. Thermogravimetric analysis (a) and differential ther-
mogravimetric (b) analysis in air of NaCl-20wt.% Fe composites
after storing for 24 h in air (1) and in alcohol (2)

Assessment of magnetic characteristics showed
that the sample stored in alcohol (with greater mass of
Fe,O,), has better magnetic properties.

CONCLUSIONS

1. NaCl-Fe composites, produced by the procedure
with arrangement of evaporation material sources pe-
ripheral relative to the substrate rotation axis, have a
layered structure.

2. The total thickness of the layers depends on sub-
strate rotation speed and is equal to 3.89 to 0.55 um
for V_ =2 and 25 rpm-min™', respectively.

3. The ratio of the thickness of layers enriched in
iron and sodium chloride, remains constant and is
equal to approximately 0.2, irrespective of the sub-
strate rotation speed; thickness of Fe- and NaCl-en-
riched layers in an isolated composite for V_= 25 rpm.
min* is equal to h_, = 0.09 and h,, = 0.46 pm, re-
spectively.

4. 1t was found that oxidation of iron nanoparticles
to Fe,O, oxide occurs at depressurizing of the vacuum
chamber during the condensate separation from the
substrate.

5. Average size of Fe,O, crystallites, depending on
Fe content in NaCl-Fe condensate, is determined by
the method of its storage: in air or in alcohol. In 14 to
25 wt.% range of iron concentration the average size
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of Fe,O, particles, stored in air is 5-10, and in alco-
hol — 13 £ 1 nm.

6. It was found that nanoparticles, produced in
NaCl-17-24 % Fe composites, have a monomodal
distribution with a maximum in the range of 106.3—
115.6 nm. Minimum size of the nanoparticles is equal
to 40 nm.

7. Investigations on the transverse chip of the com-
posite confirmed the presence of oxygen, adsorbed by
Fe nanoparticles from the air. Depending on substrate
rotation speed, the average percentage of oxygen de-
creases from 16.2 to 6.5 wt.% at V_ increase from 2 to
25 rpm-min-!, respectively.

8. Value of the ratio of atomic fraction of oxygen
to atomic fraction of iron depends on the amount of
iron, decreases with increase of its content in NaCl-
Fe composite and increase of substrate rotation speed.

9. Storing NaCl-Fe composites in alcohol protects
them from saturation by moisture and iron oxidation,
and, consequently, leads to more stable physical prop-
erties in time.
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NON-DESTRUCTIVE TESTING OF ELEMENTS
OF TITANIUM HONEYCOMB PANELS
BY SHEAROGRAPHY METHOD USING VACUUM LOAD
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ABSTRACT

The use of the modern method of non-destructive quality testing — electron shearography in combination with vacuum load
for the study of elements of titanium honeycomb panels is considered. The effectiveness of the procedure for detecting inner
defects of different location in the honeycomb panels, size and configuration is shown.

KEY WORDS: non-destructive quality testing, honeycomb panels, electron shearography, vacuum load

INTRODUCTION

Manufacture of modern products and structures, char-
acterized by high quality and reliability, is associated
with the use of new structural materials with set phys-
ical and mechanical properties. They mostly operate
in the conditions of a complex mechanical load and
temperature gradients. At the same time, even a slight
concentration of stresses, that occurs in the zone of
defects of structural elements, may lead to loss of
their serviceability.

Providing high quality of created structures is
one of the most important scientific and technical
problems. In this regard, it is important to improve
the well-known and develop new modern automated
methods and means of quality testing of mechanisms
and structures.

At present, in order to detect defects in materials
and structures, a group of non-destructive methods
is used, that include: radiological, acoustic, lumi-
nescent, method of eddy currents, etc. [1, 2]. Each
of these methods has its own disadvantages and ad-
vantages, but none of them is universal and does not
satisfy all the requirements for means and methods of
non-destructive testing.

The group of the abovementioned testing meth-
ods successfully complement the methods of laser
interferometry, especially speckle-interferometry. For
engineering applications, the method of shear speck-
le-interferometry (shearography) is perspective [3, 4].
This method allows directly obtaining the value of
derivatives from displacements and is effective in the
analysis of deformations. The shearography method is
not sensitive to displacement of the object as a whole,
since such a displacement does not cause deformation
and also does not require special protection against
vibrations.

Copyright © The Author(s)

An intense development of computer and compu-
tational technology allowed a substantial improve-
ment of the shearography method and development
of the method of digital shearography [5—-10]. An im-
portant characteristic feature of the method of digital
shearography is the fact, that it allows observing a
dynamic pattern of interference fringes in a real-time
mode. The relative simplicity of this method allows
applying it to solve significantly more complex prob-
lems associated with the analysis of deformations and
quality testing of structures in laboratory and industri-
al conditions.

At present, digital shearography is intensively de-
veloping and has such advantages as visualization,
contactlessness, high sensitivity, possibility of per-
forming studies of objects of a complex shape and
significant sizes in a real-time mode. In addition, an
important advantage, as was mentioned above, is in-
sensitivity to vibrations.

SHEAROGRAPHY SYSTEM
FOR NON-DESTRUCTIVE
QUALITY TESTING

Shearography quality testing is based on registration
of difference during deformation while loading a de-
fect-free element and an area with a defect, since in
the defect zone, a decrease in rigidity is typical.

At the E.O. Paton Electric Welding Institute
(PWI), an automated shearography system based on a
modified Michelson interferometer with a variable in-
clination angle of the mirror in one of the optical arms
was developed. The block-diagram of this system for
non-destructive quality testing is shown in Figure 1.

Shearographic system (Figure 2) includes the fol-
lowing main components: laser illumination system
(1, 2), lens (3), interferometer (4), digital camera (12),
laptop or computer with monitor (13), phase-shifting
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Figure 1. Block-diagram of shearography system: 1 — source of
coherent radiation; 2 — laser beam expanding device; 3 — lens;
4 — shearography interferometer, which includes lenses 5, divid-
ing cube 6, mirror 7, fixed on piezoelement 8, mirror 9, which
creates displacement of image using screws 10; 11 — controller
for piezoelement control 8; 12 — digital camera; 13 — laptop;
14 — investigated specimen

system (7, 8, 11). The piezoelectric phase-shifting el-
ement with the power source provides the required
phase shift between the two wavefronts as a result
of the mirror displacement in one of the optical arms
of the interferometer to the value A/2, A, 3A/2, where
A is the length of the laser radiation wave. Shearog-
raphy mirror 9 serves to create a shear. Varying the
inclination angle of the mirror in the interferometer
with the use of screws 10, it is possible to set the re-
quired displacement value. In this case, the value of a
shear affects the sensitivity of the measurement of the
testing system. The laser is intended to illuminate the
objects of investigations and the formation of speck-
le-structure on it. The replaceable lens 3, mounted on
the shear-module 4, allows receiving and focusing
the obtained speckle-patterns on the array of a digital
camera 12 for their further digital processing. Replac-
ing lenses, it is possible to adjust interferometer for
studying regions of objects with a different area.

Figure 2. Appearance of shearography interferometer with laser
modules
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Studying the quality of objects requires specifying
exactly what kind of surface deformations is better for
registration — plane or out-of-plane, since different
types of loading the specimen used in the process of
shearography control causes different types of defor-
mation. For example, during the use of thermal load
or inner pressure, in the object out-of-plane deforma-
tions of its surface, and in the case of mechanical ten-
sion — plane deformations occur.

To obtain the sensitivity of the interferometer to
different types of deformation (in the plane or out-
of-plane) is possible by changing the mutual location
of an object, illuminating laser radiation and observa-
tion direction through the interferometer lens. In or-
der to achieve the maximum sensitivity of the optical
scheme of the interferometer to out-of-plane deforma-
tion, it is necessary that the angle between the direc-
tions of illumination and observation was minimal.
Therefore, lasers are fixed directly on the shearogra-
phy interferometer.

The developed automated shearography system
operates according to the following algorithm. A wave
front from the laser, reflected from the surface of the
investigated object, passes through the interferome-
ter and focuses on the array of a digital camera, by
means of which it is transmitted to the computer for
further digital processing. Then the object is loaded
(as a result of which it is deformed) and again the im-
age of the studied surface is recorded. The images ob-
tained before and after the load are processed before
obtaining a shearogram with the use of the software
developed by the PWI. Such a shearogram represents
a pattern of alternating light and dark areas (fringes)
that requires a further processing, namely, reducing
the level of speckle-noise, intensifying contrast of
fringes and some other. The software allows building
a phase distribution field and a three-dimensional im-
age of the deformation surface of the tested object, as
well as recording the results in the form of documents.

The parameters of computer processing, except
for standard operations (obtaining interference pat-
terns, filtration and stitching) include additional fil-
tration, since the pattern of interference fringes may
be “noisy” and insufficiently contrasting. Too large
number of interference fringes leads to a decrease in
image contrast, which increases the time and reduces
the efficiency of computer processing. A number of
interference fringes is selected for a rapid and efficient
processing of a shearogram. The change in a number
of interference fringes is also possible by adjusting
the value of the shear, i.e., by the change in the sensi-
tivity of the interferometer.

Non-destructive quality testing of the elements
of titanium honeycomb panels was carried out using
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the developed software, which allowed obtaining the
interference fringe patterns of tested objects, filter-
ing the received images, building phase fields and a
three-dimensional representation of deformation sur-
face of an object and recording the results into the file.

The developed software is used: to enter speck-
le-images from the digital camera to the computer;
control the voltage supply on the piezoelement placed
in one of the arms of the shearography interferom-
eter; elaborate the shearography speckle-images for
calculation and a three-dimensional visualization of
the fields of the surface deformation of investigated
objects; construction of diagrams of change in deriv-
atives in a set direction along the selected cross-sec-
tions; storage of obtained results in the form of a file;
outputting of shearography testing results to the print-
ing device.

CHOICE OF OPTIMAL LOAD

In order to obtain a shearogram, it is necessary to re-
cord a reflected light wave in two states of an inves-
tigated object — in the initial and loaded one. There-
fore, it is important to choose a method of loading,
since the effectiveness and reliability of shearogra-
phy control depends on it. The concept of an optimal
loading of an object at shearography non-destructive
testing consists in choosing such method of loading,
which would allow causing stress concentration in the
zone of a probable defect. In this case, researchers are
trying to create such a stressed state that causes the
largest difference in the distribution of deformation
along the surface of a studied object on defective and
defective-free areas.

The optimal value of load is selected depending
on mechanical properties of the material from which
a studied object is manufactured. For example, if an
object is made of the polymer material, the load tem-
perature should not cause plastic deformation. In the
process of shearography quality testing in most cases
it is enough to create a small (several degrees) dif-

ference between the temperature of a studied object
before and after heating.

During the use of mechanical load, pressure or
vacuum, for all types of materials, the value of the
load is selected in such a way that caused deforma-
tions remained elastic and did not reach the yield
strength of the material. Usually a method of load and
its parameters are selected experimentally.

NON-DESTRUCTIVE QUALITY TESTING
OF HONEYCOMB PANELS

During the manufacture of modern structures of aero-
space engineering, honeycomb panels (Figure 3) are
widely used, which provides a significant reduction
in the weight of products. Such panels consist of two
outer skins, between which a honeycomb filler is lo-
cated. In its turn, the filler is joined with outer sheets
using welding, brazing or adhesion. Outer sheets
can be manufactured both from metals and plastics
or composites. A honeycomb structure has a high ri-
gidity during bending and strength. Defects of a hon-
eycomb structure, which reduce the strength during
bending and compression strength include damages to
the filler, surface defects, lack of continuity and incor-
rectly formed joint.

To use vacuum load during shearography non-de-
structive quality testing of honeycomb panels at the
PWI, the equipment was designed consisting of a
vacuum detachable chamber, compressor, by means
of which vacuum is created, and pressure regulator in
the chamber (Figure 4). The sizes of a vacuum detach-
able chamber can be changed according to the desired
sizes and curvature of an investigated area of structur-
al elements. An investigated area of the specimen is
loaded uniformly, the process of experiments is auto-
mated and takes up to 2 min.

The elements of honeycomb panels, in which de-
fects were detected by the shearography method, were
made of titanium alloy. The panel skin had a thickness
of 1 mm, the thickness of the sheet, from which the
filler was made, amounted to 0.5 mm, and the diam-

Figure 3. Appearance of honeycomb panels: a — brazed-adhesive of aluminium and titanium alloys; b — destroyed panel
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Figure 4. Appearance of vacuum detachable chamber (1) and
compressor (2)

eter of the honeycomb cell was 6 mm. The skin and
filler were joined with each other by brazing. During
such a method of joining, adjacent edges are some-
times in a state of adhesion, which leads to arising of
defective zones in the form of lack of brazing. In the
conditions of static or dynamic loads, on the area of
such a defect, an opening of edges occurs that can lead
to destruction of assembles and structural elements in
the process of their operation.

During tests of elements of titanium honeycomb
panels, vacuum load was used, which, unlike the ther-
mal method, allows providing a uniform and automat-
ed load of the entire investigated area of the speci-
men, as well as reduction in the time for diagnostics.
During the experiment, a special chamber was applied
to the surface of the investigated area and a vacuum
of up to 0.7 atm was created and the initial state of the
surface (speckle-pattern of the surface of the studied
panel was recorded). Then, pressure in the chamber

was reduced or increased by the value of 0.1-0.3 atm
and the state of the honeycomb panel was recorded af-
ter loading. A reduction or increase in pressure caused
a surface deformation, which allowed revealing and
visualizing the deformation of each honeycomb cell.
In the areas, where bonds between honeycombs are
weakened (presence of a crack, absence of a welded
joint, etc.), or other types of surface defects are pres-
ent, a local abnormal deformation of the surface of
studied elements appears.

During testing elements of honeycomb panels, a
shear in the interferometer along a horizontal, vertical
and diagonal directions was used. A shear determines
the direction of optical differentiation of values of
shears of the investigated surface and allows obtain-
ing parameters of its deformation that arose under the
action of applied load.

Figure 5 shows the results of shearography testing
of the element of the titanium honeycomb panel us-
ing vacuum load and a shear in a diagonal direction.
The images show a visualized honeycomb filler with
approximately the same periodicity of change in de-
fromation amplitude and a local defective area was
determined, where violation of this periodicity in the
form of “dumbbell” (indicated by arrows) is present,
which characterizes the absence of a joint between the
skin and filler.

The use of a shear in a vertical direction also
allows visualizing the honeycomb filler and deter-
mining the defective local area (Figure 6). How-
ever, in this case, anomalous zones are manifested

Figure 5. Quality testing of honeycomb panel element manufac-
tured of titanium alloy, under vacuum load when using shear in a
diagonal direction: a — shearogram of the investigated area; b —
three-dimensional image of deformation of the investigated area
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Figure 6. Quality testing of honeycomb panel element under vac-
uum load when using shear in a vertical direction: a — shearo-
gram of the investigated area; b — three-dimensional image of
deformation of the investigated area
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Figure 7. Quality testing of honeycomb panel element under
vacuum load: shearogram (a) and a three-dimensional image of
deformation of the investigated area (b) when using shear in a
horizontal direction

along the edges of the surface of the honeycomb
element, which is associated with the boundary ef-
fect of loading the vacuum chamber (indicated by
green arrows in Figure 6, a).

Figure 7 shows the results of non-destructive qual-
ity testing of the honeycomb panel element by the
shearography method using vacuum load and a shear
in a horizontal direction. The local defective zone in
the form of a “vertical dumbbell”, indicated by ar-

Figure 9. Quality testing of honeycomb panel element under vac-
uum load when using a shear in a vertical direction: shearogram
(a) and a three-dimensional image of deformation (b) of the in-
vestigated area

rows, is clearly seen on the background of a visual-
ized honeycomb filler.

The results of shearography control of defective
areas, including more than two honeycomb cells, are
shown in Figures 8, 9. On the images, local zones of
the abnormal deformation of the studied surface on
the background of a visualized honeycomb filler are
visible, which makes it possible to evaluate the num-
ber of damaged honeycomb cells.

In Figure 8, a significantly reduced deformation
amplitude along four vertically placed cells is ob-
served. Such detection of features is usually asso-

Figure 8. Quality testing of honeycomb panel element under vacuum load: shearogram and a three-dimensional image of deformation
of the investigated area using shear in a horizontal (a, b) and vertical (c, d) direction

53



L.M. Lobanov et al.

ciated with a higher rigidity of the local area of the
specimen as compared to other areas. This defective
zone is well visualized both in horizontal as well as in
vertical direction of a shear.

Figure 9 shows the results of testing another area
of the element of a honeycomb panel, where except of
a vertical defective zone 1, a defective zone 2 is pres-
ent, which is indicated by a decrease in the amplitude
of deformation of a larger area of the studied surface.

The use of a vacuum cover plate allows preserv-
ing the same conditions during experiments, which
increases the repeatability of the obtained results and
increases their reliability unlike a widely used thermal
load, which requires testing of ambient temperature
and heating and cooling time.

The obtained results showed that a defective zone
is revealed the most clearly in the case when its area
is less than 20 % from the total area of the tested area
of the studied element surface.

CONCLUSIONS

The method of electronic shearography in combi-
nation with vacuum load is effective to detect inner
defects of different sizes and configuration in the ele-
ments of honeycomb panels.

The created shearography equipment and vacuum
load allowed increasing the efficiency of investiga-
tions by automizing experiments and reducing the
time required to conduct them. The use of vacuum
load allowed improving the repeatability of obtained
results and increasing their reliability.
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INFORMATION

OPENING OF HIGH-RELIEF MEMORIAL BOARD

TO ACADEMICIAN B.E. PATON

On November 11, 2021 a
solemn opening of high-re-
lief memorial board to aca-
demician B.E. Paton, Direc-
tor of the Institute, President
of the National Academy of
Sciences of Ukraine took
place at the E.O. Paton Elec-
tric Welding Institute of the National Academy of Sci-
ences of Ukraine. Employees of PWI, National Acad-
emy of Sciences of Ukraine, Kiev enterprises, and
media were present in the meeting on the occasion of
this event. The meeting was opened by 1.V. Krivtsun,
academician of the NAS of Ukraine, Director of the
Institute.

In his speech I.V. Krivtsun noted that Borys E. Paton
is an outstanding Ukrainian scientist in the field of weld-
ing, metallurgy and technology of materials, materials
science, prominent public figure and talented organizer
of scientific research. Together with his father, Evgen
O. Paton, he created the world-renowned Paton scien-
tific school. B.E. Paton gained international prestige due
to his versatile and extremely fruitful scientific and en-
gineering activity, and desire to direct fundamental re-
search to solving the problems of society.

He had a profound understanding of the role of sci-
ence in society, its goals and objectives, and success-
fully combined active scientific and social-political
work. Under his leadership Ukrainian science received
a new powerful impulse in its development. After dis-
integration of the Soviet Union and formation of in-
dependent Ukraine under the conditions of an acute
economic crisis Borys Paton managed to preserve the
Academy, its main scientific schools, principles of ac-
ademic self-management, perform restructuring of the
Academy in accordance with the new conditions, and
direct fundamental and applied research to solving ur-
gent tasks of creating a young state.

Borys Paton was not only an outstanding scientist
and organizer of science, but also an excellent edu-
cator and teacher with a capital letter. He brought up
a whole galaxy of scientists in the field of welding,
metallurgy and materials science. Borys Paton always
was democratic, well-wishing, open to communica-
tion, ready to help in solving not just the scientific, but
urgent social and everyday problems of the staff of the
Institute and the Academy.

Borys E. Paton was a true leader, creative per-
sonality, highly respectable and kind person, who
had fantastic energy and working capacity, and deep

T
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knowledge in many fields. He had a generous nature,
keen analytical mind and excellent sense of humour.
Bright memory of this outstanding person, talented
scientist, organizer of science and public figure will
forever remain in our heats.

Academician A.G. Zagorodnyi, President of the
National Academy of Sciences of Ukraine, noted that
opening of the memorial high-relief board to B.E.
Paton is an important event. He was a distinguished
scientist and engineer, and outstanding organizer of
Ukrainian science. B.E. Paton had two most important
things in his life — NAS of Ukraine and PWI, which
he cared for as though these were his children. During
the period of his leadership, Ukrainian science was
developing fruitfully, new institutes opened, and new
directions of research emerged. There is fundamental
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and applied science, but B.E. Paton is a vivid example
of how purpose-oriented research can be developed
and how these directions can be united. During the pe-
riod of his leadership, PWI gained worldwide recog-
nition as a leading scientific center. With this high-re-
lief board opened today B.E. Paton will continue to
live in our hearts.

Kind words about Borys Paton were also shared
by academician L.M. Lobanov, PWI Deputy Direc-
tor, V.O. Shapovalov, Corresp. Memb. of NASU, ac-
ademician K.A. Yushchenko, PWI Department Head,
academician V.V. Petrov, Director of the Institute of
Information Registration and academician A.G. Nau-
movets, Head of NASU Commission on perpetuating
the memory of academician B.E. Paton.

At the end of the meeting I.V. Krivtsun thanked
all those present and emphasized that the memory
of B.E. Paton will remain forever in our hearts and
the best guarantee for it will be our fruitful work in
modern science, following the example of the distin-
guished scientist.

The author of the high-relief board is V.G. Koren,
a well-known sculptor, member of the Union of Artists
of Ukraine. The bronze high-relief board was made in
the classic style of the traditional portrait genre. The
installation in the form of a welding flash symbolizes
emergence of new ideas, of which B.E. Paton had a
lot. The high-relief board was created with voluntary
contributions of PWI employees.
Editorial board




