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ABSTRACT

The technology of producing Ti-TiC modifiers was improved, which allowed reducing the average diameter of its particles
by more than 6 times. The use of the proposed treatment procedure made it possible to produce a Ti—TiC powder with at least
20 % of TiC in its composition. It was found that for the investigated modes, treatment in kerosene is more effective in terms
of dispersion than treatment in ethanol. The use of the produced powder as a modifier at its content in a deposited metal 25Kh-
SFMS at a level of 0.01 %, leads to a significant change in the microstructure and its transformation from a columnar into a
cellular one. In terms of the possibility to control the structure and properties of the deposited metal, the most promising is the
use of modified Ti-TiC powders of N2 and N4 type, which were produced as a result of high-voltage treatment of the mixture of
corresponding powders in a hydrocarbon liquid using a volumetrically-distributed multi-spark discharge mode. This provides a
significant effect on the structure of the deposited metal of type 25Kh5FMS, but at the same time does not lead to the formation
of microcracks in the deposited metal.

KEYWORDS: modification, technology of producing modifiers, high-voltage treatment, hydrocarbon liquid, arc surfacing,

flux-cored wire, deposited metal, structure of deposited metal, nonmetallic inclusions

INTRODUCTION

The introduction of different types of modifiers into
the melt of metals is a fairly common method of
refining their structure and enhancing mechanical
and service properties. Modifiers and microalloy-
ing elements are also used to refine the structure
and prevent crystalline growth orientation during
solidification of the welding pool in surfacing and
welding production [1-8]. Technical literature
gives data on the use of modifiers containing bo-
ron or yttrium, to refine the structure and increase
the service properties of the deposited metal [2, 3].
However, modifiers containing these elements are
very expensive, which does not always justify their
use from an economic point of view.

In [9], the example of using Ti—TiC modifier at
casting shows that its introduction has made it possi-
ble to reduce the size of the grain and increase the me-
chanical characteristics of the heat-resistant SM88U
alloy. This indicates the prospect of using Ti-TiC
metal powders for modification and microalloying of
deposited metal of different alloying systems.

The technology of producing Ti—-TiC modifier was
developed at the Institute of Pulse Processes and Tech-
nology of the NASU. According to this technology, to

Copyright © The Author(s)

produce Ti—TiC modifiers, the treatment of a mixture
of corresponding powders with a high-voltage electric
discharge (HED) in the hydrocarbon liquid is used.

HED in the liquid is a unique comprehensive
method of influencing various dispersed systems in
order to disperse them, which is accompanied by a
change in the structure and phase composition of the
latter. HED is characterized by instantaneous release
of a large amount of energy (units, tens or hundreds of
kJ) in the original small volume of the discharge chan-
nel within a few microseconds. A high concentration
of energy in the plasma channel of discharge leads
to generation of electromagnetic and thermal fields,
intensive waves of pressure, hydraulic flows, volu-
metric microcavitation and electro-erosion processes
in the volume of a discharge chamber, that promote
dispersion and evolution in the structure of dispersed
systems [10, 11].

The work investigates the possibility of using Ti—
TiC modifier to refine the metal structure using PP-
Np-25Kh5FMS flux-cored wire. Also the results of
improving the technology of producing Ti—TiC mod-
ifier using different technological modes and hydro-
carbon liquid media are presented.

Thus, the aim of the work is to improve the tech-
nology of producing Ti—TiC modifier with the use of
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HED and investigation of its impact on the structure
of the deposited metal of type 25KhSFMS.

PROCEDURES OF INVESTIGATIONS

Improvement of the technology of producing Ti-TiC
modifier using HED was performed in an experimental
bench, the circuit of which is shown in Figure 1, and the
principle of operation is described in the article [11].

The study of HED in the dispersed system “liquid
dielectric—-metal powder” was performed at the volt-
age of capacitors charge U = 50 kV, the inductance
of the discharge circuit L = 0.7 uH and the discharge
gap [,, which was selected depending on the work-
ing liquid and amounted to ~17 mm for kerosene and
~24 mm for ethanol. The capacity of the capacitor C
was 0.8 uF, so the value of a stored single discharge
energy W, was 1 kJ. The specific treatment energy was
20 MJ/kg. According to the results given in [10, 11],
namely such values of the parameters of HED-treat-
ment allow reaching the balance between refining, the
amount of synthesized titanium carbide powder and
the number of free nanocarbon particles.

The use of kerosene as a working medium in the
treatment of mixtures of powders allows synthesizing
nanocarbon of different allotropic modifications as a
result of pyrolysis of hydrocarbon chains by plasma
of the discharge channel. Active nanocarbon is able to
react with Ti powder, resulting in synthesis of titani-
um carbide [12]. Due to the change in the composition
of the hydrocarbon liquid, it is possible to control the
amount of a synthesized nanocarbon, so in the work
as a working medium for the realization of HED, ker-
osene and ethanol were used. The ratio of the solid
and liquid phase in the studies was 1:15 (the weight of
the treated powder was 100 g, the volume of a work-
ing liquid was 1.5 dm?).

Mains 50 Hz
3x380V

During each treatment, the record of discharge
current and voltage within every 100 discharges was
performed by means of the oscillograms. The values
of electrical and hydrodynamic characteristics for
each of the treatments were averaged according to the
results of the calculations for recorded oscillograms.
For each of the following modes, no less than three
experiments were performed.

HED-treatment of Ti powder with the use of sin-
gle-edge and three-edge electrode systems (ES) in
kerosene or ethanol medium was performed. When
using the “one edge-plane” system, HED propagates
according to the classical mechanism of the spark
discharge (SD) in the dispersed system, while the use
of ES of type “three edges-plane” allows realizing
the mode of volumetrically-distributed multi-spark
discharge (VMD). Modifiers produced as a result of
treatment were marked respectively as N1 and N2
(kerosene medium) and N3 and N4 (ethanol medium)
(Table 1).

To estimate the degree of HED exposure in the
hydrocarbon medium on the morphology and the
sizes of powders particles, an optical microscope BI-
OLAM-I with a maximum magnification of %1350,
a scanning electron microscope REM-MA-102 with
a range of magnification from 10 to x250000 and a
digital camera Canon were used. The powder samples
for optical microscopy were selected in accordance
with GOST 23402-78.

The study of the phase composition of powders was
performed by X-ray-phase analysis using a DRON-4-
07 diffractometer at CuKa-radiation. The phase iden-
tification on diffractograms was carried out accoding
to the bases POW_COD. The quantitative phase com-
position was determined accoding to the procedure of
evaluating the intensity using the corundum number

E

la

Y

O

Fia) >

To counter

Figure 1. Circuit of experimental bench for electric discharge treatment of powders: E — power part; PV — kilovolt meter; C — ca-
pacitive capacitor; Sh — coaxial shunt; K — working chamber; O — memorizing oscilloscope; F — air discharger; VD — voltage

divider; R1, R2, R3, C1, C2 — elements of voltage divider
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Table 1. Characteristics of metal, deposited using flux-cored wires PP-Np-25Kh5FMS containing Ti—TiC modifiers, which are pro-

duced by HED-treatment on different modes

Modifier Working Discharge Content of TiC in Size of crystallites / , Hardness of deposited metal
. . the powder after c
description medium mode um/type of structure HV1, MPa
treatment, %
Without modifier — — — 30-60/columnar 5920-6060
N1 SD 20 30-180/cellular 6410-6420
Kerosene
N2 VMD 23 20-80/cellular 5700-5800
N3 SD 20 35-170/cellular 6350-6600
Ethanol
N4 VMD 23 30-100/cellular 5250-5330

of RIR (Reference Intensity Ratio) using QualX and a
full profile analysis using Maud program.

The specimenss for microstructure examination
were produced by arc surfacing with the flux-cored
wires on plates of 40Kh steel. For surfacing, the flux-
cored wire PP-Np-25Kh5FMS was used, in the charge
of which powders modifiers were added with such a
calculation as to obtain the content of a modifier in the
deposited metal at a level of 0.01 %. As a reference,
the specimens deposited by the flux-cored wire PP-
Np-25Kh5SFMS without modifiers were used. The di-
ameter of all the developed wires is 1.8 mm, the filling
factor is 25 %. In total, five experimental flux-cored
wires were manufactured (see Table 1).

Surfacing of all the specimens was performed
under the flux AN-26P on the same mode: cur-
rent — 220-230 A, voltage — 36-37 V, deposition
rate — 25 m/h. In order to avoid the impact of the
base metal stirring, on each specimen the surfacing
was performed in four layers. In order to avoid crys-
tallization cracks, before surfacing, the specimens
were heated to 200 °C and after surfacing, they were
cooled with the furnace. After complete cooling, from
the deposited specimens, transverse billets were cut
out for preparation of appropriate microsections and
conducting metalographic examinations.

The specimens for metallographic examinations
were prepared by standard procedures. To reveal mi-
crostructure, the specimens were etched electrolyti-
cally in a 20 % solution of chromic acid at a voltage
of 20 V.

Examinations of microstructure and nonmetallic
inclusions of the deposited metal were carried out in
NEOPHOT-32 microscope. The hardness measure-
ments were carried out in M-400 LECO hardness
meter at a load of 100 g and 1 kg. The photos of mi-
crostructures were obtained with OLYMPUS C-500
camera.

RESEARCH RESULTS AND DISCUSSION

The results of studying the change in the dispersion of
Ti powder after HED-treatment in different modes are
shown in Figure 2. The original titanium powder had a
monomodal distribution of particles by sizes, the peak

of which was at a point corresponding to the diameter
of ~30 pm and 54 % of the powder particles had a size
smaller than this value (see Figure 2, curve /), and the
average diameter of such powder was 60 pum.

Analyzing the results presented in Figure 2, it
should be noted that HED-treatment in all studied
modes provided a significant reduction in the average
diameter of the powder particles and changed the na-
ture of its distribution by sizes. Thus, HED-treatment
in kerosene in SD mode allowed producing a Ti-TiC
system powder with an average diameter of 8.2 pm.
The distribution of such powder by sizes had a bi-
modal nature (curve 2) — one of the peaks was close
to the initial range of sizes and amounted to 7.5 pm
(32 %) and the other was in the size range of less than
1 pm (0.6 um, 37 %).

Changing the treatment mode on VMD with the
preservation of kerosene as a working medium al-
lowed increasing the efficiency of dispersion — the
produced Ti—TiC system powder had an average di-
ameter of 7.4 um. It was characterized by an almost
monomodal distribution (curve 3), the main peak of
which was at a point corresponding to a diameter of
0.7 pum (44 %). Namely such a mode was the most
effective in terms of dispersion of powder particles.

Fld), %

50

40

30

0 1 1
0.1 1 10

100 d, um

Figure 2. Distribution of powder particles of modifiers by sizes
d before and after HED-treatment at different modes: / — initial
Ti powder; 2 — modifier N1, treatment medium — kerosene, SD
mode; 3 — modifier N2, treatment medium — kerosene, VMD
mode; 4 — modifier N3, treatment medium — ethanol, SD mode;
5 — modifier N4, treatment medium — ethanol, VMD mode
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Figure 3. Diffraction patterns of Ti—-TiC powder mixture produced by HED-treatment of titanium powder: @ — modifier N1, treatment
medium — kerosene, SD mode; b — modifier N2, treatment medium — kerosene, VMD mode; ¢ — modifier N3, treatment medium —
ethanol, SD mode; d — modifier N4, treatment medium — ethanol, VMD mode

The change in a working medium from kerosene
to ethanol during the realization of SD mode allowed
producing a Ti—TiC powder with an average diameter
of 12.1 um. The distribution of this powder by siz-
es had a bimodal nature (curve 4) — peaks were ob-
served at the points of 10 (35 %) and 0.8 um (21 %)).

The change in the discharge mode on VMD by re-
placement of the electrode system “one edge—plane”
with the electrode system “three edges—plane” with
the preservation of ethanol as a working medium of
HED made it possible to increase the efficiency of
dispersion in ethanol. The produced Ti—TiC powder
was characterized by an average diameter of 10.2 um,
and its distribution had a monomodal nature (curve 5)
with a peak at a point that corresponds to a diameter
of 7.5 um (40 %).

Thus, treatment of Ti powder in all the considered
modes allowed reducing its average diameter by more
than 6 times. VMD treatment allows obtaining an al-
most monomodal distribution of particles by sizes and
is distinguished by a higher efficiency of dispersion.
Treatment in kerosene for the investigated modes is
more effective in terms of dispersion than treatment
in ethanol.

The studies of the diffraction patterns of samples
of the treated powders obtained in the X-ray diffrac-
tometer DRON-4 are shown in Figure 3. On all the
diffraction patterns in addition to the peaks character-
istic of Ti, there are also peaks that indicate the syn-
thesis of TiC in the process of HED-treatment of the
initial titanium powder.

The results of quantitative analysis by the RIR
method indicate that the amount of a synthesized ti-
tanium carbide for all studied modes differs within
the error (Table 1). Somewhat better results in terms
of carbidization efficiency were observed during
treatment in ethanol in SD mode, but all the modes
allowed producing no less than 20 % of TiC in the
powder composition after its treatment. These results
confirm the conclusion made in [8, 9], that Ti powder
carbidization efficiency is most influenced by the spe-
cific energy of treatment, which was constant for all
the studied modes and amounted to 20 MJ/kg.

The microstructure of the metal was studied, de-
posited with five experimental flux-cored wires (Fig-
ure 4, a—e and Figure 5, a, b).

The microstructure of the specimen metal, depos-
ited by the wire PP-Np-25KhSFMS without adding
modifier (Table 1, line 1) consists of columnar crystal-
lites (Figure 4, a), which grow in the direction of heat
removal. The width of the crystallites is in the range
of 30-60 pum. In the body of crystallites, an acicular
martensitic structure is observed, on the boundaries of
cast crystallites, light precipitates are observed that cor-
respond to residual austenite (Figure 4, a). The precipi-
tates of a rounded shape, that can be complex carbides,
are quite rarely observed. The hardness of the deposit-
ed metal is HV'1 —5920-6060 MPa. The defects both in
the deposited metal and near the fusion line are absent.

Microstructure of the metal of the specimen de-
posited by the PP-Np-25Kh5FMS wire with the con-
tent of the modifier N1 with the content of 80 % of

6



IMPROVEMENT OF TECHNOLOGY OF PRODUCING Ti~TiC MODIFIERSAND STUDYING THEIR IMPACT

"Er

Figure 4. Microstructure (x200) of metal, deposited with a flux-cored wire PP-Np-25Kh5FMS: @« — without microalloying additives;
b — using modifier N1; ¢ — N2; d — N3; e — N4

Ti+ 20 % TiC (Table 1, line 2), was refined (Figure 4, built into chains and probably may represent carbides.
b). The structure of martensite was also refined. The In addition, in the upper layer of the deposited met-
size of the cells is within 30—180 wm. On the bound- al microcracks are observed, which is undesirable
aries of cells, a quite large number of dark-etched (Figure 5, @). The hardness of the deposited metal is
phase and rounded precipitates is observed that are HV1 — 6410—6420 MPa.

Figure S. Microstructure (x600) of metal, deposited with PP-Np-25Kh5SFMS flux-cored wire, with microcracks: ¢ — with the use of
modifier N1; b — N3
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Microstructure of the specimen metal, deposit-
ed by PP-Np-25KhSFMS wire with the content of
the modifier N2 with a composition of 77 % Ti +
23 % TiC (Table 1, line 3), represents a cast cellular
structure (Figure 4, ¢). In the body of crystallites, a
large acicular martensitic structure with the hardness
HV, — 4900-5450 MPa is observed. On the bound-
aries of cast crystallites, a light-etched austenitic
structure with the hardness HV, | — 5100 MPa with a
few precipitates of carbides and intermetallics is ob-
served. The integrated hardness of this specimen is
within HV'1 — 700-5800 MPa. The size of the cells
is 20—80 um. Microcracks in this specimen were not
detected.

The microstructure of the specimen, deposited by
the wire PP-Np-25KhSFMS with the content of the
modifier N3 with a composition of 80 % Ti + 20 %
TiC (Table 1, line 4; Figure 4, d) was investigated.
It represents a matrix, consisting of slightly-etched
dispersed needles of martensite with the precipitates
of carbides or intermetallics, or both of them on the
boundaries of cast crystallites in the form of sepa-
rate or chain inclusions (Figure 4, d). The hardness
of martensite matrix is HV,— 5700-5750 MPa, and
integral hardness is within HV'1 — 6350-6600 MPa.
The size of the cells is 35-170 pm. In this specimen,
as well as in the specimen with the modifier N1, in
the upper layers of deposited metal microcracks were
found (Figure 5, b).

It should be noted that the modifiers N1 and N3
were produced using HED-treatment in SD mode.
In contrast, the modifiers N2 and N4 were produced
using HED-treatment in VMD mode. As was shown
above, VMD treatment provides producing a larger
amount of smaller titanium carbides. In our opinion,
this is one of the reasons for the absence of micro-
cracks in the deposited metal with the modifiers N2
and N4.

The microstructure of the specimen, deposited
by PP-Np-25Kh5FMS wire with the content of the
modifier N4 with a composition of 77 % Ti + 23 %
TiC (Table 1, line 5), was also significantly refined
(Figure 4, e). On the cell boundaries, dark-etched pre-
cipitates are observed, but a number of these precipi-
tates is lower than in the similar area of the specimen
with the modifier N1. In addition, they do not merge
into long chains. Microcracks in this area are also not
noted. The hardness of the deposited metal is HV'1 —
5250-5330 MPa.

Also, according to the procedure of GOST
1778-70, on the polished non-etched microsections,
the level of the deposited metal contamination with
nonmetallic inclusions was determined. From the pre-
sented specimens, the biggest contamination of the

8

deposited metal with nonmetallic inclusions, mainly
oxides, is observed in the specimen without modifi-
ers. It corresponds to the grain size No. 3a accord-
ing to the Table 1 “Spot oxides” GOST 1778-70. The
specimens with the modifiers N1, N2, N3 are signifi-
cantly cleaner from nonmetallic inclusions than the
specimen without modifiers and their contamination
corresponds to the size No. la of the same Table 1. In
the specimen with the modifier N4, contamination of
the deposited metal with nonmetallic inclusions is the
least and amounts to less than the size No. 1 a of the
Table 1 “Spot oxides”.

CONCLUSIONS

1. The method of HED-treatment of Ti—TiC powder
on different modes in the hydrocarbon liquid allowed
reducing the average diameter of its particles by more
than 6 times. As a result, a powder with an almost
monomodal distribution of particles by sizes was pro-
duced.

2. The use of the produced Ti-TiC powder as a
modifier with its content in the deposited metal of
type 25KhSFMS at a level of 0.01 % leads to a signif-
icant change in the microstructure and its transforma-
tion from a columnar into a cellular one.

3. The use of modifiers of type N2 and N4 for Ti—
TiC powders seems to be the most promising in terms
of the ability to control the structure and properties of
the deposited metal, which can significantly affect the
structure of the deposited metal of type 25KhSFMS,
but at the same time do not lead to the formation of
microcracks on the deposited metal due to the pres-
ence of a larger amount of smaller titanium carbides
in the composition of these modifiers.
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ABSTRACT

The paper deals with the results of studying the structure and strength of butt, overlap and fillet joints of AMg6M aluminium
alloy, produced by friction stir welding (FSW). It is shown that a weld nugget with fine-crystalline structure forms as a result of
intensive plastic deformation of the metal. The size of grains, which are of practically globular shape, does not exceed 4-5 pm,
and that of dispersed phase precipitates — < 1 pm. In the zone of thermomechanical impact, in addition to fine grains, some-
what larger elongated grains (6—7 MmxMm) form on the boundary of the weld-to-base metal transition, which are oriented along the
direction of plasticized metal displacement by the tool working surfaces. Here, in the HAZ, where the metal did not undergo
any deformational impact, the maximum size of its grains is on the level of 10—15 pm. The ultimate strength of samples of butt
joints and fillet joints, produced by making butt and overlap-butt welds, is on the level of 335-350 MPa at their static tension,
and it practically does not depend on the welded sheet location either from the advancing side or from the retreating side, or on
the weld orientation relative to their flanging direction. Here, the butt joint samples fail mainly through the base metal or the
boundary of thermomechanical impact zone and heat-affected zone. Samples of fillet joints produced by overlap-butt welds,
fail in the zone of weld-to-base metal transition in the thermomechanical impact zone, and those produced by butt welds fail
also through the base metal.

KEYWORDS: friction stir welding, AMg6M aluminium alloy, fillet joints, strength, structure, butt joints, overlap joints

INTRODUCTION

The scope of aluminium application in different in-
dustries is growing constantly owing to its physical,
mechanical and technological properties. The main
sectors, which determine the global demand for alu-
minium alloys, now are construction, packing, gen-
eral engineering, aerospace engineering, car making
and power engineering. Aluminium rolled stock and
shaped sections are widely used in industrial and civ-
il construction, in particular for fabrication of light-
weight welded structures. Aluminium application in
car-making allows a significant increase of strength at
reduction of the weight and preservation of the dimen-
sions of cars, ensuring fuel saving. In the acrospace
sector aluminium has long been the main structural
material and makes up almost 80 % of the aircraft fu-
selage weight. The modern global aluminium market
offers to consumers pure aluminium and almost 300
compositions of structural aluminium alloys with dif-
ferent physico-mechanical properties. The range of
marketable products from aluminium and its alloys
includes cast ingots, flat rolled stock, shaped sections,
extrusions, wire and foil. Therefore, at fabrication
of welded structures, depending on their functional
purpose, both different aluminium alloys and diverse
kinds of semi-finished products are usually used [1].
Increase of the scope of aluminium application is
inseparably connected not only with development of

Copyright © The Author(s)
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new readily weldable alloys, but also with improve-
ment of the currently available and development of
promising welding technologies, which allow ex-
pansion of their application areas. So, intensifica-
tion of stirring of molten metal of the weld pool in
nonconsumable electrode argon-arc welding with arc
oscillation promoted reduction of porosity in welds
of aluminium-lithium alloys, breaking up and frag-
mentation of macroinclusions of oxide film in welds
of aluminium-magnesium alloys and formation of a
fine-crystalline crack-resistant weld structure [2, 3].
Application of highly-concentrated heat sources in
beam and hybrid welding processes enabled reduction
of the degree of metal softening in the zone of perma-
nent joint formation and improvement of mechanical
properties of welds [4]. Development of FSW pro-
cess allowed producing welds without application of
shielding inert gas or welding wire, avoiding ultravi-
olet arc radiation and the processes of metal melting
and solidification, which lead to formation of defects
characteristic for fusion welding in the form of hot
cracks, pores and oxide film macroinclusions [5-7].
During FSW, favourable conditions are in place for
formation of fine-crystalline weld structure, as a re-
sult of plastic deformation of metal [§—10]. Owing
to formation of permanent joints at much lower tem-
peratures (< T) compared to fusion welding, the de-
gree of metal softening decreases, high level of the
joint mechanical properties and low level of residual
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stresses and strains is ensured [11-13]. The advantag-
es of FSW process promoted its wide acceptance by
industry at manufacture of undetachable components
and structures in different sectors. In shipbuilding it
is applied to produce large-sized panels from sepa-
rate extruded profiles, which are used at fabrication
of side sections of the hulls of ships, ferries, launch-
es and boats, walls of refrigerators and cabins, deck
superstructures, platforms for helicopters, gangways,
masts, oil platforms, etc. In manufacture of railway
transport, this process is used to join profiles and rigid
integrated panels from different aluminium alloys. In
the automotive industry FSW is successfully used in
manufacture of the car boot and doors, space frames
of motorcycles and bicycles, bodies and lifting devic-
es of trucks, bodies and floors of buses, vans, trailers,
elements of chassis, wheel rims, etc. In construction it
is used to weld panels of walls and facades, window
and door frames, floors and other building elements.
This process has become important in construction
of bridges, allowing their weight to be reduced and
mounting operation duration to be shortened. In the
aerospace sector, FSW is used for manufacture of
elements of aircraft and missile fuel tanks. In most
cases, when designing various components of such
products, butt welded joints are predominantly used.
It, however, cannot always be done, so that overlap,
fillet or tee joints have to be used [14-16].

The objective of this work is investigation of the
structure and assessment of the strength of butt, over-
lap and fillet joints of sheets from AMg6M alloy, pro-
duced by FSW.

INVESTIGATION PROCEDURE

Sheets of batch-produced AMgb6bM aluminium alloy
(400%200x1.9 mm) were used to produce butt and
overlap joints. Here, four variants of butt joints were
welded, depending on weld orientation relative to sheet
flanging direction, located from the advancing side
(where the directions of rotation and linear displace-
ment of the tool coincide) and the retreating side (where
the directions are opposite). The first variant is when
both the sheets were positioned along the flanging di-
rection (D), and the second one is when both the sheets
were positioned across the flanging direction (P). In the
third and fourth variants the sheet oriented along the
flanging direction was placed from the advancing side,
and the sheet across the flanging direction was located
from the retreating side, and vice versa.

Depending on weld position relative to the direc-
tion of flanging of the upper and lower sheets, four
variants of overlap joints were also produced. In the
first and second variant the upper and lower sheets
were placed along or across their flanging direction

relative to weld orientation, and in the third and fourth
variants the upper and lower sheets had different di-
rections of flanging relative to weld orientation.

Fillet joints were produced by making butt
and overlap-butt welds, welding similar sheets to
12.0 mm sheets. In the second case, a recess of 6 mm
width (half the shoulder diameter) and 1.9 mm depth
(thinner sheet thickness) was made in the thick sheet.
Here, thicker sheets were placed from the advancing
side or from the retreating side.

In keeping with the requirements to welded joints
of critical structures, standard chemical etching of the
sheets was carried out in NaOH solution with subse-
quent clarification in HNO; solution, and directly be-
fore welding mechanical scraping of the sheet surface
was performed in the weld formation zone.

FSW was conducted in a laboratory set-up de-
veloped at PWI with welding speed V, = 10 m/h at
tool rotation frequency N = 1420 rpm, using a special
tool with shoulder diameter of 12 mm and pin in the
form of a truncated cone of 3.4 mm diameter at the
shoulder base and 12° inclination angle of the forming
cone [37]. When welding butt and fillet joints by butt
welds, the pin length was 1.75 mm and in welding
overlap and fillet joints by overlap-butt welds it was
2.25 mm, so as to ensure a reliable connection of the
upper sheet with the lower one.

The produced welded joints were used to cut out
sections to study their structural features. The ulti-
mate strength of butt and fillet joints was determined
at static uniaxial stretching of standard flat samples
with 15 mm width of the working part in versatile ser-
vohydraulic system MTS 318.25. The structural fea-
tures of welded joints were evaluated using an optical
electron microscope MMT-1600V.

RESULTS AND DISCUSSION

The conducted experimental studies revealed that at
FSW of butt and overlap joints, irrespective of weld
orientation relative to the sheet flanging direction, the
nature of formation, appearance and macrostructure of
such joints remain the same (Figures 1, 2). Thus, at FSW
the metallurgical heredity does not affect the structure of
such sheet joints of AMg6M aluminium alloy.
Microstructural studies showed that the weld nug-
get with a fine-crystalline structure forms in the cen-
tral part of welds in butt joints, as a result of inten-
sive plastic deformation. The size of grains, having a
practically globular shape, is not more than 4-5 pm,
and that of dispersed phase precipitates is < 1 um. In
the thermomechanical impact zone partial deforma-
tion of the metal takes place at the boundary of weld-
to-base material transition, so that in addition to fine
grains, somewhat larger (6—7 pum) elongated grains
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Figure 1. Appearance of surfaces (a, ¢, e, g) and cross-sections (b, d, f, h) of butt joints of 1.9 mm AMg6M aluminium alloy, produced
by FSW at different orientation of welds relative to the sheet flanging direction (sheet position): D — along the flanging direction,
P — across the flanging direction)

Figure 2. Appearance of surfaces (a, ¢, e, g) and cross-sections (b, d, f, h) of overlap joints of 1.9 mm AMg6M aluminium alloy,
produced by FSW at different weld orientation relative to sheet flanging direction (sheet position): D — along the flanging direction;
P — across the flanging direction)

: 200 um 2 00 um- S 200 um.
Figure 3. Microstructure of characteristic regions of butt joint of 1.9 mm AMg6M alloy, produced by FSW at sheet position to the left

(from the advancing side) along its flanging direction, and to the right (from the retreating side) — across its flanging direction (sheet
position: D — along the flanging direction, P — across the flanging direction)
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Figure 4. Microstructure of characteristic regions of butt joint of 1.9 mm AMg6M alloy, produced by FSW at both sheets positioned
across their flanging direction (sheet position: D — along the flanging direction, P — across the flanging direction)

form, which are oriented along the direction of plas-
ticized metal displacement by the tool working sur-
faces. Owing to weld formation in the solid phase at
FSW, unlike fusion welding, there are no conditions
for formation of one of the defects, characteristic for
aluminium alloy welded joints, namely concentration
of low-melting eutectic inclusions on the weld bound-
ary with the base material (Figures 3, 4). Analysis of
overlap joint microstructure also showed formation of
a new fine-grained microstructure in the weld nugget,
which is independent of the features of the metal ini-
tial structure, from which it formed. Now, in the zones
of weld transition to base material grain deformation
takes place, as a result of thermomechanical impact
(Figures 5, 6).

Figures 7, 8 shows the microstructure of the char-
acteristic regions of welded joints, produced at FSW
of fillet joints by making butt and overlap-butt welds.
Analysis of the microstructure of fillet joints pro-
duced by butt welds, showed that similar to welding
of sheet butt joints, a weld nugget with a fine-crys-

talline structure forms in the weld central part, as a
result of intensive plastic deformation of metal. The
size of grains, having a practically globular shape, is
not higher than 4-5 pum, and that of dispersed phase
inclusions is < 1 um. In the thermomechanical impact
zone on the boundary of weld-to-base material transi-
tion, both from the side of the thin (1.9 mm) and from
the side of the thick (12.0 mm) sheets, in addition
to fine grains, somewhat larger (6—7 pum) elongated
grains form, which are oriented along the direction of
displacement of plasticized metal by the tool working
surfaces. Here, in the HAZ, where the metal was not
exposed to deformational impact, the maximum size
of its grains is on the level of 10-15 pm. In weld-
ing of fillet joints by overlap-butt welds no essential
differences in the microstructure of its characteristic
subzones is observed (see Figure 8).

For the studied AMg6M alloy the ultimate strength
of base metal for samples cut out along the sheet
flanging direction, is on the level of 370 MPa, and
for those cut out across this direction, it is on the lev-

Figure 5. Microstructure of characteristic regions of overlap joint of 1.9 mm AMg6M alloy, produced by FSW at weld orientation along
their flanging direction on the upper sheet, and across their flanging direction on the lower sheet (sheet position: D — along the flanging

direction, P — across the flanging direction)
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Figure 6. Microstructure of characteristic regions of overlap joint of 1.9 mm AMg6M alloy, produced by FSW at weld orientation
across sheet flanging direction on the upper and lower sheets (sheet position: D — along the flanging direction, P— across the flanging

direction)

el of 359 MPa. As a result of the conducted studies
it was found that the ultimate strength of samples of
butt joints, in which the sheet flanging direction is
normal relative to the weld orientation, both from the
advancing and from the retreating side, is on the level
of 343-350 MPa. At static tension of such samples

they fail through the base material from the advancing
or the retreating side, or on the boundary of the ther-
momechanical impact zone and the heat-affected zone
from the retreating side (Figure 9, a—c).

When testing samples of butt joints, where sheet
flanging direction is normal from the advancing side,

1 .":ﬁi- e s
e

o

Figure 7. Microstructure of characteristic regions of fillet joint of 1.9 mm AMg6M alloy, produced by FSW by a butt weld with

12.0 mm sheet placed from the advancing side
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Figure 8. Microstructure of characteristic regions of fillet joint of 1.9 mm AMg6M alloy, produced by FSW by an overlap-butt weld

with 12.0 mm sheet placed from the advancing side

and parallel relative to weld orientation from the re-
treating side, the ultimate strength is somewhat lower
and it is on the level of 336-343 MPa. This is due to
the fact that the samples fail through the base metal

Figure 9. Appearance of the face of broken samples of butt joints of 1.9 mm AMg6M alloy produced by FSW at different arrangement
of sheets relative to weld orientation: a—c — from the advancing side and from the retreating side their flanging direction is normal
relative to weld orientation; d—f — from the advancing side, their flanging direction is normal and from the retreating side — parallel
to weld orientation; g— — from the advancing side and from the retreating side their flanging direction is parallel to weld orientation;
J» k— from the advancing side their flanging direction is parallel and from he retreating side it is normal to weld orientation

or on the boundary of the thermomechanical impact
zone and the heat-affected zone from the retreating
side, where the forces at their stretching are directed
normal to the sheet flanging direction, and the base
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Table 1. Ultimate strength of base metal and welded joints of AMg6M aluminium alloy made by FSW

. . . S Iti h,
Sample orientation relative to sheet flanging direction v tlmalt:ﬂ:rengt ’
Along the sheet flanging direction 368-372
Base metal
Across the sheet flanging direction 357-361
From the tool advancing side and from the retreating side sheet flanging direction is normal to 343-350
weld orientation
From the advancing side the sheet flanging direction is normal, and from the retreating side it is 136343
parallel to weld orientation
Butt welded joint
From the advancing and the retreating side sheet flanging direction is parallel to weld 335-340
orientation
From the advancing side the sheet flanging direction is parallel, and from the retreating side 338344
it is normal to weld orientation
Fillet welded joint From the tool advancing side and from the retrf:ating side sheet flanging direction is normal to 342347
weld orientation
Overlap welded joint From the tool advancing side and from the retr@ting side sheet flanging direction is normal to 137341
weld orientation

df =

Figure 10. Appearance of the face of broken samples of fillet
joints of AMg6M alloy produced by butt (a, b) and overlap-butt
(¢, d) welds with 12.0 mm sheet placed from the advancing (a, c)
and the retreating side (b, d)

metal strength is lower under such conditions (Fig-
ure 9, d—f).

For butt joints, where the sheet flanging direction
is parallel to weld orientation both from the advanc-
ing and the retreating sides, the ultimate strength is
equal to 335-340 MPa. This parameter is close by its
value to the previous variant of sheet arrangement, as
the samples fail in the same zones, and base metal
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strength at such an arrangement of the sheets is lower
(Figure 9, g—i).

Now, if from the advancing side the sheet flanging
direction is parallel, and from the retreating side it is
normal relative to the weld orientation, the ultimate
strength of samples of such joints is on the level of
338-344 MPa. At their static stretching, the samples
fail through the base material from the advancing
side, where the forces are oriented normal to the sheet
flanging direction, or on the boundary of the thermo-
mechanical impact zone and heat-affected zone from
the retreating side (Figure 9, j, k).

Testing of samples of fillet joints made by butt
welds showed that at their static stretching, fracture
usually runs through the base metal (sometimes, in the
thermomechanical impact zone in the area of weld-to-
base metal transition), irrespective of the position of
the sheets being welded (Figure 10 a, b). Here, the
ultimate strength of such welded joints is in the range
of 342-347 MPa.

Fillet welded joints, made by overlap-butt welds,
at static stretching fail in the thermomechanical im-
pact zone in the area of weld metal fusion with base
metal (Figure 10 ¢, d) and their ultimate strength is on
the level of 337-341 MPa.

The generalized results from experimental data of
studying the strength of base metal and welded joints
of AMg6M aluminium alloy, produced by FSW, are
given in the Table 1, depending on the sheet flanging
orientation.

CONCLUSIONS

1. At FSW of butt, overlap and fillet joints of AMg6M
aluminium alloy a weld nugget with a fine-crystalline
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structure forms in the central part of the welds as a
result of intensive plastic deformation of the metal.
The size of the grains having a practically globular
shape, is not more than 45 pm, and that of phase pre-
cipitates is < 1 pm. In the thermomechanical impact
zone on the fusion boundary of the weld and base ma-
terials, partial metal deformation takes place, so that
in addition to fine grains, somewhat larger (6—7 pm)
elongated grains form, oriented along the direction of
plasticized metal displacement by the tool working
surfaces. Here, in the HAZ, where the metal was not
exposed to deformational impact, the maximal size of
its grains is on the level of 10—15 pm.

2. The ultimate strength of samples of butt joints
and fillet joints produced by butt and overlap-butt
welds is on the level of 335-350 MPa at their stat-
ic stretching, and it is practically independent of the
position of the sheets being welded, either from the
advancing side or the retreating side or weld orien-
tation relative to their flanging direction. Here, butt
joint samples fail mainly through the base metal, or on
the boundary of the thermomechanical impact zone
and the heat-affected zone. Samples of fillet joints,
produced by overlap-butt welds, fail in the thermome-
chanical impact zone, and those made by butt welds
fail also through the base metal.
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ABSTRACT

Welds of polymer materials, butt welded with a heated tool, are distinguished by a variety of structural components. Investiga-
tions of such welds allow studying the general fundamental processes of structure formation in the formation of welded joints of
polymers. In this work, mechanical tests of welded joints of polymer pipes with a local load in the environment of surface active
substances and with the use of the Rehbinder effect were carried out. Experimental specimens of pipe joints with a diameter of 63,
90, 110 and 160 mm from PE80 polyethylene were produced in the standard equipment for butt welding with a heated tool on the
modes recommended by DBN V.2.5-41:2009. The tests were carried out in accordance with the requirements of the international
standard ISO 22088 “Cracking under the influence of the environment” (ESC). The characteristic features of cracks propagation in
the tests of the base material and the fusion zone of the weld were investigated. Using optical microscopy, the fracture surfaces
of the specimens were investigated immediately after tests and after chemical etching in sulfuric acid solution. It was shown that
in the fusion zone, a weakened “blurry” structure of polymer material is formed, which is fractured during a local load.

KEYWORDS: butt welding with a heated tool, supramolecular structure, mechanical tests, fracture surfaces

INTRODUCTION

Supramolecular structure of polymer is very complex
and divides for several levels depending on size of the
structural elements. The spherulites of size at a level
of 10 um are the main component for crystalline poly-
mers. At the next level there are domains of crystal-
line-lammellaes of 10-100 nm size. A size of folded
lamellaes is evaluated in 10 nm. An elementary folded
link forming lammellaes are of 0.1-1.0 nm size limit.

Most of the engineering plastics have in their con-
tent various admixtures and fillers, therefore, exam-
ination of a material microstructure using light mi-
croscope is usually impossible [1]. Visual evaluation
of the details of complex supramolecular structure is
possible by means of investigation of the typical fea-
tures of weld fracture under the effect of local me-
chanical loads [2, 3].

Since the polymers consist of the long flexible mo-
lecular chains, they have typical features of the mate-
rial in a solid state, namely inhomogeneity, non-lin-
earity and time dependence of mechanical properties
[4]. Loss of strength by a polymer usually takes place
in several steps after sufficient plastic deformations.
The following terms are used in the theory of polymer
fracture, namely failure, i.e. accumulation of structure
defects, fracture — formation of cracks with devel-
opment of new surfaces and rupture — division of
body on separate parts. In other words, gradual loss
of strength by polymer material in loading takes place
due to expansion of existing and formation of new
defects of supramolecular structure. The investiga-
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tions of crack propagation are used for determination
of different types of strength of polymer materials
5]. In this work there were carried out the investiga-
tions of strength of base material and welded joints
of polymers using mechanical loading with additional
stimulation of fracture with the help of surface-active
substances (SAS).

The processes of fracture taking place in a solid
polymer significantly depend on its physico-chemical
interaction with environment. Such organic substanc-
es as alcohols, fatty acids, rosins, soaps contain in
their molecule composition at the same time hydro-
philic and hydrophobic groups and being called sur-
face-active. SAS molecules in contact are intensively
adsorbed on a surface of solid body that significantly
decreases its surface energy and proportionally reduc-
es body strength [6, 7].

Adsorption decrease of strength of solid bodies
was titled as Rehbinder effect [8]. The effect has a
versatile nature and observed for any solid materials.

In polymers development of cracks in material
takes place through successive rupture of separate
macromolecular chains. Crack propagation promotes
formation of the new material surfaces which adsorb
SAS. The SAS molecules covering the newly formed
crack planes neutralize their high energy potential and
try to move as close as possible to the very beginning
of the crack. Even at absence of surface loads these
molecules colliding between themselves create a frac-
ture force F in a crack basis (Figure 1). It can reach
significant value in the minimum gaps.
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Figure 1. Scheme of SAS effect on crack development in solid
body: I — crack start; 2— SAS molecules on surface

There are different procedures being used for gen-
eration of local loads and stress concentrators in a
polymer specimen. International standard ISO 22088-1
[9] provides the definition of the process of crack for-
mation in polymer material (plastic) which is located
in a certain chemical environment and being under
the effect of constant stress less than a value of yield
strength. This process has a standard name — envi-
ronmental stress cracking, ESC.

One of the most widespread methods of evaluation
of strength to ESC is a bend strip method [10]. A cut is
made on a plate from polymer material. It serves as a
concentrator for crack initiation. Then the plate is bent
in half in the place of cut developing constant mechan-
ical stresses. Bent plates are located in SAS environ-
ment and after a while evaluate the number and size of
the formed cracks. However, the load in this method
is applied asymmetrically and at once for all width of
the plate-specimen, therefore, this method is used for
testing of base material and for polymer welded joints
it is not applicable. The task of this work lies in per-
formance of the comparative tests of strength of base
material and weld material as well as evaluation of su-
pramolecular structure of a transition fusion zone in the
welded joints of polyethylene pipes.

The segments of the standard polyethylene pipes
of 63, 90, 110 and 160 mm diameter designed for
construction of gas pipelines made of polyethylene of
PES80 grade according to the requirements of DSTU
B V.2.7-73-98 were used in work. The pipes of black
and yellow colors were used. The section of polyeth-
ylene pipes were joined using butt welds on standard
equipment for butt welding with a heated tool apply-
ing the modes recommended by the standard [13].

METHOD FOR DETERMINATION
OF CRACK FORMATION RESISTANCE

Resistance of base material and weld material to crack

formation was determined according to a procedure
of ISO 22088-4 [11] by means of formation of local

Figure 2. Scheme of initiation of fracture of welded joint using
hole and cylinder rod: / — weld fusion line; 2 — through hole in
specimen; 3 — cylinder rod

loading in a necessary area of a polymer specimen.
For this a pin impression method was used, the es-
sence of which is schematically shown in Figure 2.
A lamellar specimen with a weld in the middle is cut
out from a welded joint. A hole of 3—4 mm diameter
depending on specimen size is drilled on a fusion line.
A cylinder rod of somewhat larger diameter with a
cone tip is impressed in the hole that creates in the
specimen a total tensile load F and tangential loads on
a hole perimeter f. The works using this method have
already been carried out at the E.O. Paton Electric
Welding Institute (PWI) for comparison of strength
of a butt welded joint of the polyethylene pipes in the
different points of butt orbit [12].

For all the tests by ISO 22088-4 procedure there
were used a rod with a cone tip varying the relation-
ship of diameters of hole and rod to change of a value
of stresses in the specimen (Figure 2). After immer-
sion of the rod in the hole and appearance of local
load the specimens with welds were placed in a SAS
water solution (grade OP-7) at up to 80 °C tempera-
ture and hold there from several minutes to hours till
crack appearance. The joints from black and yellow
pipes were made in order to ease the study of weld
fusion line. In most of the cases at local initiation of
stresses using a rod the welded joints fracture close
to a fusion line (Figure 3). The difference in pipe col-
ors provides the possibility for good evaluation of be-
longing of polymer material to one or another pipe
part on the fracture surfaces.

The photos of specimens were made using digital
camera Nikon D350 (NIKON Corp, Tokyo, Japan).

The magnified images of the surfaces of speci-
mens were made by the same camera imbedded in a

Figure 3. Specimen of butt welded joint of polyethylene pipes
fractured after testing
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Figure 4. Cracks in specimens from base material of polyethylene pipes of gas grades PE80 with wall thickness 10 mm on outer (a)

and inner pipe surface (b)

light polarizing microscope Versamet-2 (UNITRON,
New-York, NY, USA).

INVESTIGATION RESULTS

Polyethylenes of pipe grades PES0 and PE100 are suf-
ficiently ductile materials with high crack resistance.
Therefore, the small cracks in testing of base metal
of polyethylene pipes appear only after holding un-
der stress in SAS environment for several hours (Fig-
ure 4). The cracks in the base material are of small
length and propagate on both sides of the stress source
along a straight line. A direction of crack on the outer
surface of a pipe exactly matches with a longitudinal
axis of the pipe that indicates some structural organi-
zation of material. Cracks on the inner pipe surface
appear in a transverse direction relatively to the axis
direction, they do not have through nature and form
on the surfaces of specimens in the places where
stresses and effect of SAS are the biggest.

The fracture surfaces of pipe specimen of PESO
polyethylene with outer diameter 110 mm and wall
thickness 10 mm (Figure 5) demonstrate complete co-
hesion nature of the welded joint, i.e. the fragments
of material of one element of the joint are present on
the fracture surface of another one. The specimen of
welded joint of pipes of 160 mm diameter and wall
thickness 14.6 mm fractured inhomogeneously during
testing (Figure 6). The part of specimen fractures ex-
actly along the fusion surface, another part demon-
strates a joint nature of crack propagation along the
weld and base material of the pipe. At significant pipe

10 mm

Figure 5. Fracture surfaces of welded joint of pipes from PE80 of
110 mm diameter and wall thickness 10 mm

wall thickness the direction of crack propagation can
change and deviate from a failured fusion zone.

Analyzing a magnified image of the crack formed
in fracture of the welded joint (Figure 7) it is possi-
ble to judge a nature of a transition structure being
formed after cooling of molten metal inside the weld.
A solid spherulitic structure along a delimitation line
is not observed. Obviously, the monoliths of two parts
are joined through the finer arranged structures of fi-
brils, folded domains or micelles. Therefore, a line
of joining in a transition structure appears to be the
weakest place. Tension of the supramolecular struc-
tures (Figure 7, below) that hold joint elements starts
at local loading. It takes place slowly under standard
conditions and sufficiently quick in SAS environ-
ment. Tensile structures reach a strength limit and tear
provoking further crack propagation. If such failured
structures in the weld have local nature, the crack
ruining them stops or changes the direction meeting
stronger structural areas. In other case, the transition
structures are uniformly distributed along the whole
area of butt orbit, therefore, fracture takes place in this
plane or its vicinity. Only the remnants of torn tran-
sition structures are observed on the fracture surface
(Figure 7, upper part).

Figure 6. Fracture surfaces of welded joint of pipes from PE80 of
160 mm diameter and wall thickness 14.6 mm
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Figure 7. Crack propagation at fracture of welded joint of poly-
ethylene pipes, x10

The fusion line of two pipe specimens of differ-
ent color polyethylene (Figure 8) demonstrates par-
tial interpenetration of the supramolecular domains of
black and yellow polyethylene (white on the photo).
An interface profile has a non-uniform jagged nature,
probably formed under effect of random factors. Such
a profile apparently can not be a consequence of a
joint flow of melts of two parts being joined under ef-
fect of upset force. A transition zone demonstrates the
sharp elongated elements of black and yellow materi-
al which mutually pass through the fusion line “dilut-
ing” it. It is logical to assume that the deeper such in-
terpenetration of the materials in weld formation, the
stronger formed welded joint will be. The single driv-
ing force of such interpenetration is a heat movement
of the segments of macromolecular chains at elevated
temperature. The velocity of such movement is limit-
ed and dramatically drops with temperature decrease.
Therefore, formation of sound welded joint requires
staying of the material in a fusion zone for some time
at elevated temperature.

Information on nature of microstructure of a poly-
mer can be obtained by means of examination of their
fracture surfaces. Fracture of any material is forma-
tion of the new surfaces. In given case a fracture of
the specimens of welded joints of polyethylene pipes
is a process taking place relative to slow propaga-
tion of a crack plane from the place of its initiation
and nucleation. A polyethylene of high density is a
semi-crystalline material. In it the areas of ordered
and amorphous material border each other on a supra-
molecular level. The amorphous areas and intermo-
lecular cavities also accumulate different admixtures
and oligomers. Crack propagation takes place directly
on failured, amorphous areas, thus allows revealing
material structure.

The fracture surfaces were examined using the
light microscope on the black specimens since dark
material allow obtaining more contrast image. A typ-
ical example of the directed structural formations in a

100 pm

Figure 8. Line of welded joint of polyethylene pipes of different
colors at x20 magnification

bulk of polymer material is given on Figure 9. A series
of objective and random factors is superimposed on
the process of crack propagation. Therefore, on the
fracture surface we can observe the elongated curvi-
linear structures, which are demonstration of a regu-
lar spherulitic structure and a randomly located area,
formed due to crack “wandering” in the sections with
relatively isotropic structure.

A spherulitic structure of a crystalline polymer is
formed non-uniformly depending on heat conditions
at a level of micron sizes and presence of necessary
amount of crystallization nuclei. During formation
of the ordered structures, low-molecular substances
are displaced in the areas between them. Randomly
formed spherulites in turn form the supracrystalline
structures, which in fracture form a surface simi-
lar to double-sided lamellaes only of larger scale. It
is well observed on Figure 9 that these lines are the
double-sided or semi-round formations with deep,
sharped to bottom cavities between them. It is nec-
essary to take into account that such a surface was
formed not as a result of some special treatment or
etching, but due to free process of material fracture.
Such a surface indicates significant physical inhomo-

Figure 9. Fragment of fracture surface with x10 magnification
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Figure 10. Area of ordered spherulite structures, magnification: a — x10; b — x20

geneity of the material, in which areas of strong and
failured material alternate in orderly manner.

The double-sided ordered formations border with
more extended elongated linear areas on the surface.
Obviously, in these areas the material on a microlevel
created less resistance to crack propagation and frac-
ture took place linearly remaining on the surface the
traces made as “under the ruler”. There are also ar-
eas with disordered structure of the surface, which,
obviously, correspond similar areas of structure in a
bulk of material. Depressions in the surface between
double-sided structures actually have uniform homo-
geneous structure. Obviously, this is a consequence of
the fact that the failured areas between the crystalline
areas have own certain minimum size, which appear
on the surface in a form of filamentary formations of
almost similar width. It can be seen that such nature
of a surface is present only in some certain places,
therefore, it appear only at match of several necessary
factors in the process of crack propagation.

Etching of the specimen in a sulfuric acid solution
helps clearly reveal crystalline and amorphous areas
on the surface of polymer. The amorphous failured
areas dissolve significantly quicker than the crystal-
line ones, therefore appear on the surface in form of
depressions at a background of higher ordered areas.
Fracture surfaces of the specimens were subjected to
etching and examined using light microscope (Fig-
ure 10).

The areas of surface with linear ordered struc-
ture almost do not undergo the changes after etching.
Obviously, these are areas with the highest level of
crystallinity and percent of amorphous phase here is
small. Therefore, after etching the surface contains
only narrow longitudinal bands that were formed
after removal of small amount of failured material.
The zones of spherulite structure are characterized
with great non-uniformity of surface and presence
of round-shaped formations. Since crystallization of
spherulites is non-uniform, they accumulate in some
places forming supracrystalline associations that con-

sist of rounded objects. Admixtures, oligomers and
other amorphous material in small quantity remain
in spherulites content, but they are mainly displaced
out of the borders of ordered zones, forming, in turn,
amorphous associations, sometimes of sufficiently
large size.

Figure 10, a shows that structure of the surface is
non-uniform and changes from one area to another.
Crystalline areas of irregular shape are obviously a
demonstration of the associations of spherulites which
united in one large formation. Not by chance, one of
the most realistic theories of polymer structure, name-
ly paracrystalline Hosemann [14] model describes its
structure as a moving matrix with crystalline folded
formations floating in an amorphous phase located
between them. Separate convex rounded objects can
be the remains of torn molecular domains — fibrils
which were formed in the process of crack formation.
Amorphous material occupies in some regions suffi-
ciently large areas, therefore, in these zones the poly-
mer material has decreased strength that can serve a
direction for crack propagation. The photo of the larg-
est scale (Figure 10, ) demonstrates the ordered for-
mations of rounded shape, which after etching got a
typical cone-like shape, inside which a finer layerwise
structure similar to spherulite is observed. Chemical
etching agent removed from these objects all amor-
phous loops of chains and through molecules remain-
ing only crystalline phase of spherical shape.

It is necessary to note that the examined welded
joints are mechanically full-strength according to
tensile test under [12]. In such a way, regardless the
fact that the microstructure of polymer material is
non-uniform enough, a failure zone is formed along
the fusion surface, but on macrolevel it is possible to
assume that the material of welded joint is statistically
isotropic. A semi-crystalline transition zone is formed
in a zone of fusion of butt weld. It obviously consists
of fragments of macromolecules and clusters that by
a thin layer join a monolithic spherulite structure of
base material.
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CONCLUSIONS

1. There was carried out a crack resistance testing of
base material and welded joints of polyethylene pipes
according to the requirements of International Stan-
dard ISO 220088-4 using the Rehbinder effect.

2. A nature of crack propagation in a base materi-
al indicates some structural organization of polyeth-
ylene in pipe longitudinal direction. On external pipe
surface the direction of crack matches exactly with its
longitudinal axis. In the welded joints of polyethylene
pipes the cracks are formed along the fusion surface
or in vicinity to it.

3. A fracture nature shows that the solid spheru-
lite structure is absent along a fusion line, and failured
“diluted” structure of polymer material is formed in
this zone by mutual penetration of fragments of mol-
ecules. The magnified images of the fracture surface
of welded joints demonstrate the disordered randomly
located areas as well as fragments of regular spheru-
lite structure that indicate “wandering” of a crack in
the region of failured fusion zone.
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ABSTRACT

The results of producing and examination of structure and phase composition of detonation coatings from composite powders
(CP) based on TiAl intermetallics and non-metallic refractory compounds (B,C, BN, SiC, Si,N,) are presented. Detonation
spraying with CP was carried out using the automatic detonation complex “Perun-S”. As working gases, the mixture “propane—
butane—oxygen” and as diluent and transporting gas air were used. CP for detonation spraying was produced by the method
of mechanochemical synthesis (MChS) with a subsequent conglomeration. The size of CP particles was 40-80 pm. It was
revealed that the main changes in the phase composition of detonation coatings as compared to the source CP consist in the

appearance of a large number of oxide phases; in the composition TiAl-B,C-TiO,, Ti,O,; TiAI-BN-Ti,0,, TiO, TiO,; TiAl-

3750

SiC-TiO,, Ti,0,, SiO,; TiAl-Si,N,~TiO,, TiO, SiO,. The most dense and homogeneous structure was obtalned in the coatmgs

375

with CP T1Al SiC1i T1Al Si,N,.

KEYWORDS: Ti—Al system intermetallics, non-metallic refractory compounds, detonation coatings

INTRODUCTION

Due to low density, high specific strength, good me-
chanical properties at elevated temperatures and resis-
tance to environmental influence, TiAl intermetallics
are already used for some components of the automo-
tive and aircraft industry, including for turbochargers or
low-pressure turbine blades. However, some drawbacks
inherent in TiAl alloys, such as low plasticity and low
impact toughness are still inhibiting their wider use as
a bulk material. On the other hand, TiAl can be used as
a protective coating, for example, for titanium alloys.
The main advantages of TiAl coatings consist in the
fact, that they have a density lower than MCrAlY al-
loy coatings, good compliance with titanium alloys in
terms of thermal and mechanical properties, as well as
the ability to form a strong adhesion with a metal base
due to interdiffusion at a lower tendency to brittle phase
formation. In addition, adding alloying elements can re-
duce the rate of oxidation and improve the mechanical
properties of TiAl binary alloy. To provide TiAl alloy
with a high strength, rigidity and wear resistance SiC,
TiB,, B,C, TiC, AL O, etc. are used [1-4].

T1A1 based coatmgs can be produced in several
ways, among which thermal spraying [5, 6] and alu-
minizing have become most widespread [7].

Among the different methods of thermal spraying
of TiAl coatings, most studies were focused on plas-
ma, high-velocity oxygen fuel (HVOF), cold, detona-
tion and electric arc surfacing.

As for the coatings produced by detonation spray-
ing, the research data are mainly referred to TiAl
[8-13], Ti,Al [12, 14] and TiAICr [15].

Copyright © The Author(s)
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In [10, 11, 14], in addition to intermetallics, in the
coatings small amounts of titanium carbide, nitride and
oxide were found. These secondary phases are located
on the boundaries or inside the lamellas, depending on
the mechanism of formation. The formation of such
inclusions of the secondary phase is sometimes carried
out consciously, as they provide or enhance the specif-
ic characteristics of coatings. For example, titanium ni-
tride was included in the composition of TiAl-coatings
to increase the tribological properties of these coatings
[14]. Titanium aluminide coatings deposited using hy-
drogenated titanium [16] was distinguished by a high-
er hardness, heat resistance and oxidation resistance as
compared to the coatings deposited from the source tita-
nium aluminide [ 12]. The process of detonation spraying
can be used to produce nanostructured alumotitanium
coatings with a higher microchardness than appropriate
plasma coatings. Producing multilayer alumotitanium
coatings from conventional and nanostructured powders
with alternating layers from partially molten nanostruc-
tural material are presented in [11]. In [14] the results
of studying the composition of the coatings produced
by the method of detonation spraying from Ti,Al pow-
ders in environments of different chemical composition
are presented by changing the ratio of O,/C,H.. In these
coatings, along with Ti,Al, TiN and Ti,N were revealed,
which are formed as a result of the reaction of heated
particles with nitrogen used to transport the powder. In
addition, the studies showed that in the conditions of
detonation spraying, a strong oxidation of Ti,Al occurs,
which contributes to the loss of aluminium.

In [11, 12] the authors revealed that from the mecha-
noalloyed Ti powder, 50 at.% Al a ceramic coating based
on Al TiO, compound can be produced by the oxidizing
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effect of the working gas environment on the powder.
Titanium aluminide coatings based on TiN inclusions
can be formed at the influence of the working gas envi-
ronment (air, nitrogen) on the powder. At the same time,
when using cast TiAl (y) powder, its phase composition
is inherited by the coating. Thus, the coatings produced
from mechanically alloyed and cast powders are differ-
ent both in structure and phase composition. The use of
powders produced by mechanoalloying allows not only
to vary the phase composition of coatings due to a high
chemical activity of a nanostructural X-ray amorphous
sprayed material, but also provides new opportunities for
creating the optimal coating structure.

The aim of the work was to study the processes
of coating formation during spraying by detonation
method from composite powders based on TiAl in-
termetallics with additions of non-metallic refractory
compounds (B,C, BN, SiC and Si,N,).

CHARACTERISTICS OF SOURCE
MATERIALS AND RESEARCH PROCEDURE

As the source materials to produce coatings by the
method of detonation spraying, TiAl intermetallics
powder was used containing (wt.%): 62.5 Ti and
37.5 Al (T65Yu35) and composition powders (CP)
based on it with the introduction of non-metallic re-
fractory compounds (NRC) such as B,C, BN, SiC,
Si,N, into their composition.

The composite TiAl/NRC powders were produced
by the method of mechanochemical synthesis (MChS)
in the high energy reactor “Activator 2SL” at 1.5 h of
processing. The technology of producing CP of this
type is described in detail in [17]. For powder con-
glomeration, polyvinyl alcohol (PVA) in the amount
of 3 % was used.

To study the source powders and sprayed coatings,
the methods of metallographic, X-ray structural phase
and microdurometric analysis with the construction of
variational curves of microhardness were used.

SELECTION OF DETONATION
SPRAYING MODE

The coatings were sprayed in the detonation installa-
tion “Perun-S”. As working gases, a mixture of “pro-
pane—butane—oxygen”, and as a diluent and transport-
ing gas air were used.

When choosing a detonation spraying mode, a
series of experiments was performed with an assess-
ment of the effect of the degree of filling the barrel
of a detonation installation with a working gas on the
quality of coating, determining the optimal spraying
distance, optimal process cyclogram, as well as the
consumption of transporting gas and the thickness of
the coating, which is formed in a one cycle.

To study the effect of the degree of filling of the bar-
rel on the quality of coatings, the air consumption in the
mixture (from 0.4 to 1.15 m?/s) was changed at a con-

stant ratio of working gases (propane—butane and oxy-
gen) consumption being 1:3 and a distance of spraying of
100 mm, which corresponds to the change in connection
with this degree of filling the barrel from 58.3 to 76 %.
The most optimal ratio for producing quality coatings
was the ratio of working gases (propane-butane+oxy-
gen+air) being 1:3, 1:1.3 for spraying coatings from Ti—
Al powder with the particles size of 40—100 pm and the
degree of filling the installation barrel being 64 %.
When changing the spraying distance, the 4 dis-
tances from the muzzle barrel of the installation to
the base with an interval of 40 mm (70, 110, 150
and 190 mm) was chosen. It was found that during
spraying at a distance of 70 mm, the coating is dense
with a clearly defined border, but both the base and
the coatings have temper colors, probably caused by
overheating of the base and the coating. In addition, at
a small spraying distance, the base may deform and in
the coating microcracks may appear under the action
of thermal stresses. During spraying at a distance of
110 mm, the coating is dense, the powder particles of
all sizes are involved in the formation of the coating:
in small-sized particles the temperature and veloci-
ty have not been already reduced, the border of the
coating is slightly blurred, the temperature of the base
and the coating is ~ 300 °C. The coating at a spraying
distance of 150 mm is formed by medium- and large-
sized powder particles, and small-sized particles lose
velocity and temperature at this distance. The coating
spot is larger than the diameter of the barrel, the bor-
der is blurred, the porosity of the coating is increased.
At a spraying distance of 190 mm, the coating is
formed of large-sized particles that have not lost their
velocity and temperature. The coatings of large pow-
der particles have a considerable porosity, the border
of the spot is blurred, on the base it is possible to see
traces of ricochet of large particles. As the spraying
distance increases, the temperature and velocity of
the spraying particles decreases, which leads to the
formation of a loose coating and reduction in the ad-
hesion strength, which can lead to delamination of the
coating from the base. Thus, according to the results
of the coatings produced during spraying at different
spraying distances, a distance of 110 mm was chosen.
To produce a quality coating, it is necessary that
the sprayed powder particles interacting with the
products of detonation acquired the required energy
characteristics, i.e. the temperature of 0.8-0.9 from
the melting point of the powder material, the veloc-
ity of the powder particles is 600-1000 m/s at the
exit from the barrel. Obtaining such characteristics
is achieved by the optimal value of powder loading
into the barrel — the distance between the edge barrel
and the location of the material portion being sprayed
at the moment of mixture explosion. The size of the
powder portion load is regulated by the cyclogram.
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The cyclogram provides a pulse of transporting gas
to supply the portion (cloud) of the powder to the de-
sired place of the barrel at the moment of initiation of
the gas mixture explosion. The choice of the cyclo-
gram should be coordinated with the degree of filling
the barrel with a mixture of working gases so that the
powder cloud does not go beyond the mixture. In the
“Perun-S” installation, 8 cyclograms (four per each
dispenser) are provided, which can be used to depos-
it coatings of powder materials with different density
and different sizes of particles. To supply the pow-
der to the desired place of the barrel (at this degree of
filling), the cyclogram 2-2 (dispenser 2) is installed,
which is intended for spraying powders with a density
of 3-9 g/cm® and particle size of 10-50 pm, which
provides the location of a powder cloud with a length
of 200 mm at a distance from the barrel edge to the
front part of the cloud being 150 mm. The generation
frequency during spraying of coatings was 6.6 s™'.

The amount of transporting gas consumption is
used to regulate the amount of a portion of the powder
to produce a certain thickness of the coating per 1 cy-
cle. For this detonation installation with a barrel length
of 550 mm and a barrel diameter of 20 mm, a portion
of powder (most of the sprayed materials) is optimal,
during spraying of which the thickness of the coating
per 1 cycle is 4-6 um. Increasing the portion of powder
(and the thickness of the coating) causes non-uniform
heating of moving particles in the center and on the pe-
riphery of the metallization flow. Reduction of a pow-
der portion leads to a decrease in the thickness of the
coating, which is not economically feasible.

For TiAl powders with a density of 3.0-3.8 g/cm?,
the consumption of composite powders in the instal-
lation Perun-S was 0.9—-1.2 kg/h.

Thus, for spraying coatings from TiAl-based pow-
ders with a melting point of the base being 1200 °C
and particle size of 40—100 wm, a mode with the ra-
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Figure 1. X-ray patterns of source TiAl powder (a) and TiAl pow-
der after mechanical grinding in the planetary mill (b)
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tio of working gases 1:3, 1:1.3 and their consumption:
propane-butane of 0.5 m*h, oxygen — 1.55 m’/h,
air — 0.65 m*/h was selected. The degree of filling the
barrel was 64 %. To supply the powder to the desired
place of the barrel (at this degree of filling), the cylo-
gram 2-2 (dispenser 2) was installed. The consump-
tion of transporting gas for powders with the density of
3.0-3.8 g/cm?® and particles with the size of 40—100 um
was 0.15-0.3 m*h. The spraying distance is 110 mm.

RESEARCH RESULTS AND DISCUSSION

Using the XRD method, in the source powder
T65Yu35 TiAl, the phases of TiAl (y-phase) and Ti, Al
were revealed (Figure 1, a). After grinding in the
planetary mill, an expansion of diffraction lines and a
decrease in their intensity (Figure 1, ) occurs, which
indicates a partial amorphization of powder.

To find out the mechanism of physico-chemical
interaction of components in CP in the conditions of
the detonation spraying method, the coating of three
types from TiAl powder without NRC additives was
first investigated: 1) from the source powder in as-de-
livered state; 2) from the powder subjected to process-
ing in the planetary mill for 1.5 h; 3) from the powder
subjected to processing in the planetary mill with a
subsequent conglomeration.

The study of the structure of detonation coatings
from TiAl powder of all three types showed that the
produced coatings are dense, without cracks and de-
laminations from the base, they contain large dark gray
oxide lamellas, a small number of thin light lamellas
and deformed light particles (Figure 2). In the coat-
ing from a grinded and conglomerated powder, the
structure is more fine-dispersed with the most uniform
distribution of light and dark lamellas (Figure 2, c).
Microhardness in the coating from the source pow-
der is 5330 + 800 MPa, and in the coatings of grind-
ed powder and that processed in the planetary mill
with a subsequent conglomeration has almost no dif-
ference (average values are respectively 3990 + 800,
4190 + 630 MPa), and the most probable (Figure 3)
are 3975 and 4010. The XRD method found that in
the coatings from TiAl powders of all three types, the
main phases are TiO,, AL,O, and TiO (Figure 4). The
content of TiAl and Ti,Al intermetallic phases from the
conglomerated powder coatings are slightly increased
relative to the coating from the source powder (trac-
es). Regarding the quantitative phase composition, it is
necessary to note the presence of more intensive peaks
of intermetallic phases on X-ray patterns from grind-
ed powders; in addition, judging by the intensity of
X-ray lines, the content of TiO, is higher in the coating
from the source TiAl powder (in Figure 4, a), than in
the coatings of grinded powders (Figure 4, b, ¢), more-
over, in the grinded powders, traces of Ti,O_ oxide were
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found. These differences may be associated with the




DETONATION COATINGS BASED ON TIAL INTERMETALLICS WITH ADDITIONS

Figure 2. Microstructure (x400) of detonation coating from TiAl powder: @ — source powder; b — powder produced by grinding in
the planetary mill for 1.5 h; ¢ — powder produced by grinding with a subsequent conglomeration

dispersion of sprayed powder particles (Table 1). The
higher sizes of particles of 2" and 3™ type as compared
to the 1** one are explained by the formation of larger
particles due to the welding processes during mechan-
ical processing of powder in the planetary mill and in
the future during conglomeration.

On the basis of the analysis of the results of the con-
ducted investigations (Table 1), to produce composite
powders and coatings from them, TiAl-powder of two
types were selected: the powder processed in the plane-
tary mill for 1.5 h; the powder processed in the planetary
mill for 1.5 h with a subsequent conglomeration.

To deposit detonation coatings, the composite
TiAI/NRC powders were used produced by the MChS
method both in the initial state as well after addition-
al processing-conglomeration (Table 2). At the same
time, some differences in the structure and phase
composition of the produced coatings were identified.

The examination of the structure of detonation
coatings from composite TiAl/B,C powder showed

that the structure from a non-conglomerated powder
(Figure 5, a) is dense, without cracks and delamina-
tions, lamelar, consists of dark gray and has a small
number of thin light lamellas. In the structure of
the coating produced from a conglomerated powder
(Figure 5, b), a larger number of light lamellas and
non-melted particles with small dark gray inclusions
is observed. The microhardness of the coating from
the powders of both types differs slightly. The average
values are 5550 + 1080 and 4760 + 950 MPa, respec-
tively (most probable are 5090 and 5200) (Figure 6).
When comparing the phase composition of the coat-
ings (Figure 7) with the source powder (Table 2), it is
possible to note an increase in the number of boride
and carbide phases — products of interaction of CP
components in the process of spraying and the ap-
pearance of oxides, first of all, of titanium as a result
of interaction of CP particles with detonation flow in
the process of spraying. At the same time, it can be
noted that the coating from a conglomerated pow-
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der contains a lower amount of oxide phases, which
is associated with a smaller specific particle surface
that contacts the environment. On the other hand, the
process of interphase interaction in the particles of a
conglomerated powder proceeds more actively, which
affects the phase composition — a number of inter-
action of TiAl products with B,C increases, and the
content of TiAl and Ti,Al decreases.

In the detonation coatings from the composite pow-
ders of TIAI/BN while making the section, chipping
of individual areas of the coating occurs, which indi-
cates the brittleness of the formed phases (Figure 8).
The coating produced from MChS powder, is strongly
oxidized, has a dark gray color with small thin light
lamellas (Figure 9, a). In the coating from the powder
produced by MChS with the further conglomeration
(Figure 9, b), more light lamellas and non-melted par-
ticles is observed. The microhardness of the coating
from MChS powder is 4880 + 1200 MPa, and from
MChS powder with a subsequent conglomeration it is

4040 + 850 MPa. The reduction of microhardness of the
coatings from CP TiAl/BN of conglomerated powders
was also noted on the variational curves (Figure 9).

The XRD method found that in the coating from
MCAhS powder, a number of intermetallic phases (TiAl,
Ti,Al) is lower as compared to the source powder. The
main phase in this coating is Ti,O, oxide, the traces of
TiN, TiB,, AIB, and AIN phases and oxides TiO, and
TiO (Figure 10, @) were also found in the coating. XRD
method found, that in the coating from MChS powder
with a subsequent conglomeration, the coating is less
oxidized as compared to the coating from MChS pow-
der, it contains a small amount of TiAl, Ti,Al, in the
coating an increase in the content of TiN, TiB,, AIB,
and AIN phases was revelaed and except of Ti,O, and
TiO, oxides, in the coating a high-temperature oxide
A1, TiO phase is present (Figure 10, b).

The structure of detonation coatings from compos-
ite TiAl/SiC powders is dense, without cracks and de-
laminations from the base, with large dark-gray oxide

Table 1. Characteristics of TiAl powders and detonation coatings from them

Coating
Powder Microhardness, MPa
P=50g)
Porosity, % Phase composition
Particle size, Phase Most
Type .. Average
um composition probable
TiO, TiO,, ALO,, traces
st < + X 273
Source (1* type) <20 5330 + 800 4750 0.8 T1Al Ti,Al
Processed in the planetary mill 480 | TIALTLAL | 3990+800 | 3975 22
for 1.5'h (2" type) TiAL Ti,Al TiO,, TiO,
. ALO,, traces T1 O,
Processed w1t}'1 a subsequent 40-80 4190 + 630 4010 26 273
conglomeration (3" type)
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Table 2. Characteristics of detonation coatings produced from composite powders

Characteristics of powder Characteristics of coating
Size of Microhardness, MPa
Composition Thickness (P=50g) .
of mixture for Methoq pOV.Vder XRD of coating, Porosity, MChS
of producing | particles, Most %
CP, wt.% pm Average o3
pm probable
MChS,1.5h <22 175+£25 | 5550 + 1084 5090 TiAl Ti,Al, TiC, TiB,,
4 AlB,, TiO, Ti,O,, traces
TiAlB,C TiALTi,Al, ALO
+ . . 273
(16%B,C) | MChS, LSh+ 5 )4 TiB,, TiC 460 +30 | 4760 + 1060 | 5200 : —
conglomeration g TiB,, AIB,, TiC, Ti,O,,
TiO,, traces TiAl, Ti,Al
Ti,0,, TiO, TiO, TiN,
MChS, 1,5 ron <19 215+ 15 | 4880 +1200 | 5700 3 TiB,, AIB,, traces TiAl,
. TiAl, Ti Al, TiB Ti Al
+ > 3 4 2° 1
T‘Ai ]?1’31\11\1 (18 AIB,, TiN, AIN, :
%BN) | ks, Lsha BN Ti,0,, TiO, TiN, TiB,,
con lor,ne.ration 20-80 440 +£30 | 4040 + 850 4300 12 AlB,, AL, TiO,, traces
& TiAl Ti Al
+
MChS, 1.5k <19 410+ 70 | 4230=+750 5000 4
TiAl + SiC (16 KOHTL. TiAl, Ti,Al SiC, TiC, Ti,Si, TiO,, Ti,O,,
% SiC) N TiC, Ti.Si Si0., traces Ti, Al TiAl,
MCRS, 15h+ )5 109 T | 480446 | 5250800 | 5700 2.9 ’ ’
conglomeration
AL SN MChS, 1.5h <14 AL TLAL TN 385+50 | 4010+670 4000 2.1 Ti, Al TiN, Ti_Si,, ALO,,
iN) | MChS, 1.5h+ SiN. TSP AIN TiO,, Si0,, AL TiO,
(18 % SiN,) > 1 - iN,, TiSi, + + ? N
R onglomeration 40-100 ERN 500+20 | 5440+970 4975 44 traces AIN, TiAl

.

Figure 5. Microstructure (x400) of detonation coatings from composite TiAl/B,C powders produced by the methods: a — MChS; b —
MCAhS with a subsequent conglomeration
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Figure 6. Variation curves of microhardness of detonation coatings from composite TiAl/B,C powders produced by the methods: a —
MCAhS; b — MChS with a subsequent conglomeration
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Figure 7. X-ray patterns of detonation coatings from composite TiAl/B,C powders produced by the methods: a — MChS; 5 — MChS

with a subsequent conglomeration

Figure 8. Microstructure (x400) of detonation coatings from composite TiAl/BN powders produced by the methods: « — MChS; b —
MCAhS with a subsequent conglomeration
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Figure 9. Variation curves of detonation coatings from composite TiAl/BN powders produced by the methods: « — MChS; b — MChS

with a subsequent conglomeration
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Figure 10. X-ray patterns of detonation coatings from composite TiAl/BN powders produced by the methods: a — MChS; 5 — MChS
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Figure 11. Microstructure of detonation coatings from composite TiAl/SiC powders produced by the methods: a — MChS; 5 — MChS

with a subsequent conglomeration

30 - 5000 50

ot | ab - 5700
=
o 20 L
= < 30
b L
g 20 -
E 10
2 sk 10k
o 8700

i I L 1 1 1 L 1 L | T
3000 4000 5000 6000 7000 4000 5000 6000 7000 8000 9000
a Microhardness, MPa b Microhardness, MPa

Figure 12. Variational curves of detonation coatings from composite TiAl/SiC powders produced by the methods: a — MChS; b —
MChS with a subsequent conglomeration
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Figure 13. X-ray patterns of detonation coatings from composite TiAl/SiC powders produced by the methods: « — MChS; b — MChS
with a subsequent conglomeration

Figure 14. Microstructure of detonation coatings from composite TiAl/Si,

N, powders produced by the methods: « — MChS; b —
MCAhS with a subsequent conglomeration
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Figure 15. Variation curves of detonation coatings from composite TiAl/Si,N, powders produced by the methods: a — MChS; b —

MCAhS with a subsequent conglomeration
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Figure 16. X-ray patterns of detonation coatings from composite TiAl/Si,N, powders produced by the methods: @ — MChS; b —

MChS with a subsequent conglomeration

lamellas and thin light lamellas (Figure 11). The aver-
age value of microhardness of the coating from MChS
powder is lower than in the coating from MChS pow-
der with a subsequent conglomeration (4230 £ 750
and 5250 + 800 MPa, respectively), which is associat-
ed with a denser structure of the coating from MChS
powder with a subsequent conglomeration. The lower
values of microhardness were obtained on the vari-
ational curves (Figure 12) for the coatings made of
non-conglomerated powder.

On the X-ray patterns of the coatings (Figure 13),
in addition to the main phases of TiAl, Ti,Al, TiC and
Ti Si,, which are present in the powder, the oxides
TiO,, Si0,, AL, TiO, and Ti,O, were found.

The structures of detonation coatings from the com-
posite powders of TiAl/Si,N, are similar to the struc-
tures of coatings from the composite powders of TiAl/
SiC: they are dense, without cracks and delaminations
from the base, with large dark-gray oxide lamellas
and thin light lamellas (Figure 14). Microhardness of
MChS powder coatings is lower than in the coating
from MChS powder with a subsequent conglomeration
(4010 + 670 and 5440 & 970 MPa, respectively), which
as in the case of CP TiAl/SiC is associated with a dens-
er structure of the coating from MChS powder with a
subsequent conglomeration. The same regularity was
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marked for the most probable values of microhardness
on the variational curves (Figure 15).

On the X-ray patterns (Figure 16, a, b) both the
main phases characteristic of the source powder TiAl,
Ti,Al, TiN, Ti,Si,, AIN, as well as oxides TiO,, SiO,,
TiO were revealed, which are present in the coating
from MChS powder.

CONCLUSIONS

1. As a result of studying the impact of technological
parameters on the formation of detonation coatings
from TiAl intermetallics and composite powders on
its base with the additives of non-metallic refractory
compounds (B,C, BN, SiC, Si,N,), the mode of pro-
ducing high-quality coatings, distinguished in a high
density of structure and absence of defects at the bor-
der with the base, was revealed.

2. During detonation spraying from TiAl powder, the
oxidation of its particles with the formation of titanium
(TiO, TiO,, Ti,0,) and aluminium (ALO,) oxides occurs.
The content of oxides in the coating depends on the dis-
persion of the powder. Thus, it is lower in the coatings
from conglomerated powders than in the coating from
powders subjected to grinding only.

3. When forming detonation coatings from CP of
TiAI/NRC, both oxidation of sprayed particles as well
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as processes of interphase interaction of its components
occur. Thus, in the coatings from CP of TIAI/B,C oxides
TiO, Ti,0, and AL,O, were revealed as well as increased
content of TiC, TiB, and A1B, as compared to source
CP. In the coatings from CP of TiAl/BN, the main phases
are TiO, TiO,, and Ti, O, oxides, TiB, and A1B, borides
and TiN nitride. When depositing coatings from TiAl/
SiC and TiAVSL,N, oxidation occurs less actively than
in the previous cases, and in CP of TIAVSLN, the pro-
cess of interphase interaction runs less active.

4. Comparing the structure and phase composition
of detonation coatings from MChS powders and pow-
ders produced by MChS method with a subsequent
conglomeration shows that in the second case, a de-
crease in the content of oxides for all compositions is
observed, and the content of products of interphase
interaction between TiAl and inclusions of non-me-
tallic refractory compound grows.

5. The structure of coatings of all compositions
is lamelar, consists of dark-gray (oxide) and light
(metal-like) lamellas. In the coatings produced from
MChS powders with a subsequent conglomeration, it
is more dense and homogeneous than in the coatings
from powders not exposed to conglomeration. The
confirmation of a higher degree of homogeneity of
the structure and phase composition is also the dis-
tribution of microhardness on the variational curves.
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ABSTRACT

The levels and spectral composition of magnetic fields, generated by equipment for arc welding by different methods were
determined, in order to assess their influence on the welder’s body. Published data on electromagnetic safety of electric arc
welding were analyzed. A description of the proposed methodological approaches to determination of magnetic field levels,
their measurement means and methods of assessment of their influence on the welder’s body is given. Modern standards are
characterized as to evaluation of the electromagnetic field impact on man, and their difference from the earlier applied stan-
dards. It is shown that new publications began to appear recently, which are devoted to the harmfulness of electromagnetic
fields at application of electric production equipment. Hence the need to conduct new studies of electromagnetic fields, in
particular their magnetic component (magnetic field intensity, A/m), when using welding equipment. This is required for hy-
gienic assessment of the magnetic fields and development of the respective methods and means of welder protection. For this
purpose, it was necessary to choose new generation instruments for determination of the intensity of magnetic fields, generated
by welding equipment proper. Proceeding from analysis of the obtained oscillograms and spectrograms of the magnetic fields,
evaluation of their levels was performed at application of different arc welding methods. It is shown that the spectral composi-
tion of the magnetic field signal is determined, predominantly, by the welding process proper, features of arc burning and mode

of electrode metal transfer in the arc gap, as well as output parameters of the welding arc power source.

KEYWORDS: arc welding, electromagnetic field, field intensity, oscillograms, spectrograms, welder protection

INTRODUCTION

Welding production is characterized by a continuous in-
crease in the scope of applications of electric and elec-
tronic equipment, operation of which is accompanied
by generation of higher levels of electromagnetic radi-
ation [1, 2], harmful and in some cases hazardous for
the human body. Therefore, special attention is given to
the issues of electromagnetic safety of production and
household equipment, impact of electromagnetic fields
(EMF) on man [3-5], as well as development of respec-
tive measures and means of protection from them.

Unsolved issues of harmful and hazardous effect of
EMF on the welder’s body [ 1] require special attention,
as welders are exactly one of the groups of workers ex-
posed to the impact of highly intensive EMF, particu-
larly, when they are located close to welding equipment
and at direct contact of cables with their body [2, 6].
Depending on the welding process, type of welding
equipment and distance from the worker to it, the levels
of EMF magnetic component, i.e. magnetic field (MF)
intensity can exceed the maximum permissible levels
and can be hazardous for the human body.

The main MF sources are heavily loaded circuits, and
particularly the welding circuit. The amplitude value of
MF intensity in the welder workplace depends on weld-
ing current, welding circuit dimensions and shape, as
well as on the distance between the worker and the field
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source [7]. Operation of electric equipment for arc weld-
ing is accompanied by generation of high level MF, pre-
dominantly, in the superlow frequency range [6] that cre-
ates a certain hazard for welders. So, work [2] presents
the results of measurement of MF levels in the work-
place for MAG welding (metal electrode in active gas) in
keeping with the current European Directive 2013/35EU
[3]. Obtained results of MF levels in the frequency band
from 5 Hz to 400 kHz showed that they significantly ex-
ceed the MF levels generated by other types of electric
equipment. This is attributable to the fact that relatively
high electric currents (up to several hundred amperes)
are used in arc welding. In work [2] in order to study
the MF impact on the welder, its level in the workplaces
was measured by a 3-axis Hall magnetometer, fastened
to the welder’s wrist, i.e. in the position closest to MF
source (near the current source cable). Measurement re-
sults showed that MF magnetic induction in this point
was equal to 1.49 mT that is below the limit permissible
level (LPL) by the standards of DSN 3.36.096-2002 [8]
(1.75 mT for an eight hour working shift).

It should be noted that the old sanitary standards [9]
that were valid until 2002, specified MF only at 50 Hz
frequency. The new Ukrainian standards cover the entire
frequency range characteristic for welding processes and
all the required factors: frequency, intensity and time of
MF action on the human body. It enables their objective
hygienic characterization for the human body.
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Previous publications on MF were based on outdat-
ed procedures and they do not provide an adequate idea
of MF impact. At present some, new publications on
EMF harmfulness at application of household appli-
ances began to appear, but there are no data on EMF in
welding. This is attributable to absence of the respec-
tive instruments, which would allow fixing the mag-
netic field levels, characteristic exactly for the welding
equipment (not on the level of uT, but predominantly,
on the level of mT). It necessitated performance of new
studies of MF (magnetic field intensity, A/m) at appli-
cation of both the currently available and new welding
equipment. Such studies need to be conducted in wide
frequency ranges in the workplaces at application of
different kinds of welding. Here, the influence of weld-
ing process features, distance from the welder work-
place to MF source and time of his staying in the haz-
ardous impact zone on MF level and frequency should
be taken into account. Such data are required to devel-
op the methods and means for protection from MF.

The objective of this work is investigation of mag-
netic field intensity at different arc welding methods
for their hygienic assessment in keeping with the new
standards.

The following tasks were posed in order to reach
this goal:

e define the optimal conditions for conducting
experiments on determination of the intensity of MF,
generated by welding equipment;

e determine the permissible time of welder work-
ing in the zone with higher MF level;

e provide hygienic evaluation of MF in keeping
with the new standards for further development of
recommendations on welder protection from MF.

EXPERIMENTAL PROCEDURE

Assessment of MF parameters in the welder work-
place was performed in the following sequence:

e determination of the possible zone of the worker
being near the electric equipment during the welding
current flowing;

e identification of points as close as possible to
MF source in this zone;

e determination of radiation frequency ranges and
measurement of MF intensity in these points and ranges;

e determination of MF time characteristics.

Measurements of MF intensity at arc welding
methods should be conducted, taking into account the
electric cable layout.

MF intensity was measured using a remote sen-
sor (magnetic field converter), integrating RC-circuit
and a recording device, which was a digital storage
oscillograph with the function of fast fourier trans-
formation (FFT) with extension block. The following
instruments were used:

e magnetic field sensor DMP-1 (Ukraine);

e magnetic field induction meter GFI-1 (Ukraine);

e magnetic field induction meter TP2-2U-01
(Ukraine);

e oscillograph PCS-500 with PC (Velleman, Bel-
gium);

e digital storage oscillograph TDS 1002 (Tektro-
nix, USA).

During measurement of MF intensity, the sensor
was brought into the studied field, and oriented in
space by the maximum readings of the recording de-
vice. Three measurements were taken in the form of
short pulses with a long period. The sensor was placed
successively in three planes normal to each other, and
its readings were recorded in each plane. The ampli-
tude value of MF intensity vector was determined by
the following formula [8]:

H=\H>+H’+H?, 1)

where H , H , H_are the values of MF intensity in each
plane. '

Total value of magnetic field H was found from the
following expression [8]:

H=\H}+H}+. . .+H? )

where H is the intensity of the magnetic field of a
separate harmonic.

The exposure duration of workers during the shift
was determined by conducting chronometric observa-
tions. The sum of total welding time shows the expo-
sure time during the day.

Experiments were conducted in PWI welding lab-
oratories in typical workplaces. MF intensity mea-
surements were performed at manual, automatic and
semi-automatic arc welding methods at direct and
alternating current. Parts for welding were installed
on the working surface of the metal table. Layout of
welding equipment (power source, ballast rheostats,
steel gas cylinders, etc.) was independently optimal.
In connection with free layout of the power sources
and ballast rheostats, the layout of the welding cables
was also free in space and relative to the welder.

The main task of measurement of MF intensity is
its comparison with the modern sanitary standards [8].
Here, MF scattering from the power sources, magnet-
ic interference from neighbouring stations and impact
of ferromagnetic masses, having a great influence on
measurements, were not of fundamental importance
at this stage of investigations. This is due to the fact
that at manual welding the level of MF induced on the
surface of different body parts of the welder and in-
side his body, is determined predominantly by weld-
ing current. In addition, the MF level is significantly
influenced by the area of the radiating circuit, welders
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Figure 1. Layout of the zones of magnetic field intensity measure-
ment: 1 — head (forehead); 2 — breast; 3 — abdomen; 4 — wrist;
5 — cable

position relative to the main radiation sources and the
distance from the radiator to the welder body.

The layout of the zones where measurements were
performed at manual and semi-automatic welding is
shown in Figure 1.

The given description of experimental conditions
allows correct measurement of MF levels in all the
sensitive points of the human body, which can be ex-
posed to the hazardous and harmful impact of MF.
Such points mostly include those marked in Figure 1:
1 — brain; 2 — heart and lungs (breast); 3 — urogeni-
tal organs (abdomen); 4 — wrist. As the electric cable
can touch the welder’s body, we also have to measure
the MF intensity on it.

Evaluation of the obtained results of MF intensity
measurement was performed by their comparison with
LPL standard values [8], which required knowledge of
the welder exposure time in these fields. For this pur-
pose, chronometric observation of the specific techno-
logical process which could be implemented under the
real production conditions, was performed. However,
earlier studies of welder employment show that the MF
impact on the body is of intermittent nature. So, on the
whole during an eight-hour working shift, the manual
arc welding personnel stays in the zone of MF unfa-

Table 1. Requirements to magnetic field levels in keeping with
DSN 3.3.6.096-2002 [8]

Limit amplitude values in the spectral ranges
Parameters
0-5 Hz 5-50 Hz |0.05-1.0 kHz
EHHLP’ (A/m)*h 1.4-108 1.6-107 70000
H, ,, (A/m) for2 h 11832 2828 187

Note. Hy,= EHi , where EH, Hyp is the limit admissible value of
T

energy load during the work day; 7' is the exposure time, h.

vourable impact for not more than two hours, which is
due to the need to perform preparatory operations and
welding equipment duty cycle (DC, %). Usually, it is
equal to 20-60 % of the five-minute working cycle for
manual arc and semi-automatic welding.

Thus, taking 2 hours per shift as the net welding
time, the normed parameters, in keeping with the san-
itary standards, will have the values, given in Table 1.

Such conditions of performance of experimental
measurements of MF intensity, i.e. net welding time,
which is equal to 2 hours per shift, allows objective
determination of the real values of MF LPL.

EXPERIMENTAL RESULTS
AND THEIR ANALYSIS

Investigation of MF intensity was performed at
arc welding by different methods (automatic sub-
merged-arc, manual coated-electrode, semi-automatic
gas-shielded welding) at electric current of industrial
frequency (50 Hz), and direct current. The conditions
of experiment performance (welding methods, brand
of welding consumables and equipment, welding
modes), as well as the results of determination of MF
intensity are given in Tables 2-5.

Results of determination of MF intensity at au-
tomatic submerged-arc welding, using a thyristor
transformer TDF-1002 with phase control, were de-
rived by the method of analysis of oscillograms and
spectrograms, obtained using the above-mentioned
instruments. Measurements were conducted at 0.5 m
distance from the axis of welding nozzle of TS-17
semi-automatic machine. The magnetic field, induced
by welding current, is visually perceived as sinusoi-
dal in the oscilloscope screen (Figure 2). Howev-
er, its discrete spectrum (Figure 3) is characterized
both by a pronounced predominantly right harmon-
ics with 50 Hz frequency (#_, ), which reaches the
maximum value in the area of the welder’s abdomen

H_., = 360 A/m, and by harmonics H_, = 180 and
H_ ., = 150 A/m. Obtained measurement results (Ta-

ble 2) were compared with MF standard values.

Thus, determination of MF levels at automatic a.c.
submerged-arc welding in the mode of medium power
showed results satisfactory in hygienic terms (Table 2).
One can see from the tabulated results that no exceeding
of MF LPL was found in any of the studied ranges.

Here, it was taken into account that the automat-
ic welding operator does not have to be continuously
present in MF impact zone, i.e. he can be protected by
distance from the welding equipment, minimizing the
harmful impact of MF on the body.

Effective value of magnetic field H, calculated by
expression (2), is equal to 404 A/m, that is much low-
er than the standard values (1400 A/m).
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15 mvV~ 600 Hz

dV: 86.72 mV dt: 20.40 ms 1/dt: 49.02 Hz Vms: 26.34 mV

Figure 2. Oscillogram of the magnetic field at automatic sub-
merged-arc welding

Further wverification in keeping with DSN
3.3.6.096-2002, consists in checking the balance of
energy load by frequency ranges and exceeding the
norm in the range of 0—1000 Hz by expression [8]:

YH?LPLs*< 1, (3)

where LPLs are the limit permissible levels of MF of
the respective ranges.

So, for the highest MF intensities, in this case in
the region of the welder’s abdomen, the value of ratio
(3) is more than a unity at a two-hour exposure. Thus,
in this zone at automatic submerged-arc welding the
permissible values of MF intensity are exceeded,
which requires application of protection means of the
welder (in this case automatic welding operator).

Exceeding MF permissible level in the considered
case is due to a non-sinusoidal shape of welding cur-
rent and presence of MF second and third harmonics
H_ ,=180MPaand H_ . =150 A/m in the spectrum.

Itis understandable that in this case there is no need
for the welding operator to stay in the above-men-
tioned zone, and the so-called distance protection can
be used. In other cases, for instance, for manual and
semi-automatic welding, the question of welder pro-
tection from MF will be more complicated.

dv: 31.88dB f 50.20 Hz

Figure 3. Spectrogram of the magnetic field of automatic sub-
merged-arc welding

Analysis of oscillograms and spectrograms, char-
acteristic for other arc welding processes, was per-
formed in a similar manner (Tables 3-5).

Results of studying MF levels (Table 3) at coat-
ed-electrode manual arc welding, using electrodes
of ANO-2 grade in the optimal mode, showed no
exceeding of standard MF levels in the frequency
range of 0-5 Hz. In the frequency range of 5-50 Hz
there is no exceeding either: all MF intensity values
are below LPL at a two-hour or even eight-hour ex-
posure. However, MF intensity near the cable proper
(current conduit), which connects the welding current
rectifier VDU-506 with the electrode holder, is equal
to 3977 A/m along the entire cable length in the fre-
quency range of 0—5 Hz, i.e. the stress intensity in this
zone almost reaches LPL (4200 A/m). Now, in the fre-
quency range of 50—1000 Hz, for which LPL is equal
to 94 A/m for an eight hour working shift, individual
harmonics H,,, = 896 A/m and H,, = 179 A/m were
found, which greatly exceed LPL. It shows that if the
welder is close to the cable (wraps it around his body
or winds it on the arm holding the electrode), it will be
hazardous for his health.

Investigations of MF intensity (Table 4) in semi-au-
tomatic CO, welding with Sv-08G2S wire showed that
MF LPL are exceeded in all the studied zones of the
welder’s body in the frequency range of 501000 Hz.

Table 2. Results of determination of magnetic field intensity in automatic submerged-arc welding with AN-65 flux (wire diameter of
4.0 mm, TS-17automatic machine, current source — TDF-1002 transformer, alternating current, 700 A, 36 V)

Spectral composition of the magnetic field and amplitudes of harmonic components /7 in measurement zones by frequency ranges, A/m
Measurement zones
1 (forehead) 2 (breast) 3 (abdomen) 4 (wrist) 5 (cable)
Frequency ranges, Hz
0-5 5-50 | 50-1000 0-5 5-50 50-1000 0-5 5-50 50-1000 | 05| 5-50 | 50-1000 [0-5| 5-50 | 50-1000
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Hy =98 H,,= 180
H,=83 | Hy,= 12| Hy,,= 62 |H,=130| H,=210| H,=70 |H=230| H,=360 ™ ' * | * * L *
H,y, =48 150
Note. * in this frequency range no magnetic field signal was found.
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Table 3. Results of determination of magnetic field intensity at manual arc welding with ANO-21 electrodes (electrode diameter of
4.0 mm, current source is VDU-506 rectifier, direct current of 200220 A, 32-34 V)

Spectral composition of the magnetic field and amplitudes of harmonic components //__in measurement zones by frequency ranges, A/m
Measurement zones
1 (forehead) 2 (breast) 3 (abdomen) 4 (wrist) 5 (cable)
Frequency ranges, Hz
0-5 5-50 |50-1000| 0-5 5-50 |50-1000| 0-5 5-50 | 50-1000 | 0-5 5-50 | 50-1000 0-5 5-50 | 50-1000
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

H, =90

H =56

) H =49 1127 i H,,= 63
HISO 20 H150 64 H25= 283 H =710 HI()O_ 50 Hzoo_ 896

H,=397|H,, = 28| H,,,= 32 |H,= 658|H, = 40| H,,,= 31 |H,= 2386H s H::Z: |13 s =153 1H, = 113(H, = 357 |H, = 3977|H, = 253| H,= 23
Hy,=15 H,,=82 W= 139 2 H,, =43 H,,=25

HASO: 15 0 H425_ 15

11500= 21
H,,= 179

Presence of such a large number of harmonics in
this frequency range is attributable to the influence of
the characteristics of the welding process proper on
MF signal shape. In particular, the MF signal shape
is influenced by the features of arc burning, nature of
electrode metal transfer in the arc gap, and, certain-
ly, by the initial parameters of the welding arc power
source. The welding process can be characterized by
the presence of the arc gap short-circuiting, size of
molten metal drops and other factors [10], which af-
fect the frequency of the generated MF.

The results of determination of the intensity of MF,
generated in manual nonconsumable electrode argon-arc
welding of steel, using MAGIC WAVE-3000 current

rectifier (Austria), are given in Table 5. These results
are indicative of a complete absence of exceeding the
MF level in all the frequency ranges and zones of the
welder’s body. This is attributable to improved electric
characteristics of the above-mentioned modern current
rectifier with welding current modulation.

At the same time, presence of MF signal of the
magnitude of 160 A/m (H,, ) in the frequency range
of 50-1000 Hz, in the zone of the wrist, with which
the welder holds the electrode (see Figure 1), does not
mean that LPL is exceeded. It is attributable to the fact
that in keeping with the sanitary standards in the case
of local MF action on the wrists the following multi-
plying coefficient is used:

Table 4. Results of determination of magnetic field intensity at semi-automatic CO, welding (Sv-08GS wire of 1.2 mm diameter, cur-

rent source is VDG-3-3 rectifier, direct current of 220 A, 20-22 V)

Spectral composition of the magnetic field and amplitudes of harmonic components /7 in measurement zones by frequency ranges, A/m
Measurement zones
1 (forehead) 2 (breast) 3 (abdomen) 4 (wrist) 5 (cable)
Frequency ranges, Hz
0-5 5-50 | 50-1000 | 0-5 5-50 | 50-1000 0-5 5-50 | 50-1000| 0-5 5-50 | 50-1000 | 0-5 |5-50 | 50-1000
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
H, =357
H =253
H =226 H, =450 120

B B o H =253
H,=318 H,=253 H,,=316 143

H,, =202 H, =224 H,,=201 3

H, =126 H, =126 H =201 H, =127
H=477| * | ™ H,=560|H, =356 H = 1193|H,, = 450| "1 H, =768 » H =113 * | * *
s H,,=51 H, =89 [ H,,=201 H,=318] 7
H,,= 63 H,,=63 H,,,=201 P
— — — 350

Hg,=32 H,,= 561 H,,,=201 e

H,,=80 H,,=201 e

HSZ(]:S 1

Note. * in this frequency range no magnetic field signal was found.
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Table 5. Results of determination of magnetic field intensity at manual nonconsumable electrode argon-arc welding (electrode diameter
of 3.0 mm, current source is MAGIC WAVE-3000 rectifier (Austria), direct current of 100 A, 10 V)

Spectral composition of the magnetic field and amplitudes of harmonic components /  in measurement zones by frequency ranges, A/m
Measurement zones
1 (forehead) 2 (breast) 3 (abdomen) 4 (wrist) 5 (cable)
Frequency ranges, Hz
0-5 5-50 | 50-1000 | 0-5 | 5-50 |50-1000| 0-5 | 5-50 |50-1000| 0-5 | 5-50 |50-1000| 0-5 | 5-50 | 50-1000
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
H,=45 H,,=29 11{195 :91
H =35 H =29 160
H,=416| H, =33 Hsz45 H =310 * *  |H,=636|H,,=21 H;z:m H,= 1081|H,,= 39 52%;]7610 * * *
H,, =20 H,,,= 80 fZ:o: 4l
Note. * in this frequency range no magnetic field signal was found.

H

LPLOC

SH

LPGEN?

“4)

where H, is the LPL of a variable magnetic field of

50 Hz ﬁt:Pqu?gncy at local impact (wrists); H, , ....is the
LPL of a variable magnetic field at general impact [8].

Therefore, in this case LPL is not exceeded: this har-
monic is located much lower than the permissible level
of 470 A/m, which is lower than LPL. Thus, for manual
argon-arc welding at direct current the standard MF val-
ues are not exceeded even at an eight hour exposure.

The low MF levels in this case are attributable to
application of a low direct current and low arc volt-
age, as well as the features of MAGIC WAVE-3000
current rectifier.

On the other hand, in these experiments manual non-
consumable electrode argon-arc welding was performed
without filler wire. Now in other experiments at filler
feeding into the arc gap additional modulation of MF
signal and complication (by the number of harmonics)
of its spectrum are possible due to wave processes.

Obtained results show that in semi-automatic CO,
metal-arc welding MF are generated in the welder
workplace, which exceed LPL in the frequency range
of 50-1000 Hz. This is due, predominantly, to the pres-
ence in the induced MF composition of rather intensive
high-frequency (compared to 50 Hz frequency) harmon-
ic signals, as MF norm in this frequency range, decreases
abruptly (becomes more stringent) by approximately 15
times in keeping with the regulations [8].

The spectrum of all the studied welding processes
is characterized by presence in MF signals of compo-
nents with the main (first) of harmonics of 20, 50, 60,
300 Hz, multiple to primary frequencies and combi-
nation frequencies. The origin of these harmonics in
arc welding can be attributed to the following features
of the welding process:

® 20-25 Hz is the frequency of the arc gap short-cir-
cuiting, arising during metal-electrode CO, welding;

e 50 Hz is the frequency of the mains voltage, pow-
ering the welding transformer, rectifier, inverter, etc.;

e 60 Hz is the frequency of voltage in the second-
ary circuit of foreign arc power sources (for instance,
MAGIC WAVE-2600);

e 300 Hz is the frequency of the first harmonic of the
alternating component of rectified voltage at application
of a six-phase circuit of alternating current rectification.

We should be also take into account the influence on
MF shape of filler wire, used in all of our experiments,
except for manual nonconsumable electrode welding in
argon, which promotes additional modulation of MF sig-
nal and makes its spectrum more complicated.

Analyzing the regularities of running of the weld-
ing processes, it becomes clear that the spectral com-
position of the signal of MF generated by the welding
equipment is predominantly determined by two prin-
cipally inseparable factors:

e welding process proper, features of arc burning
and mode of electrode metal transfer in the arc gap;

e output parameters of welding arc power sources:
transformers, rectifiers, as well as additional electric
devices included into the welding circuit (choke, ca-
pacitors, stabilizers, oscillators; arc ignition devices,
ballast rheostats, etc).

It is natural that for developers of electric welding
equipment of greatest interest is the method of lower-
ing the intensity of higher harmonics due to weaken-
ing of the influence of the second factor. Therefore,
from the viewpoint of electromagnetic safety, the de-
velopers of such equipment should reduce the steep-
ness of the rising front of current and voltage pulses in
welding arc power sources, operating in key modes.
When designing the power sources, it is necessary to
find compromise solutions, selecting some optimal
values of the converter working frequency and weld-
ing current pulse shape. As regards the influence of
the methods of manual and semi-automatic welding
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proper on MF frequency spectrum and intensity in the
working zone, in our opinion, it is necessary to:

e constantly limit application of processes with
short-circuiting of the arc gap, and wider apply weld-
ing in gas mixtures (Ar + CO,, Ar + O, Ar + O, +
CO,) by small-diameter wires, which will ensure ab-
sence of these short-circuits;

e consider (in terms of hygiene) the applicability
of other welding and surfacing processes with weld-
ing mode modulation, in order to achieve a more sta-
ble and predictable process of MF generation;

e apply automation and robotization of the weld-
ing processes.

CONCLUSIONS

1. The necessary conditions for measuring the levels of
MEF, generated by welding equipment, for their correct
hygienic assessment, were determined. It is shown that
for objective assessment of the magnetic field levels, the
net welding time should be 2 hours per shift.

2. Results of hygienic assessment of the magnetic
fields, in keeping with the new standards, are as follows:

e semi-automatic CO, metal-arc welding is charac-
terized by exceeding the limit permissible level of the
magnetic field in the frequency range of 50—-1000 Hz;

e at automatic submerged-arc welding there is no
exceeding of the limit permissible levels of individual
magnetic field harmonics, but the total value of all the
harmonic components of the magnetic field is exceeded;

e manual nonconsumable electrode DC argon-arc
welding is characterized by a medium level of the
magnetic field in the workplace;

e during manual coated-electrode arc welding the
magnetic field level is exceeded only in the electrode
cable proper.

To minimize the harmful impact of the magnet-
ic field on welders, the following recommendations
should be followed (as far as possible):

e increase the distance from the power source and
welding equipment to the welder’s body;

e avoid the electrode or return cable wrapping
around the worker’s body;

e avoid the welder’s body being between the elec-
trode cable and any other cable; all the cables should
be kept together from one or the other side.
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ABSTRACT

The influence of permanent and pulsed longitudinal magnetic fields with the induction B = 0.16-0.30 T on the quality of outer
surfaces of titanium ingots of 85 mm diameter, produced by ESR process, was studied. It is shown that alongside the positive
effects of magnetic field action, manifested in increase of ESR process efficiency, improvement of chemical homogeneity of
the ingots, and refinement of their crystalline structure, application of magnetic fields leads to deterioration of the quality of
formation of the ingot side surface. Here, the degree of surface deterioration depends on magnetic field induction and duration
of'its pulses. It is found that application of pulsed magnetic fields leads to deterioration of the ingot surfaces to a smaller extent
than application of permanent magnetic fields. Described are the mechanisms which negatively affect the quality of ingot sur-
face formation under the impact of the longitudinal magnetic field. They consist in removal and solidification of electrode drops
near the mould walls and periodical change of the skull crust thickness as a result of the slag and metal pool melt vibration.

KEYWORDS: clectroslag remelting; longitudinal magnetic field; pulsed field; ingot; surface; titanium

INTRODUCTION

External magnetic fields are an effective tool for con-
trolling heat transfer and crystallization of metal in
ESR [1-6]. The advantage of using them consists in
the possibility of a contact-free force effect on the
melts of slag and metal pools to achieve certain met-
allurgical effects. In particular, in [3—6] the possibility
of refinement of crystalline structure and increasing
the chemical and physical homogeneity of ESR ingots
using external magnetic fields was shown. It was es-
tablished, that under the action of pulsed longitudinal
magnetic field in the metallurgical melt, electric eddy
currents and vibrations are formed, which provide in-
tensive stirring of liquid metal, intensify the processes
of melting of a consumable electrode, contribute to
refinement of crystallites formed in a two-phase zone,
and the formation of new crystallization centres. This
leads to a number of positive effects, expressed in an
increased the chemical homogeneity of ingots, refine-
ment of their crystalline structure and enhancing the
efficiency of the ESR process. Because of this, the use
of magnetic fields at ESR allowed producing titanium
alloys, whose cast structure is approaching the struc-
ture of a wrought metal.

It was also found that the action of external mag-
netic fields can lead to a deterioration of the quality of
formation of a side surface of the ingots.

Figure 1 shows the appearance of a titanium ingot
with a diameter of 65 mm, the lower part of which
is melted without the use of magnetic field and the
upper one is melted using a permanent longitudinal
magnetic field with the induction of 0.25 T. The photo

Copyright © The Author(s)

clearly shows the boundary of this interface. In par-
ticular, the lower part of the ingot produced without a
superposition of the magnetic field is characterized by
an excellent quality of surface formation. However,
the ingot surface produced using a magnetic field is
characterized by the presence of significant cavities,
slag inclusions and corrugations. It is quite obvious
that the further use of ingots with such a surface re-
quires their mechanical treatment with a large amount
of wastes.

Figure 1. Titanium ingot with a diameter of 65 mm, melted with-
out (/) and with the use (2) of a longitudinal magnetic field with
an induction of 0.25 T
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The aim of this work is to study the effect of lon-
gitudinal permanent and pulsed magnetic fields on
the formation of ESR surface ingots and determine
the mechanisms that lead to a deterioration of surface
quality.

MATERIALS AND RESEARCH PROCEDURE

Experimental studies were performed during melting
of commercial titanium VT1-0 of 85 mm diameter
with the use of different parameters of a longitudinal
magnetic field.

Figure 2 shows the appearance of ingots, melted
in the conditions of a permanent magnetic field with
the induction of 0.16—0.30 T. The analysis of the ob-
tained data shows that under other things being equal,
the quality of the surface deteriorates with an increase
in the induction of the magnetic field. If at 0.16 T,
the surface of the ingot is satisfactory (Figure 2, a),
then when it grows to 0.24—0.30 T, on the surface of
the ingots, defects in the form of slagging, cavities,
corrugations, etc. are formed with the depth of up to
1.5-2.0 mm (Figure 2, b, ¢).

The further experiments were performed under
the conditions of a pulsed longitudinal magnetic field.
Both induction of the magnetic field (within the rang-
es B=0.16-0.24 T), as well as the duration of pulses
and pauses of its action (within the ranges of L ise
=0.3-21s, Lse = 10-33 s respectively) were changed.

Figure 3, a—c presents ingots produced at the same
induction of the magnetic field (0.24 T), but with dif-
ferent duration of pulses of its action Lose = 0.3-2.0s.
The duration of pauses in all cases was equal to
Lse = 10 s.

The obtained results showed that with the duration
of pulses of the magnetic field 7 | = 0.3 s, their ef-

fect on the quality of the ingot surface is almost unno-
ticeable (Figure 3, a). On the surface of the ingot, the
traces of the magnetic field action are barely visible.
This suggests that with such a small duration of field
pulses, in the metallurgical pool enough powerful hy-
drodynamic currents, that would affect the quality of
the ingot surface, do not have time to form. Howev-
er, as the pulse duration is increased to ¢ = 1-2's,
corrugation is already noticeable on the surfaces of
the ingots, which grows with an increase in the du-
ration of the magnetic field pulses (Figure 3, b—d). In
general, with the duration of pulses of up to 1.5 s, the
surface of the ingots can be considered as good (Fig-
ure 3, a—c).

In the further experiments, the value of the mag-
netic field induction was reduced to 0.22-0.16 T, and
the duration of pulses and pauses of the magnetic field
was increased to Lose = 11-21 and lnse = 21-33 s,
respectively (Figure 3, e—g). In this case, on the sur-
face of the ingots, zones of action of the magnetic
field are clearly visible, which were manifested in the
form of transverse bands (corrugations). The depth of
such corrugations was up to 1-2 mm, and the height
was 2—-5 mm, and with an increase in the duration of
pulses of magnetic field, the depth and length of these
zones increased (Figure 3, £, 2).

It should be emphasized that the effect of the
pulsed magnetic field on the formation of surfaces
with a lower induction (B = 0.16 T), but with the lon-
ger pulse duration (z‘pulse =21 s) (Figure 3, g) is higher
than at the induction B = 0.24 T and the duration of
the pulse action Lse = 18 (Figure 3, b). Obviously,
the explanation for such a phenomenon may be the
results of physical modeling, which show that for the
formation of hydrodynamic flows of the maximum in-

Figure 2. Appearance of titanium ingots, melted by ESR using a longitudinal permanent magnetic field of a different induction, T:

a—20.16; b — 0.24; c —0.30
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Figure 3. Appearance of titanium ingots, melted by ESR with the use of a longitudinal pulsed magnetic field: a — B =10.24 T, Lose =

=0.3s, Lse = 10s; b—B=0.24T, L
t =10s;e—B=022T, -

pause

=1.0s,t¢

Ise
=1ls,t

pause

ause

Ise

tensity in the slag pool, the duration of the magnetic
field pulse should exceed some value, which for the
ingots of the corresponding diameters (60—100 mm)
is about 2.5 s [7, 8]. At a lower pulse duration, the
flow intensity will be lower and, therefore, the impact
on the surface formation will also be lower.

Thus, when applying a pulsed magnetic field, the
formation of the ingot surface is affected not only by
the value of the magnetic field induction, but also by
the duration of pulses and pauses of its action.

It is obvious, that the mechanisms of effect of the
magnetic field on the formation of ESR ingots are as-
sociated with the power action of the magnetic field
on the melts of slag and metal. This action occurs as
a result of the interaction of the longitudinal magnetic
field with the electric current of melting. As a result of
such interaction in the current-carrying melts of slag
and metal, a volumetric electromagnetic force (Lo-

s 10s;¢c—B=0.24T, i
=21s;f—B=0.16T, -

ulse

=1.5s, Lose = 10s;d —B=0.24T, Lose = 2.0 s,
=33 s;g—B=O.16T,tp =21s,t =335

pause

Ise
=1ls,t

Ise pause ulse

rentz force) is formed, which leads to the movement
or vibration of liquid slag and metal.

Directly the mechanisms of deterioration of the
formation quality of the ingot surface can be associat-
ed with periodic changes in the thickness and destruc-
tion of the skull crust on the surface ingot, caused by
the vibrations of the melt, and also by the spread of
electrode metal drops and their solidification on the
mould walls and the ingot surface (Figure 4).

Thus, during physical modeling of the drop transfer
at ESR, it was found that a longitudinal magnetic field
can lead to twisting and spreading drops of electrode
metal in the slag pool and their removal to the mould
walls [7, 8]. In this case, during ESR, drops of electrode
metal will be subjected to intensive cooling and crystal-
lize near the walls of the mould or in the skull crust on
the ingot surface, which will lead to deterioration of the
quality of its formation (Figure 4, b, ¢).
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Figure 4. Mechanisms of deterioration of the surface of ESR ingots when using a longitudinal magnetic field due to chaotically spread
drops (a—c) and vibration of melts of slag and metal pools (d—f): I — slag pool; 2 — metal pool; 3 — skull crust; 4 — ingot surface;
5 — ingot; L — thickness of the skull crust; V, — movement of electrode metal drops; ¥, — vibration of liquid metal

Figure 5. Electrode metal drops in ESR in a magnetic field: @ — in a slag crust; b, ¢ — in the peripheral sections on the ingot surface

The high probability of the mechanism described
above is indicated by the detection of electrode metal
drops in slagging (Figure 5, a) and directly on the sur-
face of the ingots that were melted in a magnetic field
(Figures 5, b, ¢).

Another mechanism of deterioration of the in-
got surface may be associated with the vibration of
the melts of slag and metal pools due to the action
of the magnetic field (Figure 4, d, f). Such vibration
with a frequency of 50 Hz is formed at the interac-
tion of alternating current of melting with a perma-
nent magnetic field. When the pulsed magnetic field is
used, the vibration is enhanced by the hydrodynamic
shocks that occur at the moment of switching on/off
the magnetic field. Such oscillations in slag and metal
pools lead to a chaotic change in the thickness of the
skull crust L (Figure 4, e, f) and to the deterioration of
the quality of the ingot surface formation.

It is quite possible that the mechanisms described
above operate simultaneously and lead to a deterio-
ration of the quality of ESR ingot surface formation
under the effect of a longitudinal magnetic field.
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CONCLUSIONS

1. It is shown that the use of an external longitudinal
magnetic field in ESR along with the positive effects
(enhancing the efficiency of the ESR process, increas-
ing the chemical and structural homogeneity of the
ingots) has also a negative impact, which manifests
in the deterioration of the quality of formation of the
reverse side ingot surface. Moreover, the degree of
deterioration of the ingot surface depends on the type
and parameters of the magnetic field.

2. It is established that at an increase in the mag-
netic field induction and the duration of pulses of its
action, the quality of the surface formation deterio-
rates, as well as the use of pulsed magnetic fields to a
lesser extent leads to a deterioration of the ingot sur-
face and is manifested only in the form of transverse
bands. Their depth and elongation depend on the pa-
rameters of the pulsed magnetic field. At a short du-
ration of magnetic field pulses, its negative impact on
the formation of the ingot surface is hardly noticeable.
It can be assumed that the mechanisms of surface de-
terioration consist in removing drops to the walls of
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the mould and their solidification there, as well as as-
sociated with the action of vibration of the melts of
slag and metal pools on the formation of a skull crust
on the ingot surface.

3. This article did not consider the positive effect of
the longitudinal magnetic field on the structure forma-
tion of metal and its chemical homogeneity. However,
in real conditions of ESR, obviously it is necessary to
determine the ratio of the degree of deterioration of
the ingot surface to the effectiveness of improving the
inner characteristics of ESR ingots produced under
the effect of external magnetic field.
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ABSTRACT

A new type of surface eddy current probes of double differential type, which are characterized by increased sensitivity to
surface and subsurface defects of various types, is presented. A family of double differential eddy current probes of different
diameters with different spatial resolutions has been developed. The paper analyzes the main features of double differential
eddy current probes and presents new innovative inspection techniques which allow solving the most complex problems of
non-destructive testing. In particular, the developed eddy current probes have been researched and tested as an effective tool
of inspection of multilayered aircraft structures, in which it is necessary to detect internal defects. They provide, in particular,
the detection of cracks in the second layer of stratified aircraft structures or cracks on the back surface of the aircraft structures
skin; detection of subsurface defects in the weld zone with a rough surface; detection of cracks through repair patches made
of aluminium alloy or carbon composite; detection of subsurface cracks near rivet holes, etc. These techniques create unique
opportunities for timely detection of dangerous damage without disassembling the inspected object or removing the protective
coating. The developed eddy current probes are effective for detecting cracks in ferromagnetic steel products such as forgings,
gas turbine blades and shafts, rails, wheels or axles of railway rolling stock, rough-surfaced castings, etc. In addition, high
sensitivity to defects can be achieved even during the inspection through an air gap or dielectric coating. This allows them to
be successfully used in many automated inspection systems.

KEYWORDS: nondestructive testing, eddy current probe of double differential type, stratified aircraft structure, subsurface

defect, repair patches, rivet hole

INTRODUCTION

Eddy current (EC) method of non-destructive testing
(NDT) is one of the most widespread for detection of
surface and subsurface defects and determination of
the characteristics of conductive materials [1-9]. At
the beginning of its development the EC method was
mainly used for detection of surface defects due to high
operating frequencies which were used in the first EC
flaw detectors. This resulted in the concentration of al-
ternating current in the external layers of the conductive
material due to skin-effect [10, 11]. Later on the low
operating frequencies started to be used that expanded
a sphere of application of the EC method and allowed
detecting hidden subsurface defects including in multi-
layer structures of aircrafts. Eddy current probes (ECP)
being commonly used in EC testing practice are divid-
ed on two main types, namely absolute and differential
[3-5, 8]. Several decades ago a new type of surface ECP
named double differential ECP [8, 12, 13] was created
at G.V. Karpenko Physico-Mechanical Institute of the
NASU (PMI) for the purpose of improvement of EC
testing selectivity. The experience of their application
showed that these ECP can solve the tasks, which are
difficult (and sometimes impossible) to solve using tra-
ditional ECP of absolute or differential type. Proposed
ECP of double differentiatial type are characterised with
Copyright © The Author(s)
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increased sensitivity to surface and subsurface defects
of different type which appear during manufacture of a
product or initiated by fatigue or corrosion phenomena
in an operated structures. There was developed a fami-
ly of double differential ECP of different diameter with
various spatial resolution. Its content is constantly ex-
panded [8]. Developed ECP were examined and tested
as an effective tool of NDT of typical aircraft multilay-
er structures (AS), where it is necessary to detect inner
defects. They, in particular, provide detection of cracks
in a second layer of multilayer AS or cracks on reverse
surface of AS skin with decrease of effect of reinforcing
band edge; detection of subsurface defects in weld zone
with rough surface; detection of cracks through repair
patches, made of aluminium alloy or carbon compos-
ite; detection of subsurface cracks near rivet holes etc.
These technologies create unique possibilities for time-
ly detection of dangerous damages without disassembly
of a tested object (TO) or removal of a protective coat-
ing [8, 12, 13]. Besides, developed ECP are efficient
for detection of cracks in ferromagnetic steel products
such as forgings, blades or shafts of gas turbines, rails,
wheels or axes of railway rolling stock, castings with
rough-finished surface, etc. [§]. The double differential
ECP, for example, is used in the mechanized 8-channel
unit for crack detection in welds of ferromagnetic alloys
through dielectric protective coating of 4 mm thick-
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Figure 1. Design of double differential ECP (a): 7 — drive coils; 2 —sensing coils; 3 — TO; double differential ECP of different size

and spatial resolution (b)

ness developed by German Company Test Maschinen
Technik GmbH. At that high sensitivity to defects can
be reached even at testing through air gap or dielectric
coating of up to 10 mm thickness. Thanks to this pe-
culiarity double differential ECP are successfully used
in many automated NDT systems, for example, in the
64-channel EC testing system for detection of defects
of aluminium bands developed at Fraunhofer Institute
for Non-destructive Testing (Saarbriicken, Germany),
multichannel NDT systems for wheel pairs and railway
axes, developed at the Ukrainian Institute for Non-De-
structive Testing (Kyiv) etc. [8].

This paper analyses the main peculiarities of the
double differential ECP and provides new innovative
technologies of EC NDT which allow solving the
most complex NDT problems.

DESIGN OF DOUBLE DIFFERENTIAL ECP
AND MAIN PECULIARITIES

OF FORMATION OF SIGNALS

FROM DEFECTS

Double differential ECP consist of two drive coils /
and two sensing coils 2, installed on the ferrite cores
and located in the corners of a square (Figure 1, a)
[8]. Two drive coils / have a series connection and
oriented for generation of the similar and opposite
primary electromagnetic fields. Developed ECP were
mounted in a casing from aluminium alloy in order to
reduce electronic interferences and provided with the
connectors of different type for work with the flaw
detectors of the leading manufacturers of devices for
EC testing (Figure 1, b).

N

RS

Design of the double differential ECP (Figure 1, a)
creates the important peculiarities for distribution of a
primary and secondary electromagnetic field, created
by eddy currents induced in TO (Figure 2). In particu-
lar, a typical neutral plane is created in a zone between
the drive coils. In it a vertical component of a total elec-
tromagnetic field equals zero (shown in Figure 2, a by
dotted line) [8]. The sensing ECP coils are installed in
the neutral plane and they have sensitivity orientation
to a vertical component of the electromagnetic field
which equals zero for isotropic and defect-free TO ma-
terials. It is important that eddy currents generated by
both drive coils have similar direction and thus being
added in the neutral plane (Figure 2, b) that promotes
increase of sensitivity of EC testing. A double differ-
ential response of output ECP signal is realised due to
counter connection of the sensing coils.

The design of double differential ECP provides deep
penetration of eddy currents inside TO material since
attenuation of eddy currents can be reduced by means
of selection of large diameter of ECP coils of co-axial
type or by using the drive and sensing coils of small
diameter located at some distance from one another
(Figure 1). Thanks to relatively small diameters of the
coils it was also obtained a high spatial resolution that
is important for detection of local defects. A typical pe-
culiarity of such ECP in comparison with regular ones
is a high sensitivity to elongated (crack type) as well
as local (such as short crack, corrosion pitting or pore)
defects; high sensitivity to surface and subsurface de-
fects including at testing through a non-magnetic skin,
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Figure 2. Primary electromagnetic field generated by drive coils (a) and corresponding eddy currents (b): / — ferrite cores; 2 — pri-
mary electromagnetic field; 3 — neutral plane; 4 — TO; 5 — eddy currents
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Figure 3. Optimum orientation of double differential ECP rela-
tively to crack direction (a): I, 2 — drive and sensing coils, re-
spectively; 3 — crack; 4 — casing; 5 — special mark; “quasi-ab-
solute” signal from crack (b)

layer of a protective coating or a gap between ECP and
TO surface; high testing depth for low-frequency ECP;
low level of interferences including caused by effect of
lift-off change. There was developed a series of double
differential ECP of 4-33 mm diameter that are charac-
terized by different size of the coils, range of operating
frequencies and spatial resolution (Figure 1, b). Double
differential ECP are adapted to modern versatile EC
flaw detectors. They provide testing on different oper-
ating frequencies in 50 Hz—12 MHz range.

The peculiarity of double differential ECP is a de-
pendence of their sensitivity on crack orientation. The
optimum orientation of these ECP relatively to crack
direction is shown on Figure 3, a, where a line con-
necting a centre of drive coils is oriented under 45°
angle relatively to a crack direction. Special mark on
ECP casing helps selecting the optimum orientation.
At that a signal from the crack has “quasi-absolute”
nature (Figure 3, b) similar to an ECP absolute signal
which is characterized with the maximum amplitude
at a time of ECP location directly over the crack.

Real signals of low-frequency double differential
ECP of MDF 1201 type being generated by a subsur-
face defect in a complex plane of EC impedance of
ELOTEST BI1 type flaw detector of German Company
Rohmann GmbH are presented on Figure 4. A low op-
erating frequency 2 kHz was used for detection of the
subsurface defects of crack type located at 1 and 3 mm
depth. Sensitivity of EC flaw detector as for a defect ly-
ing at 3 mm depth was taken by 10 dB more than for a
defect with lying depth 1 mm. In this case the depth of

Freq.: 2kHz
Preamp.: 24
Gain: 51 dBj
Phase: 41 deg|
Filter: lowpass
50 Hz

Phase: 43 deg

Filter: lowpass
50 Hz

a

Figure 4. Signal of double differential ECP from subsurface
cracks with lying depths 1 () and 3 mm (b)
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defect lying corresponds the distance between the upper
edge of subsurface defect and TO surface. Also for com-
parison there was given a signal from a gap (“lift-oft”
on Figure 4) as the main source of the interferences. The
lift-off signals are oriented in a complex plane horizon-
tally corresponding to a standard EC testing procedure.

Provided results show a relatively high sensitivity
to subsurface defects with high level of suppression
of effect of lift-off change. Even for a defect locat-
ed at 3 mm depth a relationship of the amplitude of
signal from defect to the amplitude of lift-off signal
significantly exceeds 6 dB. Besides, the signals differ
by phase (direction of signals in a complex plane) that
provides additional possibilities for separation of the
useful signals created by the defect and lift-off effect.

For local defects, such as pores or corrosion pit-
ting, the double differential ECP create a specific spa-
tial four-point distribution of the signal with two posi-
tive and two negative peaks. Figure 5 provides typical
experimental distributions of sensitivity obtained us-
ing double differential ECP of MDF 1201 type during
serial scanning of a zone of local defect simulated by
1 mm diameter hole drilling [8].

DETECTION OF FATIGUE CRACKS
IN A SECOND LAYER
OF RIVETED AIRCRAFT STRUCTURES

Let us consider a problem of detection of fatigue
cracks between the rivets in a second layer of dou-
ble-layer joints stringer-skin that appeared during AS
operation. Such joints are typical for most AS.

The task was to detect in the investigated speci-
men the cracks between the rivets through 1.4 mm
thick upper skin. The distance between the edges of
the flush rivets made only 8 mm. Thus, scanning of
the zone between the rivets revealed a false signal
at defect absence related with rivet hole influence.
Figure 6 presents a specimen for adjustment of EC
flaw detector. Two trajectories of scanning were used
during testing, namely trajectory 5 allows observing
the signals at defect absence and trajectory 6 sim-
ulates scanning through a crack located in the AS
second layer [12].

The main problem at EC testing of such struc-
tures is a high level of interferences related to the
defect-free rivet influence. Therefore, the testing

"
e

Figure S. Four-point spatial distribution of signal with two posi-
tive and two negative peaks for local defects
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Figure 6. Specimen for simulation of double-layer AS with rivets (a): / — double-layer structure; 2 — rivets; 3 — crack; 4 — balanc-
ing point; 5, 6 — trajectories of scanning in defect-free and defective zones, respectively; ECP signal in complex plane from crack in
second layer (b); signal caused by influence of holes of defect-free rivets (c)

procedure should separate the defect signals in the
second layer from the interference signal created by
the rivets. Selective interpreting of the signals can be
provided by means of analysis of the features typi-
cal for the defect in a complex plane on a flaw de-
tector screen. Developed procedure provides applica-
tion of ECP of MDF 0602 type of 6 mm diameter,
which scans the zone between the rivets (dashed line
on Figure 6, @). Preliminary an imbalance signal was
compensated after ECP installation in point 4 which is
located at 10—12 mm distance from a line joining the
rivets 2. The signals were registered using EC board
of EDDYMAX type on operating frequency 6 kHz.
Figure 6, b shows the signals from crack in the second
layer and Figure 6, ¢ the signals during scanning of
defect-free zone between the rivets.

The obtained results indicate that the ECP signals
during scanning of a defect-free zone (Figure 6, ¢)
move from a balance point (“0” on Figure 6) in a di-
rection of lower part of a complex plane. And vice
versa, a signal from the defect has another upward
direction into another quadrant of the complex plane
(Figure 6, b). These results show the possibility of se-
lective EC testing at which useful signals from the de-
fects are easily separated from the signals generated
by the rivet holes at defect absence.

DETECTION OF FATIGUE CRACKS
CREATED ON AS REVERSE SIDE IN A ZONE
OF EDGE OF REINFORCING BAND

Another typical example of effective EC testing of AS
concerns the problem of detection of internal fatigue
cracks in fuselage skin of Boeing 737 airplane in the
places of juncture joints with additional reinforcing
band (RB) (Figure 7, a). RB 3 of 0.9 mm thickness is

located between the skins 1 and 2 from aluminium al-
loy of 0.9 mm thickness (Figure 7, @). The proposed
EC testing procedure is oriented on detection of fatigue
cracks of 0.45 mm depth (50 % of skin thickness) be-
ing initiated on the inner surface of upper skin 1 along
the edge of RB 3 with access only from fuselage side
(Figure 7, ¢). The problem is in the necessity of separa-
tion of the signals from cracks located on the inner sur-
face of upper skin from sufficiently strong false signals
caused by effect of RB edge being generated due to the
application of low operating frequencies.

The proposed NDT procedure is based on applica-
tion of low-frequency ECP of MDF 1201 type with op-
erating frequency 26 kHz. The ECP signals were reg-
istered in a complex plane which was rotated in such
a way that a signal from the RB edge being directed
horizontally (Figure 7, ) [12]. It can be seen (Figure 7,
b) that the signal from a crack that occurs at 0.45 mm
depth deflects from a horizontal line for ~30° angle.
This difference is enough for complete separation of
the signals from the crack and RB edge. Moreover, an
angle between these signals can be easily increased by
selection larger (for example by 12 dB) amplification
on a vertical axis in comparison with amplification on
a horizontal line. This procedure was implemented for
maintenance NDT of Boeing 737 airplane at “Ukraine
International Airlines” Company (Figure 7, ¢).

DETECTION OF AS FATIGUE CRACKS
THROUGH REPAIR PATCHES

Repair patches glued on airplane damaged structures
are widely used as economic effective method of ser-
vice life increase. The methods of repair with the pur-
pose of reinforcement of damaged AS provide appli-
cation of different materials such as aluminium alloy
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Figure 7. Multilayer structure of Boeing 737 airplane with reinforcing band (a): 1, 2 — skins; 3 — RB; 4 — stringer; 5 — crack; 6 —
ECP; 7 — scanning trajectory; signal from crack (b); testing of Boeing 737 airplane skin using ECP of MDF 1201 type (c)

or carbon fiber-reinforced plastic etc. Such structures
are subjected to additional NDT for the purpose of de-
tection of fatigue cracks which can appear in repaired
AS under a patch. The double differential ECP were
successfully used for detection of cracks through a
patch from aluminium alloy glued on a damaged wing
of Tu-154 airplane. After crack removal a rounded
cavity was formed for reduction of mechanical stress
concentration. It was expected that a crack can appear
in a lower part of the cavity due to skin weakening.
Because of such expectations it was planned to de-
mount the patch every 300 landings of airplane for
detection of possible cracks at the bottom of cavity
using traditional EC testing methods. The procedure
of EC testing built on application of low-frequency
double differential ECP provided detection of cracks
in a wing skin through the patch from aluminium al-
loy of 2 mm thickness without its dismounting.
Current AS repair technologies use the patches from
composite carbon materials [14, 15]. Most often the
repair patches from carbon fiber-reinforced plastic are
glued on a damaged AS element from aluminium alloy.
To investigate sensitivity of double differential ECP of
MEFED 1201 type there was produced a specimen of alu-
minium alloy with two electrodischarge cuts of 0.5 and

a b

Figure 8. Signals from crack of 0.5 and 1 mm depth during test-
ing through 4.5 mm patch from carbon fiber-reinforced plastic in
complex plane () and in mode of time-base sweep (b)
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1 mm depth which was covered with a carbon fiber-rein-
forced plastic 4.5 mm thick sheet. Any common ECP do
not have sufficient sensitivity for detection of such de-
fects through a carbon fiber-reinforced plastic layer. The
signals generated by defects under the patches were reg-
istered on operating frequency 30 kHz using EC board
of EDDYMAX type in a complex plane and in a mode
of time-base sweep (Figure 8) [12].

The results given on Figure 8 demonstrate suf-
ficiently high level of signals from a 0.5 mm deep
crack during testing through a carbon fiber-reinforced
plastic 4.5 mm thick patch that is enough for effective
maintenance NDT. At that an amplitude of a signal
correlates with a depth of detected defect that can be
used for their quantitative evaluation.

ROTATION PROCEDURE OF DETECTION
OF FATIGUE CRACKS IN MULTILAYER
AS UNDER RIVET HEAD

Earlier it was shown that the highest sensitivity to
cracks starting from rivet holes has a rotation method
at which ECP is installed on a rivet head and rotated
around its axis [8]. Figure 9 presents a scheme of re-
alizing of such a procedure using double differential
ECP. A special hole was made for ECP installation
and centering in its body. A dielectric plate is used
for centering of countersunk rivets. Accuracy of cen-
tering of ECP relatively to rivet during its rotation is
important since effects the level of interferences.
Rotation ECP was tested on operating frequency
2 kHz. The specimens with a hole of 6 mm diameter
were used for the investigation. On hole side sur-
face electro-discharge cuts of 0.1 mm width and the
lengths in the range from 1 to 6 mm were produced.
The specimen was covered with defect-free 2 mm
thick skin with a hole of 6 mm diameter and joined
with a rivet for simulation of real AS (Figure 9, a, b).
The ECP signals from the defects were investigated
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Figure 9. Rotation double differential ECP installed on rivet of double layer AS: cross section (a) and upper view (b): I — TO; 2 —
rivet; 3, 4 — drive and sensing coils, respectively; ECP signals in complex plane from 1 mm long crack located under rivet head and
2 mm thick skin (c); interference signals during ECP rotation around defect-free rivet (d)

in a complex plane of EC board of EDDYMAX type.
Firstly, the ECP were installed on the defect-free
specimen that simulates AS without defect and per-
formed compensation of unbalance [13]. After that
registration of the signals from the defects was per-
formed by means of ECP rotation. All the defects
were detected with a high signal-to-noise ratio. Fig-
ure 9, ¢ as an example provides a signal in the com-
plex plane obtained from the smallest 1 mm long
defect. Figure 9, d shows the interference signals
generated during rotation of ECP around the rivet
in the defect-free specimen. These results show that
a signal from the shortest 1 mm long crack for more
than 6 dB exceeds the level of signal from possible
interferences. It convincingly demonstrates that the
proposed rotational ECP is able to detect at least the
1 mm long cracks under rivet and upper 2 mm thick
skin. For many AS it means that fatigue cracks will
be detected before they developed beyond the edges
of a rivet head when fatigue crack reaches the criti-
cal size and avalanche-like failure of AS takes place.

PROCEDURE OF SLIDING TESTING
FOR DETECTION OF FATIGUE CRACKS
IN MULTILAYER AS

New highly productive procedure of detection of
transverse (relatively to a row of rivets) cracks occur-
ring in a riveted zone of AS during operation is also
based on application of the double differential ECP
(Uchanin V. Eddy current method of detection of de-
fects in a rivet zone in the inner layers of one-piece

aircraft structures (Pat. of Ukraine 122624, Publ.
10.12.20, Bul. No. 23).

For procedure realizing there was developed a
low-frequency ECP of MDF 1502 type of 15 mm di-
ameter. Following the proposed procedure, ECP scans
AS along the rivet row line parallel to a row of rivets
at some distance as shown on Figure 10.

Possibility of application of the double differen-
tial ECP for detection of transverse cracks located
in a second layer of 3 mm thickness close to rivets
(Figure 10) was investigated using EC board ED-
DYMAX. The double differential ECP provide the
possibility to increase the testing reliability related
with complete separation of EC signals from trans-
verse cracks and defect-free rivets by different direc-
tions of a signal in a complex plane. This peculiarity
is illustrated on Figure 10, which shows the signals
for a crack of 6 mm length in a second layer in the
complex plane (Figure 10, ») and in a mode of time-
base sweep (Figure 10, ¢). For comparison Figure 10,
d and Figure 10, e present the signals obtained from
the defect-free rivet holes in the complex plane and in
the mode of time-base sweep, respectively. It can be
seen that the signals from the defect-free holes have
sufficiently large amplitude since they are located in
upper skin. However, these results show possibility
of reliable differentiation of the signals generated by
the cracks in the second layer of AS and defect-free
holes, by direction in the complex plane or by sign
of the signals in the time-base sweep mode. This pro-
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Figure 10. Scheme of realization of sliding procedure for detection of transverse cracks in rivet zone in AS second layer (a): 1, 2 — first
and second TO layers, respectively; 3 — rivet; 4 — transverse crack; 5 — ECP; EC testing signals in complex plane (b, d); time-base
sweep (c, e) from crack in second layer (b, ¢) and from defect-free rivet holes (d, e)

cedure has lower sensitivity to cracks in comparison
with the rotation method. Thanks to this it can be used
in the cases with lower requirements as for threshold
sensitivity. Nevertheless, significantly higher produc-
tivity of the sliding EC testing in comparison with the
rotation method provides some advantages for on-line
testing under AS operation conditions.

DETECTION OF CRACKS IN FILLET ZONE
OF GAS TURBINE BLADES

To master a new NDT technology in a fillet zone of a
blade there was made a 4 mm long and 0.2 mm deep
cut (opening 0.2 mm) using electro-discharge method.

There is always a gap of ~1 mm between ECP op-
erational surface and blade surface due to its curvature
(Figure 11, a) which limits EC testing possibilities us-
ing conventional ECP. Besides, zigzag scanning of this
zone provokes change of ECP position relatively to a
testing surface that results in generation of high level of
interferences by traditional ECP which makes impossi-
ble performance of EC testing. These limitations can be
eliminated using the double differential ECP of MDF
0501 type on operating frequency 800 kHz. ECP signals
were registered using EC flaw detector of ELOTEST
300 type (Rohmann GmbH Company, Germany). The
results given on Figure 11, b also demonstrate suffi-

ciently high level of signal of double differential ECP
of MDF 0501 type in comparison with interference
signals. The special double differential ECP with op-
erational diameter 5 mm and long handle was devel-
oped for detection of cracks in a fillet zone of gas tur-
bine blades during periodic maintenance EC testing
(Figure 12).

DETECTION OF CRACKS IN HOLES
OF GAS TURBINES

For detection of the defects on a side wall of gas
turbine holes there was developed a special rota-
tion head with double differential ECP based on
ELOTEST SR-1 rotor of Rohmann GmbH (Fig-
ure 13, a). A standard specimen with a hole of 39
mm diameter was produced for testing procedure
mastering. Four artificial defects of crack type of
0.2; 0.3; 0.5 and 1.0 mm depth were made on the
specimen side wall.

Figure 13 b, ¢ demonstrates the results obtained
in a rotational mode at operating frequency 400 kHz
with application of a standard specimen with defects
without signal processing and using a filter of upper
frequencies with cut-off frequency 20 Hz. In both cas-
es there was achieved a high sensitivity with suppres-
sion of typical interferences related to non-uniformity

Figure 11. ECP located in blade fillet zone (@) and signals (b) of gap change during scanning of defect-free zone for different ECP

orienting (left) and signal from defect (right)
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Figure 12. Maintenance testing of gas turbine blades using ECP of MDF 0501 type

of magnetic properties of TO material and change of
ECP position relatively to the surface during scanning.

MULTIELEMENT ECP
FOR TESTING PRODUCTIVITY INCREASE

Testing of large-sized structures takes a lot of time
necessary for sensitive and reliable inspection due to
small dimensions of ECP. ECP with elongated sensi-
tivity zones are used in some cases in order to increase
testing efficiency. But such ECP do not correspond to
the sensitivity requirements that limit their applica-
tion. The best efficiency can be achieved with appli-
cation of multiplex testing systems based on array
ECP [16, 17]. However, such systems have high cost
and necessity of adjustment to assemblies of differ-
ent sizes and shapes. Our main aim was development
of a new ECP characterized with high sensitivity and
spatial resolution in combination with expanded test-
ing zone and possibility of work with comparative-
ly cheap one-channel EC flaw detectors. In order to
increase testing productivity there was developed the
five-element ECP of EDDYLINE 5/12 type (Ucha-
nin V., Ivashchenko K. Multielement eddy current
probe of transformer type for single-channel flaw
detectors. Positive decision on invention application
Ukraine No. 202101949 dated 13.04.21). The mul-

tielement ECP consists of five separate located in se-
ries ECP connected using a special switching unit for
summation of signals from separate ECP (Figure 14).
All separate ECP are realized by double differential
scheme for better interference suppression. Thanks to
such connection it was possible to get a high sensitiv-
ity zone of ~60 mm. At the same time high locality of
testing was provided since each separate ECP works
with the same sensitivity as before their connection by
the proposed scheme.

Sensitivity of the developed ECP of EDDYLINE
5/12 type was studied on a specimen made of ferro-
magnetic steel St 45 with artificial defects of crack
type of 0.1 mm width and 30 mm length made by
electric erosion method. Produced defects have dif-
ferent depth in the range from 0.1 to 2 mm. Figure 15
shows the signals of EDDYLINE 5/12 type ECP from
the smallest 0.1 and 0.2 mm deep notches of when a
defect zone was scanned only with one separate ECP
on operating frequency 200 kHz. At this moment oth-
er four ECP were located outside the specimen (in
“air”). Figure 15, a demonstrates the signals for the
same defects when the defect zone was scanned with
two separate ECP. Figure 15, ¢ shows the defect sig-
nals when three separate ECP simultaneously scanned
a zone of elongated defect. It can be seen (Figure 15,

Figure 13. ELOTEST SR-1 rotor with double the differential ECP and standard specimen (@) and four signals from defects on side wall
of hole without signal processing (b) and with application of filter of low frequencies with cut-off frequency 20 Hz (c)
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Figure 14. Construction scheme of multielement ECP for work with single channel flaw detectors: / — EDDYLINE type ECP;
2—6 — set of separate ECP; 7 — switching unit; § — connection cable; 9 — flaw detector; /0 — TO; 11 — crack; five-element ECP

of EDDYLINE 5/12 type during testing of steel forgings (b)

a

b c d

Figure 15. Signals of EDDYLINE type ECP in complex plane for one (@), two (b) and three separate ECP from 0.1 and 0.2 mm deep

crack-like defects; signals from lift-off change (d)

a—c) that the signals of each of additional separate
ECP passing over the elongated crack are summed in-
creasing an amplitude of signal respectively to num-
ber of such ECP, i.e. an effect of possible mutual com-
pensation of their signals is absent. Figure 15, d for
comparison shows a lift-off signal in a complex plane,
from which it can be seen that the lift-off signal and
the signals from defects have opposite direction. This
demonstrates possibility of reliable separation of use-
ful signals generated by the defects, and interferences,
generated by lift-off change of ECP during scanning
of TO surface.

Multielement ECP of EDDYLINE 5/12 type is
successfully used in a connection with a single-chan-
nel flaw detector of ELOTEST B300 type for testing
of forgings from ferromagnetic and austenite steels
under their production conditions (Figure 14, b).
There were also carried out the successful trials of
multielement ECP for manual testing of shafts of gas
turbines and airplane shock strut pistons.

CONCLUSIONS

There was presented a design of the proposed at PMI
surface eddy current probes of double differential type
and analysed the peculiarities of their signals generated
by the different type defects. There were given the typ-
ical examples of innovative procedures for EC testing
based on application of double differential ECP. Result
obtained demonstrates high sensitivity and selectivity
of double differential ECP to the surface and subsurface
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defects of different type and large testing depth that is of
particular importance for detection of hidden defects in
the inner layers of the multilayer aircraft structures. Pre-
sented ECP can be used in industry for effective solution
of the most difficult NDT tasks.
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