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Coating for medical application produced 
by microplasma spraying from Zr‒Nb alloy
S.Yu. Maksymov1, S.G. Voinarovych1, S.N. Kaliuzhnyi1, O.N. Kyslytsia1, 
I.S. Sviridova1, L. Alontseva2, Ridvan Yamanoglu3
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faculty of Engineering, Kocaeli University, Kocaeli 41001, Turkey

ABSTRACT
The work deals with the technology of microplasma spraying of biocompatible coatings from Zr‒Nb alloy and their properties. 
On the surface of a porous Zr‒Nb coating with the most developed surface microrelief, the presence of both open macropores of 
up to 300 μm in size and micropores of up to 10 μm in size was revealed. The X-ray phase analysis of the formed Zr‒Nb coat-
ings showed the presence of phases of α-solid solution of Zr, oxide (ZrO2), nitride (ZrN) and carbide (ZrNbC2). The corrosion 
resistance of a microplasma Zr‒Nb coating and Ti6Al4V alloy in a solution of 0.9 % NaCl, which simulates the environment of 
the human body, was determined. It is assumed that Zr‒Nb alloy coatings produced by microplasma spraying on the surfaces 
of existing Ti6Al4V alloy endoprostheses will allow for the future improvement in corrosion resistance and osseointegration 
between the bone and the implant.

KEYWORDS: microplasma spraying, biocompatible coating, Zr‒Nb alloy, surface morphology, adhesion strength, corrosion 
resistance

INTRODUCTION
Currently, the titanium-based alloy of the Ti6A14V 
alloying system is the most widely used in the man-
ufacture of orthopaedic implants [1]. However, the 
bioinertness of the surface of Ti6A14V alloy implants 
negatively affects the formation of a functional bond-
ing between the implant and the bone [2]. In addition, 
long-term operation of Ti6A14V alloy implants in 
close contact with human bone and soft surrounding 
tissues leads to the release of alloying elements such 
as vanadium and aluminium and the manifestation of 
pathological reactions in the body. For example, alu-
minium interferes with bone mineralization, leading 
to structural deficiencies, while vanadium is highly 
cytotoxic and can cause allergic reactions [3].

Since the implant surface is the first to interact 
with the surrounding living tissue after implantation, 
the characteristics of the implant surface (such as its 
topography, hydrophilicity, roughness, etc.) play a 
dominant role both in the interaction of cells with the 
metal implant as well as in the subsequent processes 
of its osseointegration [4].

It is possible to increase the biocompatibility of 
existing Ti6A14V alloy implants by modifying their 
surface to provide appropriate functionality. Thus, ap-
plying coating on the implant surface is one of the 
most important technological techniques to provide 

the surface with chemical and physical properties that 
will contribute to the overall increase in the biocom-
patibility of the entire implanted product. Among the 
methods that are being actively researched and are be-
coming widespread in the application of biocompat-
ible coatings from powders and wires, microplasma 
spraying (MPS) is distinguished [5, 6].

Zirconium-based alloys are increasingly being used 
as materials to improve the biocompatibility of im-
plants due to their unique properties, such as the for-
mation of an internal bone-like layer of apatite on their 
surface in the body, lower artefactuality in diagnistics 
by means of magnetic resonance imaging due to low 
magnetic susceptibility, as well as their excellent over-
all biocompatibility, high mechanical properties and 
corrosion resistance in body biological fluids [7, 8].

In addition to the chemical composition of the 
coating, the process of osseointegration is significant-
ly influenced by the developed relief of its surface, 
the presence and size of open pores in the coating [9].

In [10], it is reported that a pore size of more than 
100 µm is necessary for a successful bone formation 
process, while the recommended pore size should 
be about 300 µm. A similar pore size in the range of 
200‒400 µm is reported in [11] as a one promoting 
osteoblast adhesion, migration, and proliferation. The 
morphology of the surface microstructure also con-
tributes to the conditions for cell adhesion on it. It was 
determined that microscale topography has a number 
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of advantages. For example, the micron size of the 
open pores can improve the roughness and surface 
area, as well as increase the contact between the im-
plant and the bone. This effect of interaction between 
the implant and the bone, as was shown by the re-
search results, largely contributes to osseointegration. 
In addition, the microlevel topography can block and 
stabilise fibrin flow, which can attract osteoprogenitor 
cells to colonise at the implant-bone interface. Most 
importantly, microscale surface topography can im-
prove initial cell adhesion and differentiation [12].

Thus, V.E. Li confirms that micro- and nanorough-
ness of the contacting surface with the bone work 
synergistically to increase the efficiency of osseointe-
gration of orthopaedic implants [13]. The results of 
histological studies show that a rougher surface relief 
promotes osseointegration processes [14].

K. Matsuzaka evaluated the effect of implant sur-
face on the proliferation of osteoblast-like cells and 
showed that cells are fixed on surfaces depending on 
their relief, and their predominant number was ob-
served on protrusions over 5 µm [15].

It is also indicated in [16] that with an increase in 
the surface roughness of the coating from Ra = 3.7 µm 
to 56.1 µm, the bonding of a titanium implant with a 
bone tissue increases by 4 times (from 5.38 ± 1.96 to 
21.63 ± 2.51 MPa, respectively).

At present, the recommended average surface 
roughness for titanium orthopaedic implants is in a 
wide range (0.07‒100 µm) [17], but systematic study 
of the effect of surface roughness on biocompatibility 
was not conducted. The authors of [17] indicated that 
the optimal range of surface roughness of orthopae-
dic implants should be 20‒25 µm. Although an in-
crease in the roughness index improved the adhesion 
and cell proliferation on the surface of Ti13Nb13Zr 
alloy samples in their experiment, it also increased 
the areas with stress concentration, worsening the 
bending strength and contributing to the formation of 
cracks. In [18], it is noted that the high roughness Ra = 
= 118.19 ± 9.06 μm of the surface of orthopaedic tita-
nium implants can interfere with cell proliferation. It 
is assumed that a decrease in the rate of cell prolifer-
ation on base samples with increased roughness may 

be the result of an unfavourable biological reaction 
to increased interaction with titanium. Thus, the poor 
osseointegration of titanium implants may be caused 
by the effect of titanium on the surrounding tissues.

The literature presents different approaches to the se-
lection of the optimal range of surface roughness of or-
thopaedic implants. Accordingly, using the recommend-
ed indices of roughness, in the future it will be necessary 
to investigate the produced surfaces for biocompatibility.

The aim
of this work is to investigate the elemental composi-
tion of the surface of the coating applied by microplas-
ma spraying of Zr‒Nb alloy wire onto the Ti6A14V 
alloy base, its topography, index of corrosion resis-
tance in the environment similar to the human body, 
and adhesion strength to the base.

MATERIALS, EQUIPMENT, 
AND EXPERIMENTAL PROCEDURES
The formation of Zr‒Nb alloy coatings from a wire 
with a diameter of 0.3 mm was carried out on a set 
of the MPS-004 equipment for microplasma spraying 
[19] on samples of Ti6A14V alloy.

Previously, as a result of the analysis of the cal-
culated feed rate of Zr‒Nb alloy wire, the required 
amount of heat of the microplasma jet, and practical 
experience in producing biocompatible coatings in 
the MPS-004 installation, the limit values of the MPS 
mode parameters were determined (Table 1) for fur-
ther study of their influence on the process of forming 
biocompatible coatings from Zr‒Nb alloy.

When determining the limit values of the MPS tech-
nological parameters, it was taken into account that at 
a current below 16 A and a plasma gas flow rate of less 
than 160 l/h, the thermal and gas-dynamic characteristics 
of the jet would not be sufficient to ensure the melting 
process of a 0.3 mm diameter Zr‒Nb wire with its sta-
ble dispersion [19]. Therefore, the criteria for the limit 
values of the mode parameters were also selected taking 
into account the possibility of ensuring of both spraying 
as well as coating formation processes.

X-ray diffraction studies and chemical analysis 
were performed in the D8 ADVANCE Bruker diffrac-
tometer (Bruker, USA). The coatings were scanned at 
a voltage of 30 kV and at a magnification of ×200.

The surface morphology of the formed coatings was 
studied by analysing the obtained images in the Philips 
SEM515 using BE+SE sensors, an acceleration voltage 
of 20 kV and an electrode heating current of 40 mA.

Photos of the 3D profiles of the coating surfaces 
were obtained by means of the Huvitz HDS-2520 
optical profiler (Gyeonggi, Republic of Korea) with 
a resolution of ± 0.1 μm at optical magnification of 

Table 1. Limit values of the studied parameters of the MPS pro-
cess of Zr‒Nb coating

Parameters max (+) min (–)

Current I, A 26 16

Plasma-forming gas flow rate Qm, l/h 240 160

Spraying distance H, mm 120 40

Wire feed rate Vw, m/min 4.8 2.9
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×5, ×20, and ×50. The scanning area for each mea-
surement was randomly selected to ensure reproduc-
ibility of the measurements and was approximately 
700×500 µm2. Area roughness parameters were cho-
sen because they provide more informative values 
than line parameters.

The study of the 3D surface topography and the 
surface roughness parameter of the coatings over the 
area of 2D maps was carried out using Mountains® 
9 software (Digital Surf, Besançon, France). The 
arithmetic mean deviation of the surface roughness 
profile (Sα) of the coatings was determined within a 
standard deviation of ± 0.1 μm in accordance with 
ISO 25178-2:2021.

The corrosion resistance of the coatings on 
20×15×2 mm samples was studied for 1 h in a con-
centrated solution of 0.9 % NaCl with a concentra-
tion of ions close to human blood plasma. In the con-
figuration of the electrical circuit, the samples under 
study acted as working electrodes, while the reference 
electrode was a platinum electrode. The Tafel extrap-
olation values were used to determine the corrosion 
current density (Icorr) and corrosion potential (Ecorr).	
The polarisation curves were obtained in a solution 
of 0.9 % NaCl at 20 °C in the voltage range of –250–
+250 mV and a scanning rate of 1 mV/s.

The adhesion strength of the coating to the base 
was determined using the static uniaxial tensile meth-
od in accordance with ASTM C633-13:2021. The 
number of tested coated samples was not less than 5 
pcs. Tensile tests of each set of bonded sample assem-
blies were performed in a universal mechanical ma-
chine 2054 P-5 (SPC TechMash) at the same loading 
speed of 2 mm/min.

RESEARCH RESULTS AND DISCUSSION
The studies of the chemical composition of the sur-
face of Zr‒Nb coatings (Table 2) showed that they are 
similar to the initial material, which includes Zr, the 

average value of which is about 97.6 ± 0.82 at.% and 
Nb 2 ± 0.3 at.%, which corresponds to the industrial 
zirconium KTZ-125 alloy. Also, a small amount of Al 
and Ca was recorded, the content of which was less 
than 1 at.%, which can be considered as impurities in 
the composition of Zr‒Nb alloy.

X-ray phase studies of Zr‒Nb wire and surfaces 
of coated samples are presented in the form of X-ray 
diffraction patterns (Figure 1).

Comparing the X-ray diffraction patterns, it was 
found that complete melting of Zr‒Nb wire in the mi-
croplasma jet and subsequent cooling of the dispersed 
particles on the surface of the base leads to the forma-
tion of coatings consisting of α-solid Zr solution with 
the presence of ZrO2 oxide, ZrN nitride and ZrNbС2 
carbide inclusions.

The intensity of the peaks on the X-ray diffraction 
pattern and the similarity of the detected phases do 
not change with the variation of the MPS mode pa-
rameters and are observed on all coated samples. In 
terms of inclusion content in the coating, ZrO2 phase 
prevails, which will further act as an inhibitor of the 
dissolution rate of the coating when it contacts with 
the surrounding fluids of the human body. The de-
tected ZrN phase indicates the nitrogen saturation of 

Table 2. Chemical composition of Zr‒Nb coating surface produced at MPS parameters I = 16 A; Qm = 160 l/h; H = 40 mm; Vw =  2.9 m/min

Scanning area
Content of chemical elements, at.%

Al Ca Zr Nb

1 0.4 0.3 97.2 ± 0.9 2.1 ± 0.3

2 0.2 – 98.1 ± 0.8 1.7 ± 0.3

3 0.2 – 97.5 ± 0.8 2.3 ± 0.3 

4 0.3 0.4 ± 0.1 97.5 ± 0.8 1.8 ± 0.3 

5 0.2 – 97.7 ± 0.8 2.1 ± 0.3 

Figure 1. X-ray diffraction pattern of Zr‒Nb coatings at MPS pa-
rameters: mode 1 — I = 26 A, Qm = 240 l/h, H = 120 mm, Vw = 
= 4.8 m/min; mode 2 — I = 26 A, Qm = 160 l/h, H = 40 mm, Vw = 
= 4.8 m/min; mode 3 — I = 16 A, Qm = 160 l/h, H = 40 mm, Vw = 
= 2.9 m/min
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the atomised particles when moving in the microplas-
ma jet at a temperature of 670 K. This indicates that 
protection in the form of blowing a microplasma flux 
with atomised Zr particles by a stream of argon pro-
cess gas is not sufficient to effectively separate them 
from atmospheric gases during coating formation. 
The presence of ZrNbC2 inclusions in biocompatible 
coatings can contribute to an increase in the hardness 
of these coatings, but at the same time reduce their 
plasticity and adhesion strength to the base, as well as 
inclusions of oxides and nitrides.

It is known that both the size and pore content in 
the volume of the structure of Zr‒Nb coatings as well 
as the microrelief of their surface layers are affect-
ed by the state and deformation of dispersed particles 
forming the coating, which in turn is determined by 
the parameters of the MPS mode [20]. The volume 
porosity content in the structure of Zr‒Nb coatings 
was in the range of (2.8 ± 0.1) ‒ (20.3 ± 2.0) %, while 
the highest volume porosity content in Zr‒Nb coatings 
was formed on the mode with parameters I = 16 А; 
Qm = 160 l/h; Н = 40 mm; Vw = 2.9 m/min [20].

The study of the surface morphology of Zr‒Nb 
coatings (Figure 2) showed that it is characterised by 
heterogeneity with many surface branches in the form 
of depressions and protrusions and open macropores 

of up to 300 ± 50 µm in size. Due to the dispersed 
particles, which were completely molten, Zr‒Nb 
coatings were formed from disc-like splats. Due to 
the presence of residual stress in splats, the surface of 
Zr‒Nb coatings had microcracks that formed due to 
rapid heat transfer and cooling processes. The formed 
cracks lead to the stress relaxation in the coating, 
while the porosity itself can be a way to reduce the 
modulus of elasticity of the coating and bring it closer 
to the bone, but it is also a dangerous factor that inten-
sifies the degradation process at the interface between 
the coating and the base [21].

The surfaces of Zr‒Nb coatings with the most 
pronounced microrelief had a roughness of Sα = 17 ± 
± 0.1 µm (Figure 3).

A similar index of surface roughness, which pro-
motes osseointegration processes, was obtained in 
[22] for a biocompatible titanium coating.

The study of the morphology of the surfaces of Zr‒
Nb coatings revealed not only open macropores up to 
300 µm in size, but also micropores of up to 10 µm in 
size, which were located on the apexes of the coating 
protrusions formed from partially deformed dispersed 
particles from Zr‒Nb wire (Figure 4).

Figure 2. SEM morphology of Zr‒Nb coating surface produced at 
MPS parameters I = 16 A; Qm = 160 l/h; H = 40 mm; Vw = 2.9 m/min

Figure 3. 2D (a) and 3D (b) topography of the surface microrelief of Zr‒Nb coating produced at MPS parameters I = 16 A; Qm = 
= 160 l/h; H = 40 mm; Vw = 2.9 m/min

Figure 4. Morphology of the surface with macro- (1), micro- (2) 
pores of Zr‒Nb coating formed at MPS parameters I = 16 A; Qm = 
= 160 l/h; H = 40 mm; Vw = 2.9 m/min



7

Coating for medical application produced by microplasma spraying from Zr–Nb alloy                                                                                                                                                                                                    

                                                                                                                                                                               

According to the literature, the results of the de-
tected roughness and porosity will allow increasing 
the biocompatibility of the coating surface and ensur-
ing a stronger bone-implant bonding due to the pres-
ence of places for fixation of the bone matrix and ac-
celeration of the osseointegration process [23].

The carried out studies of the adhesion strength of 
Zr‒Nb alloy coatings applied to the surface of Ti6A14V 
alloy samples showed that its average value for coatings 
with a thickness of 300 ± 10 µm with a volume pore 
content of 20.3 ± 2.0 % was 26 ± 2.1 MPa. Since there is 
currently no standard that defines the required adhesion 
strength of biocompatible Zr‒Nb coatings with a po-
rous structure to the surface of implants, their compar-
ison was performed in accordance with the established 
requirement in the international quality standard ISO 
13179-1:2021 for porous titanium coatings produced by 
plasma spraying on Ti6A14V alloy surfaces. According 
to the requirement of ISO 13179-1:2021, the average 
tear strength of a biocompatible coating should be more 
than 22 MPa. Therefore, the established adhesion of 26 
± 2.1 MPa, which characterises the adhesion strength 
of Zr‒Nb coating to Ti6A14V alloy base, meets the re-
quirements of ISO 13179-1:2021.

The results of studies of the corrosion resistance 
of Zr‒Nb coating produced by the MPS method and 
from Ti6A14V alloy of the base after gas-abrasive 
treatment are presented in the form of polarisation di-
agrams (Figure 5).

From the analysis of polarisation curves, it was 
found that the plateau of the corrosion potential of 
Zr‒Nb coating was about 216 mV and was in a more 
positive region of values than for Ti6A14V alloy 
base, which was 310 mV. Thus, the corrosion resis-
tance of Zr‒Nb-coated sample was higher than that 
of Ti6A14V alloy, which is explained by the presence 
of a protective surface oxide layer of ZrO2, which re-
duces the corrosion rate by minimising the release of 
ions into the biological environment and promotes the 

process of osseointegration. Based on these charac-
teristics, zirconium and its alloys were proposed as 
candidates for permanent implants [24].

An increased corrosion resistance mechanism is 
also facilitated by a film of niobium oxide (Nb2O5), 
which is formed along the boundaries of zirconium 
dioxide crystals and promotes “healing” of defects in 
the protective zirconium oxide film [25].

For all the studied samples of Zr‒Nb coating 
and Ti6A14V alloy base, the anodic slope of the 
curve was similar to the cathodic slope of the curve 
in the polarisation diagram, which indicates that the 
kinetics of electron transfer for both the anodic and 
cathodic components is the same for both cases. 
The lower value of corrosion current density on Zr‒
Nb-coated samples (Figure 5, a) indicates a signifi-
cantly lower rate of the corrosion process, which 
confirms the better efficiency of the surface layer 
protection by ZrO2 oxide film. The similar results 
are given in [26] on the example of protecting the 
surfaces of magnesium alloys from corrosion in the 
human body, where ZrO2 oxide film is recognised 
as more effective than TiO2.

From the obtained results of the corrosion be-
haviour of the studied samples and their analysis, it 
was found that biocompatible Zr‒Nb coatings pro-
duced by the MPS method will allow for much more 
effective corrosion resistance in biological solutions 
and an increase in the corrosion resistance of Ti6A14V 
alloy, which is currently most commonly used in the 
manufacture of implants.

Conclusions
1. It was determined that using the microplasma spraying 
method on the mode with parameters I = = 16 A, Qm = 
160 l/h, H = 40 mm, Vw = 2.9 m/min, the formation of 
Zr‒Nb coating with the most developed microrelief with 
a roughness of Sa = 17 ± 0.1 µm is ensured. In addition, 
the presence of both macropores of up to 300 µm in size 

Figure 5. Polarisation diagrams of the dependence of the anode corrosion current density of Zr‒Nb-coated samples (a) and Ti6A14V 
alloy base samples (b)
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and micropores of up to 10 µm in size was found on the 
surface of a porous Zr‒Nb coating.

2. X-ray diffraction studies of Zr‒Nb coatings 
showed that they consist of an α-solid solution of Zr 
with the presence of oxide (ZrO2 — prevailing num-
ber), nitride (ZrN) and carbide (ZrNbC2) inclusions.

3. The obtained indices of corrosion resistance of 
Zr‒Nb alloy coating samples in a solution of 0.9 % 
NaCl showed that the plateau of the coating corro-
sion potential was in a more positive region of values 
than for Ti6A14V alloy samples, which implies the 
formation of a passive layer that is a protective barrier 
against corrosion. The lower corrosion current den-
sity on Zr‒Nb coating samples indicates their higher 
electrochemical resistance to corrosion and indicates 
a significantly lower rate of the corrosion process, 
which confirms the better efficiency of the surface 
layer protection by ZrO2 oxide film.

4. As a result of the study of the adhesion strength of 
Zr‒Nb coatings with a thickness of 300 ± 10 μm with a 
porous structure (pore content was 20.3 ± 2.0 % in the 
coating volume) with the surface of Ti6A14V alloy sam-
ples, an average adhesion strength of 26 ± 2.1 MPa was 
obtained, which meets the requirements of ISO 13179-
1:2021 (over 22 MPa) and allows them to be used in 
accordance with the requirements of biocompatible tita-
nium coatings on implant surfaces.
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Features of explosion welding of ODS steel 
for fast neutron reactor shells
P.S. Shlonskyi, Feng Gao

Liaoning Xin Huayang Weiye Equipment Manufacturing company Ltd No. 1 Road, 
Tieling high-tech industrial development zone, Liaoning province, China

ABSTRACT
The paper investigates the possibility of explosion welding of plates and disks made of dispersion-strengthened low-plastic 
steel with oxides. In order to prevent the appearance of cracks on the surface of the plates, low-temperature (up to 200 °C) 
heating was applied to the flyer plate. In a wide range of explosion welding parameters with reference to the weldability win-
dow (WW), the microstructure of the resulting joint is shown for 2 mm thick and 50 diameter discs, that were laser welded 
into carbon and stainless steel plates. A tensile strength test was conducted for the obtained joints, it was possible to achieve a 
joint strength of 75 % of the strength of the base metal. Explosion welding of 100×50×3 mm plates was performed, the border 
of the joint zone has a typical wavy shape for explosion welding. Using energy dispersive X-ray spectroscopy, the chemical 
composition of inclusions in the joint zone was determined, and it was established that silicates are present in the joint zone. It is 
shown that the application of low-temperature heating allows welding plates from ODS steel with the help of explosion energy.

KEYWORDS: ODS-steel, explosion welding, weldability window, low-temperature heating, microstructure

INTRODUCTION
A distinctive feature of nuclear energy has always 
been the need for new structural materials for nuclear 
power plants.

Nanotechnology has been used in this field since 
before the prefix “nano” was used, since the created 
fuel and structural materials were largely based on a 
qualitative change in the properties of materials during 
the transition to the nanometric size range [1, 2].

The areas of application of nanotechnology in nu-
clear power are very diverse and cover almost the en-
tire range of problems of the nuclear fuel cycle and 
the emerging fusion cycle. One of them is the creation 
of nanodispersed materials for structural and func-
tional purposes, namely, ferritic-martensitic steels or 
nanodispersed ODS steels. The basis of such steel is 
Eurofer powder, to which tenths of a mass percentage 
of Y2O3 are added [3].

Ferritic-martensitic steels are the main candidates for 
modern materials for fast reactor pressure vessels due 
to their satisfactory resistance to radiation and radiation 
swelling (with high-temperature irradiation by large 
neutron fluxes in austenitic steels and alloys based on Ni, 
Ti, Mo, Zr, Be, vacancy pores originate and grow, and 
mobile interstitial atoms move to edge dislocations and 
grain boundaries, which leads to a noticeable increase of 
the volume of metal — radiation swelling [4]). Howev-
er, these steels can suffer from grain and/or matrix creep 
at temperatures above 550 °C.

To achieve the goal of operating innovative reactor 
systems at higher temperatures, it is necessary to con-
sider the use of ODS steels. It is possible to use these 
steels for the blanket (Figure 1), which will increase 
the operating temperature to ~850 °C [3, 5, 6]. The 
blanket is a very thermally and radiation-intensive 
system of the international thermonuclear reactor — 
ITER, its purpose is to capture high-energy neutrons 
produced during a thermonuclear reaction, in it the 
neutrons are slowed down, releasing heat, which is 
removed by the cooling system.

A schematic representation of the arrangement of ma-
terials in a thermonuclear reactor is shown in Figure 1.

Evaluation of various (conventional and alterna-
tive) production methods, studies of mechanical prop-
erties and material degradation due to irradiation are 
widely carried out both in China and around the world 
(USA, Japan, Europe Union, Ukraine). Another press-
ing issue for ODS steels is the development methods 
for their inseparable connection by welding.. It is 
known that welding processes can adversely change 
the microstructure and, consequently, the mechani-
cal properties of the base material. Therefore, under-
standing the microstructural changes caused by weld-

Figure 1. Schematic representation of the arrangement of materi-
als in a tokamak [6]
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ing and their impact on mechanical properties, as well 
as evaluating preventive measures, is of great impor-
tance to improve the quality of the received joint.

The joining of ODS steels is a challenging task, as 
traditional fusion welding processes, such as electron 
beam welding and non-consumable electrode weld-
ing, can not only change the characteristic micro-
structure of the base material, but also destroy Y2O3 
particles, which can affect to the mechanical charac-
teristics of material’s at high temperatures.

The explosion welding (EW) is a process in which 
there is no need for a heat source, and an indissoluble 
joint is formed due to the mechanical (kinetic) energy of 
the impacting plates [7, 8]. Therefore, this method can 
be classified as “cold”, i.e., not requiring heating to the 
melting point or close to it. The zone of thermal influ-
ence during explosion welding under optimal conditions 
relative to the thickness of the plates to be welded is 
small and amounts to several tens of micrometers. The 
duration of high temperatures is also short. This method 
can be used to join almost any metal and alloy to each 
other or through a layer of another metal.

Therefore, it is of interest to investigate the possi-
bility of using explosive welding to join ODS steels 
with an estimate of the weldability window.

An important achievement of the hydrodynamic the-
ory is the introduction of the concept of the WW [9‒11]. 
The first ideas about the position of the weldability win-
dow boundaries were developed in the early 1970s. A 
significant contribution to the study of flow classifica-
tion in the “Vc‒γ” coordinate plane was made by A.A. 
Deribas and colleagues. Within the framework of the 
hydrodynamic approach, when designing the welding 
mode, it is necessary to ensure that the trajectory of the 
working point on the coordinate plane during the ex-
plosion welding process does not leave the part of the 
weldability window that corresponds to the modes of 
formation of a high-quality joint. The position of the 
boundaries of the weldability window is individual for 
each metal combination and is set experimentally.

For materials with low plasticity and high strength, 
EW with low-temperature heating is widely used in 
practice [12]. A successful example of such appli-
cation can be considered the paper [13], which de-
scribes the development of the bimetallic composite 
manufacturing technology “high-speed steel P6M5 + 
carbon or low-alloy steel” for tool production. The 
viscous-brittle transition was most clearly determined 
in impact toughness tests and occurred in the tempera-

ture range of 125–175 °C. Therefore, EW of ODS-
steel expedient to perform with low-temperature 
heating up to 200 °C, which will probably increase 
its plasticity and which is lower than the temperature 
of complete decomposition of saltpeter (210 °C), the 
main component of the explosive.

The aim of this work was for the first time in world 
practice to investigate the fundamental possibility of 
obtaining a welded joint between ODS steels using 
low-temperature heated explosion welding, to study 
its microstructure and strength.

INVESTIGATION PROCEDURE
For this work, ODS steel, manufactured in the Europe-
an Union, so-called Eurofer ODS (0.3 wt.% Y2O3), was 
used in the form of a hot-rolled sheet of 260×225×3 mm, 
the size of the cut plates was 100×50 mm. The samples 
for research were obtained from the rod and had the 
shape of round discs with a thickness and diameter of 
2 and 50 mm, respectively. The chemical composition 
and mechanical properties of ODS steel are shown in 
Tables 1 and 2, respectively.

Metallographic studies of the structure of metals 
after SH were carried out using a metallographic mi-
croscope MMO-1600 with a magnification of up to 
1600×. The microstructure was photographed with a 
CMOS camera (KONUS, Italy) with a USB socket.

Since the disks are only 50 mm in diameter, they 
were welded into stainless steel plates (Figure  2) 
(throwing disk) and carbon steel (base disk) using la-

Table 1. Chemical components of ODS-steel(s)

Alloy C Si Mn Cr V W Ta Y2O3

Eurofer 0.12 0.06 0.42 8.87 0.19 1.1 0.14 0.3 or 0.5

Other elements weight (%) Nb, Mo, Ni, Cu, Al, Co limited by values ppm.

Table 2. Mechanical properties ODS-steel(s)

σy, MPa σt, MPa
Uniform 

elongation 
δ, %

Total 
elongation 

δ, %

1060±45 1135±50 3.2±0.3 12.8±0.9

Figure 2. Steel disk ODS welded into stainless steel plate
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ser welding. The discs were welded in order to move 
the initial and final unbonding zone their limits.

Figure 3 shows photographs of additional op-
erations and devices for the implementation of the 
technology EW with heating. To heat the plate to be 
thrown, we used ceramic infrared heaters of the panel 
type manufactured by the German company Elstein 
(Figure 3, a). The temperature on the surface of the 
plate was measured using a four-channel thermom-
eter Voltcraft K204 (measuring range from ‒200 to 
+1370 °C) with a K-type thermocouple.

In order to reduce the time for the formation of the 
charge, the box for the explosive substance was made 
with the bottom of Figure 3, b. That made it possible to 
pour the explosive powder into the box in advance and, 
after heating, quickly install it on the surface of the plate 
that is thrown. Guide rods were installed on the sides 
of the plates to be welded, and wings with holes were 
attached to the sides of the box (Figure 3, b), so the cen-
tering of the charge relative to the plates was ensured re-
motely. In Figure 3, c shows a cardboard box filled with 
an explosive and a detonator, which will be remotely 
lowered onto the plates which will be welded.

In order to determine the weldability range of ODS 
steel, experiments were conducted with the following 
initial angles α between the plates: ‒2.00°, 0.00°, +2.00° 
and +4.00° and the corresponding contact point velocities 
Vc (welding): 3881.00 m∙s‒1, 2875.00 m∙s‒1, 2290 m∙s‒1 

and 1904.00 m∙s–1. The welding gap was 4.8 mm. The 
plates with welded ODS-steel disks after WW are shown 
in Figure 4. A defect in the form of a crack, which can be 
observed in Figure 4, this is not a EW defect, the ODS-
steel disks are welded together well, the delamination 
occurred in the laser welding zone.

RESULTS AND DISCUSSION
After explosion welding, the samples were subjected to 
metallographic studies. The microstructure of the ODS-
steel joint zone at different modes with reference to the 
weldability window (WW) is shown in Figure 5.

The left part of the weldability window is repre-
sented by the microstructure image Nos 1, 2. Very 
large strain shifts are observed there, either with al-
most no waves in No. 1 or with long waves at the 
interface between the ODS steel disks No. 2.

Regular waves with an amplitude of approximately 
100 μm and the absence of melts in the image of micro-
structure No. 3 indicate that it is in this regime that the 
best conditions for the EW ofODS-steel are realized.

In the image of microstructure No. 4, you can see 
that the wave amplitude becomes smaller compared to 
No. 3. This is because the velocity of the impact point 
has increased to approximately 4000.00 m/s. There-
fore, due to the heat generated at high welding speeds, 
vortices, the so-called “pockets”, begin to form.

Thus, it can be said that the optimal detonation 
speed for welding ODS steel is 2875 m∙s‒1, and the 
welding gap is 4.8 mm, which provides a impact ve-
locity of about 750 m∙s‒1.

In the image of microstructure No. 4, you can see 
the marks after measuring the microhardness near the 
joint zone and in the “pockets”. However, the micro-
hardness values are close: 440 HV near the interface 
and 420 HV in the “pockets”.

After conducting research on samples with disks, 
plates made of ODS steel measuring 100×50×3 mm 
were welded. Welding was performed with heating up 
to 200 °C, the welding mode was as follows: welding 
gap — 4 mm; explosive mixture of Ammonite 6ZhV Figure 4. Plate welded with disks made of ODS-steel after EW

Figure 3. Additional operations during EW of the disk from ODS steels with low-temperature heating: a — heating; b — explosive box 
with bottom and guides; c — box filled with explosive ready for remote installation
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with sand 60 %/40 %. As a result, it was possible to 
successfully weld the plates together and obtain the 
sample shown in Figure 6. A section was cut out of 
the obtained sample to study the microstructure of the 
joint zone. The image of the ODS-steel + ODS-steel 
microstructure is shown in Figure 7.

After etching, the cross-section of the sample has a 
typical wavy shape at the interface and light inclusions 
(indicated by red arrows). Energy dispersive X-ray 
spectroscopy (EDX) of Figure 8 showed that these 
inclusions are silicates, Table 3. The locations of the 
EDX analysis are indicated by arrows and numbers.

A possible explanation for the presence of sili-
cates on the surface between the plates is that due to 
the short length of the plates to be welded, complete 
cleaning of the surfaces by the cumulative jet did not 
occur. Studying the effect of these inclusions on the 
mechanical properties of the material welded by the 
blast and the presence of silicates in subsequent sam-
ples is of interest for further research.

Since EW of ODS steel is performed with low-tem-
perature heating, it is interesting to theoretically esti-
mate the temperature that will be in the zone of joint 
formation and test its tensile strength. 

During EW, the metal layers adjacent to the con-
tact surface are heated by several mechanism [8]:

● large plastic shear deformations of the surface 
layers;

● capture of the cumulative flow (the so-called 
“back jet”) during welding in the mode with the for-
mation of waves [7, 14];

● heating from shock compressed air in the weld-
ing gap.

In our case, the first two mechanisms are essential, 
since the length of the workpieces is short.

The degree of heating depends on the choice of 
the EW mode. Heating from shear deformations is 
always present, but in the case of EW with wave 
formation, its intensity is increased due to the pres-
ence of the tangential component Vt of the veloc-
ity of surface contact. The larger Vt, the greater 

Figure 6. Sample of the ODS-steel + ODS-steel obtained by EW

Figure 7. The microstructure of the EW zone of ODS-steel plates

Figure 5. Microstructure of the welding zone of ODS-steel disks under different welding modes (a) with reference to the WE (b). 
1 — α = + 4,00°, Vc = 1904.00 m∙s‒1; 2 — α = +2°, Vc = 2290 m∙s‒1; 3 — α = 0.00°, Vc = 2875 m∙s‒1; 4 — α = ‒2°, Vc = 3881.00 m∙s–1
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the shear deformation and heating. Therefore, the 
magnitude of the Vt component and the heating in-
tensity change cyclically with a period equal to the 
wavelength.

Plastic shear deformations due to Vt and the capture 
of cumulative flow are responsible for the formation of 
melts in the so-called “pockets”. The volume of the vor-
tex zone content increases as the mode moves away from 
the lower boundary of the WW, and as it approaches the 
upper boundary, the melts can form a continuous layer, 
which deprives the joint of strength. At the same time, 
the greater the relative elongation of the weld gap (the 
ratio of its length to width), the greater the proportion of 
the cumulative flow that is trapped in the vortex zone. 
In our case (ODS + ODS), there are no clearly defined 

vortices yet, but the micrographs already show quite sig-
nificant melt zones (light) Figure 7.

At present, there are no methods for engineering 
calculation of thermal fields at the EW (especially in 
the mode with wave formation). There is a known 
technique for the experimental determination of ther-
mal fields, which requires measurements of plastic 
deformation fields in samples taken from metal lay-
ers. This technique, developed at the Volgograd State 
Technical University, is cumbersome and expensive, 
and is rarely used.

The existing understanding of the heating intensity 
in the modes of explosive welding used in our exper-
iments is as follows. The plates to be welded can be 
conditionally divided into three zones by thickness:

● a formation zone of bonding (FZB) adjacent to 
the contact surface, the thickness of which is assumed 
to be equal to the amplitude of the welding waves;

● a transition zone of the same thickness order as 
the FZB;

● the main layer of the plate.
The thickness of the first two zones combined is 

an order of magnitude less than the thickness of the 
plates to be welded (in our case, they occupy approx-
imately 12–15 % of the thickness). The main volume 
of the plate is heated by tens of degrees Celsius during 
the EW process. The temperature field equalization in 
the welded sample generally takes tens of microsec-
onds. The temperature of the throwing plate and the 
contact zone after alignment can reach 100 °C, pro-
vided there is no preheating.

Table 3. Results of EDX analyses of the inclusions

Location
Chemical composition, wt.%

W Si Ca V Cr Mn Fe

Base metal 1.0 0.1 ‒ 0.2 9.3 0.6 88.8
Point 1 0.9 0.3 ‒ ‒ 9.7 ‒ 89.1
Point 2 ‒ 4.6 ‒ 0.7 13.1 ‒ 81.6
Point 3 ‒ 7.1 0.5 ‒ 9.0 ‒ 83.3

Figure 9. Scheme of the sample and assembly for ODS-steel tensile tests (a) and the view of the ODS-steel samples after the tests (b)

Figure 8. The locations of EDX analysis are indicated by arrows 
and numbers
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The temperature of the joint formation zone reach-
es its maximum on the contact surface. In our case, in 
some areas of the contact surface, it reaches the melt-
ing point. The average temperature of the joint for-
mation zone for ordinary metals can be 550‒750 °C. 
In our case of a high-strength metal and rather high 
velocities of plate throwing (750 m/s) and detonation 
(2850 m/s), it is likely to be 800‒900 °C.

The maximum temperature reached in the transi-
tion zone varies with its thickness for ordinary metals 
in the range from 100 to 200‒400 °C, in our case, pos-
sibly to a higher temperature.

Thus, it can be assumed that preheating to 200 °C 
of ODS steel plates to be welded by explosion will not 
have a significant impact on their mechanical proper-
ties after EW.

Tensile strength tests were performed for ODS 
steels welded by explosion according to the scheme 
shown in Figure 9, a, b shows a sample after tear tests. 
The tensile strength for ODS steels welded by explo-
sion in mode 3 was 851 MPa.

Conclusions
1. The research and development work carried out has 
shown that explosive welding of ODS steel to an ODS 
disk has a wide weldability window within the con-
tact point speed range of 2000.00 to 4000.00 m/s. The 
highest joint strength achieved for ODS steel is 75 % 
of the strength of the base metal.

2. The extremely high strength and low ductility of 
ODS-steel requires preliminary low-temperature heat-
ing (up to 200 °C) of the plate that is thrown, as well as 
the use of welding modes with an increased speed of the 
contact point, compared with ordinary steels.

3. The structure of ODS-steel is quite attractive for 
the study of high-speed deformation and the mech-
anism of explosion welding, so the development of 
further research and development work looks quite 
interesting and perspective.
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Formation of porous coatings on titanium alloys 
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ABSTRACT
Environmentally friendly electrolytes have been developed to ensure the formation of coatings based on titanium alloys by 
plasma electrolytic processing, which contain phosphates in the form of sodium pyrophosphate (Na4P2O7) and sodium hexa-
methophosphate (Na6P6O18), calcium-containing components in the form of calcium hydroxide and hydroxylapatite, as well as 
a bio-additive in the form of diatomite in different concentrations. The study of the stages of PEO coating formation is present-
ed with the help of time dependences of the voltage change on the anode during the processing. The presented dependencies 
made it possible to establish the optimal ratio of Ia/Ic current density, at which uniform coatings are formed. The through-thick-
ness porosity of the synthesized PEO-coatings in different modes was determined through experimental studies. It is shown 
that coatings formed in an electrolyte with phosphates are characterized by the maximum rate of such porosity (0.75 %), while 
high water absorption is characteristic of coatings formed in an electrolyte with diatomite, which is 1.21 % against 0.6 %. Such 
values satisfy the conditions of biocompatibility of the materials.

KEYWORDS: plasma electrolytic oxidation; synthesis, biocompatibility, coating, porosity, thickness

INTRODUCTION
Plasma electrolytic oxidation (PEO), also known as 
microarc oxidation (MAO) or anode spark deposition 
(ASD), is a cost effective and ecofriendly technology, 
which allows forming an oxide on the surface of alu-
minium, magnesium, titanium, zirconium, tantalum, 
niobium, hafnium and other light metals and their al-
loys [1‒5]. More over, the thus formed oxide coatings 
are characterized by a controlled morphology, high 
microhardness, wear- and corrosion resistance, excel-
lent strength of adhesion to the base, high dielectric 
and thermal properties [6–14].

During PEO discrete spark discharges appear on 
the surface, when the applied voltage exceeds the crit-
ical values (known as the voltage of breakdown of the 
oxide semiconductor film). The discharge occurs as a 
result of the loss of the oxide film dielectric stability 
in the low electric conductivity region. This process is 
accompanied by sparking [15] and gas evolution [16, 
17]. The microdischarge leads to high temperature and 
pressure in the local region that allows forming oxide 
coatings, which consist not only of the stoichiometric 
composition of the processed metal oxides, but also 
from more complex oxides, containing compounds, 
which form as a result of plasma-chemical reactions 
of the metal with the electrolyte components [18]. 
Although the microdischarge phenomena and their 

influence on the formation mechanism, composition, 
morphology and other properties of oxide PEO-coat-
ings on aluminium and magnesium have been suffi-
ciently researched, the correlated studies of titanium 
have not been fully conducted. 

Titanium is a widely used metal in engineering, 
owing to its properties, such as high strength, low 
density, high melting temperature and good biocom-
patibility [19‒21]. The effectiveness of using titanium 
alloys in implantology was studied for a long time 
[22, 23]. The high biocompatibility is due to titanium 
ability to form on its surface a protective oxide lay-
er in fractions of a second, due to which it does not 
corrode and does not release free metal ions, which 
can cause pathological processes in the vicinity of the 
implant. Due to that, the tissues adjacent to the pros-
thesis remain free from metal ions [24].

Titanium alloys are used as prosthesis of shoul-
der, hip and knee joints, as well as for manufacturing 
plates for fracture splicing. Titanium lightness also de-
termines its wide application for medical instruments 
[25, 26]. However, after bone replacement surgery, at 
least 17.5 % of the cases require repeated operation 
[27]. Incomplete osteointegration and bacterial infec-
tion are a threat for normal implant survival. The au-
thors of [28] describe effective application of coatings 
with a wide porosity range in their work. This effect 
leads to higher osteointegration [29].
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It is known that the main disadvantages of the ti-
tanium alloys are poor machinability, high coefficient 
of friction, relatively low modulus of elasticity, while 
a low chemical activity and strength of adhesion to 
the muscle tissues and the bone are also added for im-
plantology. These facts can lead to resorption of the 
bones in their vicinity [30, 31].

An efficient method to prevent this effect is pre-
deposition of a bactericidal layer on the material sur-
face. Arash Fattah-alhosseini et al. report that a lot of 
attention should be given to coating nontoxicity that 
may lead to appearance of multidistant pathogens 
[32, 33]. A possible solution to this problem is surface 
modifications which improve the implant osteointe-
gration, or reduce the bacterial infection. In view of 
the above, application of compositions with antimi-
crobial properties in the bone plastics is promising 
[34, 35]. These are exactly the requirements satisfied 
by PEO as a promising method with the possibility 
of modification of the light alloy surface with vari-
ous calcium-containing components, phosphates and 
bio-additives [36‒39].

THE OBJECTIVE
of this work is development of the technology of 
saturation of oxide PEO-coatings based on a titani-
um alloy with phosphates and diatomaceous soil (di-
atomite) to increase their porosity and roughness.

INVESTIGATION PROCEDURE
The object of study are coatings based on Ti‒6Al‒4V 
titanium alloy (class 5), which was synthesized by the 
method of plasma electrolytic oxidation. Round flat 
samples of the following dimensions: 20 mm diame-
ter, 5 mm thickness were tested. The electrolyte was 
an aqueous solution based on potassium hydroxide 
(KOH), calcium hydroxide (Ca(OH)2), sodium silicate 
(Na2O(SiO2)n), sodium pyrophosphate (Na4P2O7), so-
dium hexamethophosphate (Na6P6O18) at their differ-
ent concentration (0.5–20 g/l). To clarify the influence 
of bioactive natural materials on the coating proper-
ties, calcium hydroxylapathite (Ca10(PO4)6(OH)2) and 
diatomite (main component is SiO2) were added to the 
electrolyte in the amount of 1 and 20 g/l, respectively. 
PEO modes were characterized by the ratio of the an-
ode to cathode currents, Ia and Ic, respectively, and by 
processing duration.

In this work we considered the characteristics of 
a microdischarge at plasma electrolytic oxidation 
through determination of electrophysical parameters 
of the coating synthesis. Coating morphology was 
studied in Tagarno Prestige FHD microscope, Xplus 
controller and 3d laser scanning microscope Key-
ence VHX 7000. Coating roughness was analyzed in 

keeping with DSTU ISO 4287:2012 by the follow-
ing parameters: Ra — arithmetic mean deviation of 
the profile, Rz — height of profile unevenness over 10 
points. Coating density was determined by pycnomet-
ric method (DSTU ISO 2811-1:2019), through-thick-
ness porosity and water absorption – by hydrostatic 
weighing (DSTU B A.1.1-49–94).

EXPERIMENTAL RESULTS 
AND THEIR ANALYSIS
Derived dependencies (Figure 1) allowed establish-
ing that coating formation is influenced by the current 
density ratio.

In order to establish the influence of phosphates 
and calcium-containing components on the stages of 
the process of synthesis of oxide-ceramic coatings, 
voltage change in time was studied in electrolytes 
without phosphates and with their addition.

In electrolyte with 2g/l KOH + 3 g/l Na2O(SiO2)n, ini-
tial voltages at which the coating is formed, are equal 
to 73–160 V (Figure 1). Here, at the stage of the first 
10 min, the voltages rise faster, that is attributable to 
the presence of an oxide film with unipolar conductiv-
ity on the titanium alloy surface. This is exactly why 
this film should be removed to ensure the conditions 
for deposition of coatings on such alloys. In the pres-
ence of high voltages on the electrode, electron in-
jection into the oxide layer takes place. This is what 
accounts for the initial voltage rise, found in all the 
studied systems.

The obtained results suggest that the anode voltage 
is influenced by the current density, which is set to be 
stable during synthesis. Thus, synthesizing the coat-
ing at Ia/Ic = 10/5 A/dm2, mean voltage value at which 
the coating is formed, is equal to 82.5 V. If we set the 

Figure 1. Electrophysical parameters of PEO-alloy Ti‒6Al‒4V 
in an electrolyte of 2 g/l KOH + 3 g/l Na2O(SiO2)n, at current 
density ratios of 2, 1.5 and 1.25 and synthesis time of 20 and 
50 min: ■ — Ia/Ic = 10/5 A/dm2; ● — Ia/Ic = 75/60 A/dm2; ▲ — 
Ia/Ic  =  50/40 A/dm2; ▼ — Ia/Ic = 150/100 A/dm2; ◄ — Ia/Ic = 
= 150/120 A/dm2; ► — Ia/Ic = 100/80 A/dm2
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current density ratio Ia/Ic = 150/100 A/dm2, the initial 
anode voltage of synthesis rises by 32 V, and the mean 
voltage value, at which the coating forms, rises by 
35.8 V. Increase of anode current density 15 times and 
that of cathode 24 times (Ia/Ic = 150/120 A/dm2) leads 
to voltage rise at the start of synthesis by 53 V, and the 
mean value of voltage at which the coating forms in 
this mode, rises by another 3.9 V, compared to voltage 
of the start of PEO process in the same mode.

Note that the oxide film breakdown is followed by 
the process of metal oxidation in the high-temperature 
channel with running of plasma-chemical reactions 
on the anode. Such a process is represented by the 
rectilinear section on the curve of voltage dependence 
on synthesis time.

Figure 2 shows the dependencies of synthesis 
voltage change in phosphate free electrolytes with 
the ratio Ia/Ic = 10/10 and Ia/Ic 20/20 A/dm2. One can 
see from the derived dependencies that the elec-
trolytes with a higher concentration ensure higher 

conductivity, leading to decrease of voltage of the 
studied system.

Increase of current density leads to increase of anode 
voltage, electron injection into the oxide layer being pro-
vided at smaller energy losses for the breakdown chan-
nel at current density ratio Ia/Ic = 20/20 A/dm2.

For coating saturation with phosphates, an electrolyte 
with components of sodium pyrophosphate (Na4P2O7) 
and sodium hexamethaphosphate (Na6P6O18) was de-
veloped. Derived dependencies of synthesis voltage 
change in time are presented in Figure 3.

Synthesis of oxide PEO-coatings in an electrolyte 
with phosphates leads to a rapid rise of anode voltage. 
Among the given results, we should single out the 
mode with current density ratio Ia/Ic = 1.5, at which 
uniform coatings are formed.

Having obtained the results on the dependencies at 
current density ratio of 15/10 A/dm3 in the electrolyte 
with added salts, it was found that the anode voltage 
coincides with the voltage, which is recorded at tita-
nium alloy synthesis in a sodium salt free electrolyte, 
containing calcium hydroxide [1]. Thus, it becomes 
clear that sodium salts increase the conductivity of the 
working environment.

Coating saturation with calcium-containing com-
ponents was performed through addition of hydroxyl 
apatite (HAp) and diatomite to the electrolyte. Elec-
trophysical parameters of coating formation in such 
electrolytes are shown in Figure 4. Derived dependen-
cies allowed establishing that the coatings form uni-
formly with addition of hydroxylapatite and diatomite. 
Thus, the developed electrolytes provide satisfactory 
conductivity. As one can see from the presented de-
pendencies, oxide film breakdown in an electrolyte 
with HAp requires a large margin of energy which 
cannot be said about coating formation in an electro-
lyte with diatomite, where a rapid increase of anode 
voltage is absent. Providing a higher ratio of current 
density in the system, namely 20/20 A/dm2, compared 
to 10/10 A/dm2, leads to decrease of voltage, at which 
coating synthesis occurs, by approximately 25 V. The 
same regularity is preserved also for coating synthesis 
in an electrolyte with diatomite (Figure 4).

It should be also noted that diatomite addition to 
electrolyte leads to increase of electric conductivity 
of the working medium that reduces the anode voltage 
during PEO.

In order to establish the degree of hydrogen ion 
activity in electrolyte medium or the degree of their 
acidity, pH level of the medium was determined be-
fore the coating synthesis process, and after comple-
tion of the process of titanium alloy surface treatment. 
Thus, it was found that before the start of coating 
synthesis the electrolyte pH was equal to 12.6. After 

Figure 2. Electrophysical parameters of PEO-alloy Ti‒6Al‒4V in 
electrolytes of 3 g/l KOH + 2 g/l (Na2O(SiO2)n (■, ▲) and 5 g/l 
KOH + 5 g/l (Na2O(SiO2)n (●, ▼) at synthesis time of 120 min at 
Ia/Ic = 10/10 (▲, ▼) and 20/20 A/dm2 (■, ●)

Figure 3. Electrophysical parameters of PEO-alloy Ti‒6Al‒4V 
in an electrolyte of the composition of 0.5 g/l KOH + 0.5 g/l 
Ca(OH)2 + Na2O(SiO2)n + 0.5 g/l Ca(OH)2 + 0.5 g/l Na6P6O18 + 
0.5 g/l Na4P2O7 at Іa/Іc = 20/20 (■), 15/10 (●) and 10/10 A/dm2 
(▲)
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completion of the process of coating deposition on the 
metal surface pH level increases slightly and is equal 
to 12.8.

The surface of the coatings produced as a result 
of PEO is covered by craters and pores and it has a 
rather high roughness (Figure 5). This is attributable 
to the features of the synthesis process, which is char-
acterized by constant formation of breakdown chan-
nels and their disappearance during the entire PEO 
duration. Studies of the surface morphology and its 
roughness revealed that the coatings synthesized in 
an electrolyte with diatomite (electrolyte with 20 g/l 
KOH + 20 g/l l.g + 20 g/l Na6P6O18 + 20 g/l Na4P2O7 + 
20 g/l diatomite) have greater surface roughness (Ra = 

= 40 μm, Rz = 239 μm), while the coatings synthesized 
in electrolyte of the following composition 20 g/l 
KOH + 20 g/l l.g + 20 g/l Na6P6O18 + 20 g/l Na4P2O7 
have roughness Ra = 5–137 μm and Rz = 28–100 μm 
(here l.g — liquid glass). Processing duration also 
influences surface roughness. So, coatings processed 
two times longer (60 against 30 min), have 5 times 
higher surface roughness. Here, owing to the twice 
longer processing time, surface roughness parameter 
Ra increases from the value of 20.4 up to 42.1 μm, 
while roughness parameter Rz varies from 119.7 to 
239.4 μm, respectively.

Studies of the coating porosity showed that the 
coatings are produced with through-thickness po-
rosity of maximum 0.75 %, that is characteristic for 

Figure 4. Electrophysical parameters of synthesis of PEO-coat-
ing on a titanium alloy in an electrolyte of 5 g/l KOH + 5  g/l 
Ca(OH)2 + 5Na2O(SiO2)n + 5 g/l Ca(OH)2 + 5 g/l Na6P6O18 + 5 g/l 
Na4P2O7 + 1 g/l HAp and 20 g/l KOH + 20 g/l Ca(OH)2   +  
+ 20Na2O(SiO2)n + 20 g/l Na6P6O18 + 20 g/l Na4P2O7 + 20 g/l di-
atomite: ■ — HAp with Іa/Іc = 10/10 A/dm2; ● — HAp with Іa/
Іc = 20/20 A/dm2; ▲ — with diatomite Іa/Іc = 10/10 A/dm2; ▼ — 
with diatomite Іa/Іc = 20/20 A/dm2

Figure 5. Surface of PEO-coatings synthesized in the following electrolytes: a — 5 g/l KOH + 5 g/l l.g + 5 g/l Ca(OH)2 + 5 g/l Na6P6O18 + 
5 g/l Na4P2O7; b — 5 g/l KOH + 5 g/l l.g + 5 g/l Ca(OH)2 + 5 g/l Na6P6O18 + 5 g/l Na4P2O7 + 1 g/l HAp; c — 20 g/l KOH + 20 g/l l.g + 
20 g/l Na6P6O18 + 20 g/l Na4P2O7; d — 20 g/l KOH + 20 g/l l.g + 20 g/l Na6P6O18 + 20 g/l Na4P2O7 + 20 g/l diatomite

Figure 6. Results on true density, average density, porosity and 
water absorption of PEO-coatings synthesized in different elec-
trolytes: 1 — 0.5 g/l KOH + 0.5 g/l l.g + 0.5Ca(OH)2 + 0.5 g/l 
Na4P2O7 + 0.5 g/l Na6P6O18; 2 — 20 KOH + 20 g/l l.g + 1 g/l 
Ca(OH)2 + 20 g/l Na4P2O7 + 20 g/l Na6P6O18 + 20 g/l diatomite; 
3 — 3 g/l KOH + 2 g/l l.g + 3 g/l Ca(OH)2
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coatings, synthesized in electrolytes with just the 
phosphates. Open porosity with 0.67 % values is 
inherent to coatings, synthesized in alkaline elec-
trolyte of 3 g/l KOH + 2g/l liquid glass. The per-
centage of through-thickness porosity for coatings 
formed in a diatomite-containing medium decreas-
es only slightly.

Studies of water absorption of the coatings re-
vealed that the most porous of the mentioned coatings 
form in a diatomite-containing medium. Water ab-
sorption for such a kind of coatings is equal to 1.21 %, 
compared to coatings synthesized in electrolyte with 
0.64 % phosphates, and in an alkaline electrolyte, 
containing just KOH and 0.61 % liquid glass.

Such results indicate that the coatings synthesized 
in a diatomite-containing electrolyte, are character-
ized by closed pores that is confirmed by fracture 
fractogram, shown in Figure 7.

One can see from this fractogram that pores in 
the coating have different dimensions, are surface 
melted and thus overlap. Such a result is positive as 
these are exactly the muscle tissues that can become 
embedded into the pores, leading to fast implant sur-
vival in the living body and shortening of the reha-
bilitation period.

Conclusions
1. The influence of the ratio of anode and cathode cur-
rent density on the anode voltage was established un-
der the conditions of biocoating synthesis by plasma 
electrolytic oxidation method on a titanium alloy. It 
was found that at Ia/Ic = 10/5 A/dm2 in an electrolyte 
consisting of 2 g/l KOH + 3 g/l liquid glass, the an-
ode voltage during PEO is the lowest, namely ~83 V, 
while among the selected experimental Ia/Ic ratios the 
highest value of anode voltage is ensured at Ia/Ic  = 
= 50/40 A/dm2.

2. Phosphate addition to electrolyte leads to a rap-
id increase of the anode voltage, which is increased 
twice, compared to phosphate-free electrolytes.

3. In phosphate electrolytes the coating is synthe-
sized uniformly at the ratio Ia/Ic = 15/10 A/dm2.

4. Addition of calcium-containing components to 
the electrolyte with pyrophosphate and sodium hexa-
methophosphate reduces the system energy consump-
tion and stabilizes the coating formation process that 
is reflected in its uniformity over the entire surface.

5. Diatomite presence in the electrolyte greatly in-
creases the conductivity of the working medium, that 
leads to anode voltage drop and removes the section 
of rapid voltage rise in the first minutes of coating 
synthesis, that is responsible for the breakdown of the 
oxide film on the titanium alloy in alkaline electro-
lytes, which contain only the components of potassi-
um hydroxide and liquid glass.

6. It is found that PEO-coatings with the highest 
through-thickness porosity, equal to 0.75 %, form in 
an electrolyte of the composition of 0.5 g/l KOH + 
0.5  g/l l.g + 0.5 g/l Ca(OH)2 + 0.5 g/l Na6P6O18 + 
0.5 g/l Na4P2O7.

7. Investigations revealed that in the coatings syn-
thesized on a titanium alloy in an electrolyte of the 
composition of 20 g/l l.g + 20 g/l KOH + 20 g/l 
Na4P2O7 + 20 g/l Na6P6O18 + 20 g/l diatomite are char-
acterized by a high water absorption, equal to 1.21 %, 
that is two times higher than this index for coatings, 
formed in a phosphate electrolyte and in an electrolyte 
without addition of other components.
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Residual stresses induced 
by friction stir welding of heat strengthened 
aluminium 2219-T81 alloy plates
O.V. Makhnenko, O.S. Milenin, V.I. Pavlovsky, V.V. Savitsky, B.R. Tsaryk

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

ABSTRACT
Friction stir welding (FSW) is a relatively new welding process that has already been widely used for joining structures in the 
aerospace industry, transport and shipbuilding. It is believed that, in comparison with traditional arc welding processes, FSW 
provides less heating of the joint metal and a reduction in the level of residual stresses and strains. In the work, the features 
of the distribution of residual stresses induced by FSW in the butt joint of the heat strengthened aluminium alloy are investi-
gated, which is necessary for predicting the strength and service life of welded structures. A mathematical model was built to 
determine the residual stresses at FSW, and the effect of softening of the aluminium alloy during heating in welding on the re-
sidual stresses was considered. The comparison of calculated and experimental data on the distribution of residual longitudinal 
stresses in FSW specimens showed a satisfactory level of their correspondence. It is shown that the determined level of residual 
tensile stresses is close to the yield strength of the annealed metal.

KEYWORDS: aluminium alloy, friction stir welding, butt joint, residual stresses, mathematical modelling, experimental mea-
surement

INTRODUCTION
Today, friction stir welding (FSW) technology is 
widely used to join different structures in the aero-
space industry, transport and shipbuilding, etc. [1, 2]. 
To predict the reliability, service life, strength, and 
durability of FSW welded structures, an urgent task is 
to determine the residual stresses and strains [3, 4]. In 
view of the fact that the process of introducing FSW 
in the industry of developed countries began not so 
long ago — the last few decades — the issue of re-
sidual stresses and strains at FSW of various struc-
tural materials and alloys is still understudied. There-
fore, there is no generally accepted idea of the level 
of maximum values and the nature of distribution of 
residual stresses and strains, and the existing data are 
often contradictory. For this purpose, the methods of 
experimental studies of the stress-strain state of the 
butt joint of aluminium alloy 2219-T81 plates under 
FSW welding heating were used [5], and the obtained 
distributions of residual stresses at FSW with the re-
sults of mathematical modelling were compared.

EXPERIMENTAL MEASUREMENT 
OF RESIDUAL STRESSES AT FSW
The experimental determination of residual stresses 
in specimens of aluminium alloy 2219-T81 joints, 
produced using FSW technology, was performed. The 
residual welding stresses were measured by the fol-
lowing methods:

1. By the method of cutting the welded joint metal 
into narrow longitudinal strips (templates) to relieve 

inner stresses in them and measuring the elastic strains 
obtained in this way (residual welding longitudinal 
stresses) [9]. For this purpose, a mechanical strain 
gauge on a 20 mm base was used (Figure  1) and a 
system of conical holes preliminary drilled on the up-
per and lower sides of the specimen in the cross-sec-
tions in the middle part of the specimens. The mea-
surements were performed by means of a mechanical 
strain gauge on each measuring base (20 mm) before 
and after a complete cutting of the specimens into 
templates to completely relieve the residual stresses. 
After that, the elastic strain data of each measuring 
base was converted into residual welding stresses at 

Figure 1. Appearance of mechanical strain gauge on a 20 mm 
base and cut-out parts of welded specimen (templates) with mea-
suring bases (conical holes) for determination of residual stresses
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a set point of the specimen. For the aluminium alloy 
2219, the modulus of elasticity E = 75000 MPa was 
used in the calculations.

2. By the hole method combined with the registra-
tion of displacements resulting from local stress re-
laxation using laser speckle interferometry (ESPI-HD 

method) (Figure 2). It does not require surface prepa-
ration and can be used to determine residual stresses 
on a base of 0.5‒1.0 mm diameter and up to 1 mm 
depth. The measurements were performed in the 
following sequence: the speckle interferometer was 
placed on the welded joint, after which digital images 
were recorded, characterising the initial state of the 
surface before the hole was drilled. After the stress 
relaxation caused by drilling a 1.0 mm diameter and 
0.5 mm depth through hole, another set of speckle im-
ages was recorded, that reflected the deformed state. 
Based on the obtained images, the displacement val-
ues in the specimen plane around the hole were cal-
culated using the phase step method, which were used 
to determine residual stresses [10, 11]. The ESPI-HD 
method has demonstrated satisfactory agreement 
of stress measurement results with other traditional 
methods at the IIW Round-Robin test [12].

The specimen for measuring residual stresses rep-
resents a butt joint of two identical plates of 500 mm 
length, 300 mm width and 8 mm thickness. To mea-
sure residual elastic deformations, 26 measuring bas-
es (52 holes) were used in the cross-section on both 
sides of the specimen (Figure 3).

The results of measuring residual longitudinal 
stresses in the specimen No. 1 in the central cross-sec-
tion and in the specimen No. 2 in two cross-sections A 
and B (Figure 3) of the FSW butt joint specimen after 

Figure 2. Appearance of ESPI-HD device for measurement of 
residual stresses

Figure 3. Layout of measuring bases (a) and appearance (b) of specimen (specimen No. 2) with dimensions of 500×300×8 mm of 
plates’ butt joint according to the FSW technology
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a complete cutting of the material into longitudinal 
templates and measuring elastic deformations showed 
good repeatability of the results and a maximum level 
of tensile stresses of up to 180 MPa (Figures 4, 5). A 
significant difference was found between the level of 
residual longitudinal stresses on the upper and lower 
sides of the specimen. On the upper side, the level of 
measured stresses is noticeably lower: the maximum 
tensile stresses do not exceed 80‒100 MPa, while 
on the lower side they reach 180 MPa. A significant 
bending component of the longitudinal stresses across 

the thickness is confirmed by the presence of a resid-
ual longitudinal deflection of the central part of the 
specimen of up to 2.5 mm.

The measurements by the speckle interferometry 
method (using drilling holes of 1 mm diameter) were 
carried out on the specimen No. 1 in two cross-sec-
tions: section 1 at a distance of 130 mm from the 
beginning of the weld and section 2 at a distance of 
350 mm. In the section 1, the measurements were ob-
tained on the upper and lower sides of the specimen, 
and in the section 2 — only on the lower side, in the 
zone of high tensile stresses. The measurement re-
sults showed (Figure 6, a) that the tensile longitudinal 
stresses on the upper side do not exceed 120‒150 MPa, 
and on the lower side they reach 200‒210 MPa. The 
remaining components of residual stresses have sig-
nificantly lower values: transverse tensile stresses on 
the upper side do not exceed 20‒25 MPa, and 50 MPa 
on the lower side (Figure 6, b).

The results of the stress state determination in the 
specimen No. 1 by two methods showed that at fric-
tion stir welding, the values of the maximum residual 
longitudinal stresses are quite high and close to the 
yield strength of the aluminium alloy A2219 in the 
annealed state (up to 150‒180 MPa), i.e., taking into 
account the material softening in the welding heating 

Figure 4. Residual longitudinal stresses in the central cross-sec-
tion in the specimen No. 1 on the upper (σx, upper) (1) and lower 
(σx, lower) (2) sides of the specimen

Figure 5. Experimental distributions of residual longitudinal 
stresses on both upper (1) and lower (2) sides of the weld speci-
men No. 2 in the cross-sections A‒A (a) and B‒B (b)

Figure 6. Results of measuring residual stresses by speckle inter-
ferometry in the specimen No. 1: a — longitudinal component; 
b — transverse component; 1 — upper side of the specimen; 2 — 
lower side of the welded specimen



26

O.V. Makhnenko et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

zone. At the same time, residual stresses on the low-
er side of the specimen are significantly higher than 
those measured on the upper side: longitudinal stress-
es — by 20–30 %, transverse stresses — by 5 times.

MEASUREMENT 
OF MECHANICAL CHARACTERISTICS 
OF WELDED JOINT MATERIAL
The mechanical properties of welded specimens’ 
material were studied. For uniaxial tensile tests, 10 
tensile specimens were made from the base materi-
al (Figure 7, a) in two mutually perpendicular direc-
tions to determine the direction of rolled products. 
The welded joint metal is much less dependent on the 
direction of rolling due to the weld metal and HAZ 
recrystallization during the welding process. Thus, 10 
specimens were used for these tests (Figure 7, b).

The test results showed that the influence of the 
rolling direction on the mechanical properties of weld-
ed specimen material does not exceed 4.5 %. This al-
lows ignoring the material anisotropy when making 
the relevant expert assessments using the minimum 

average value (σ0.2 = 370 MPa, E = 75.3 GPa). In ad-
dition, the process of metal recrystallization in the 
weld area has a significant impact, where a significant 
softening of the metal occurs: a decrease in the ulti-
mate tensile strength σt to 44.4 % and in the true yield 
strength σ0.2 to 63.4 % compared to the base material 
specimen along the rolled product.

According to the results of Rockwell hardness 
measurements in the cross-section of the test speci-
men (Figure 8), it was determined that in the weld-
ed joint zone in the HAZ, a material softening zone 
of ~20 mm width was observed, where the hardness 
characteristics were reduced by almost half, from an 
average of 70 to 35 HRB. This is also agreed with a 
decrease in the strength characteristics of the material 
for the alloy A2219-T81 in the HAZ, namely the yield 
strength from 350 to 160 MPa, determined as a result 
of mechanical tensile tests of the specimens.

COMPARISON WITH THE RESULTS 
OF MATHEMATICAL MODELLING OF FSW
For mathematical modelling of residual stresses at 
FSW of the aluminium alloy, the previously devel-
oped model [5] was used, which was supplemented 
by taking into account the effect of material softening 
in the weld zone and HAZ.

Temperature model:

	
( , , , ),

T Tc
t x x

T T W x y z t
y y z z

∂ ∂ ∂ ρ = λ + ∂ ∂ ∂ 
 ∂ ∂ ∂ ∂ + λ + λ +   ∂ ∂ ∂ ∂   	

(1)

where T is the temperature, °C; c is the specific heat 
capacity, J/kg∙°C; ρ is the density, kg/m3; λ is the ther-
mal conductivity coefficient, W/m∙°C; W(x, y, z, t) is 
the power of volumetric heat generation, W/m3.

The peculiarity of the developed model of the heat-
ing source at FSW is heat generation due to the fric-
tion of the tool relative to the joint material. The tool 
rotates around a vertical axis with a certain rotational 
velocity ω, rpm, and is pressed against the plates with 
an axial force Pn, Pa, which generates a heat flux into 
the joint material on the tool contact surface, W/m2:

	
,n

T P r
n

∂
λ = µ ω
∂ 	

(2)

where μ is the friction coefficient; 
2 2

0 0( ) ( )wr x x v t y y= − − + −   — is the distance 
of the considered contact point from the axis of the 
working tool rotation, (x0 + vwt, y0), vw is the linear 
speed of the tool movement.

Then, the heat generation power Q, W, on the cor-
responding contact surfaces with an area S (Figure 9):

Figure 7. Diagrams of tensile specimens of the base metal (a) and 
welded joint metal (b)

Figure 8. Rockwell hardness distribution in the FSW joint of the 
alloy A2219-T81 plates: 1 — upper side of the specimen; 2 — 
lower side of the specimen
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where δ is the thickness of the plates to be welded, m; 
h is the length of the pin entering the material, m.

Accordingly, the power of volumetric heat gener-
ation W(x, y, z, t), W/m3, consists of two components. 
The first is associated with heat generation in the vol-
ume V1 on the upper side of the joining plates under 
the tool arm (δ ‒ dz < z < δ, R1 < r < R2), dz is the size 
of the finite element, and the second one is in the vol-
ume of the pin V2 (δ ‒ h < z < δ, 0 > r > R1):
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The model of thermoplastic deformation of the 
welded joint material at FSW is based on the assump-
tion that the process of stirring the welded joint mate-
rial occurs in the weld zone at a sufficiently high tem-
perature and does not significantly affect the overall 
result of the formation and propagation of plastic de-

formations in the HAZ material and the weld behind 
the working tool. Therefore, plastic deformations and 
residual stresses are formed only as a result of the 
temperature gradient that occurs when the working 
tool moves as a source of volumetric heat generation 
[4]. The proposed mathematical model of thermoplas-
tic deformation of the welded joint material at FSW is 
presented in more detail in [5].

In order to simplify the model, it was assumed that 
the value of the friction coefficient is independent of 
temperature and is approximately equal to the average 
value μ = 0.4 obtained for the aluminium alloy 2219 
in the material temperature range of up to 400 °C [8].

Figures 10, 11 show the mechanical and thermo-
physical properties of the alloy 2219-T81 as a func-
tion of temperature [6], which were used in the math-
ematical modelling.

The analysis of the results of numerical exper-
iments showed that among the factors that can to a 
greater or lesser extent influence the formation of 
residual stresses in the welded joint at FSW of alu-
minium alloys, softening of the material by welding 
heating has the greatest effect [7].

Figure 9. Schematic of FSW working tool: 1 — tool; 2 — shoul-
der; 3 — pin; 4 — plate

Figure 10. Mechanical properties of the alloy 2219-T81: 1 — σy 
(T); 2 — E(T); 3 — v(T)

Figure 11. Thermophysical properties of the alloy 2219-T81: 1 — 
α(T); 2 — сρ (T); 3 — λ(T)
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Comparison of the calculated distribution of max-
imum temperatures in the cross-section of the FSW 
welded joint of alloy A2219-T81 plates (Figure 12) 
with the results of hardness measurements (see Fig-
ure  8) showed that the width of the softening start 
zone of 40 mm corresponds to a temperature of 
Ts = 240 °C, and the zone of the maximum softening 
on the upper side with a width of ~20 mm and on the 
lower side with a width of 10 mm determines the tem-
perature of softening end at the level of Te = 450 °C of 
the material heating in welding.

The material softening parameters accepted in the 
model include the yield strength of the softened ma-
terial σsoft = 160 MPa, as well as the start temperature 
Ts = 240 °C and the end temperature Te = 450 °C of 
softening (Figure 13). In the mathematical modelling 
of SSS at FSW, disregard of the material softening 
leads to a significant increase (by more than 30 %) in 
the maximum longitudinal residual stresses.

Comparing the calculation results and the exper-
imental data obtained on the specimen No. 2, based 
on the distribution of residual longitudinal stresses 
at FSW (Figure 14), it can be stated that the nature 
of the distribution of the calculated residual stresses 
is close to the experimental one. In the centre of the 
welded joint, there is a zone of significant reduction in 
tensile longitudinal stresses, which is associated with 
the softening effect of the aluminium alloy. The width 

of the tensile stress zone is approximately 36 mm 
(‒18‒+18 mm) and is the same for both experimental 
and calculated data.

The calculated stress distribution is characterised by 
sharper gradients and higher stress values in the weld 
zone. The smoother curve of the experimental residual 
stress distribution is associated with the sufficiently large 
step (8 mm) between the measurement points, which 
leads to an averaging of the stress values.

It is important that the experimental and calculated 
data are characterised by a significant difference be-
tween the stresses on the upper and lower sides of the 
welded joint — the residual longitudinal stresses are 
higher on the lower side. In terms of the absolute value 
of tensile stresses in the centre of the welded joint, this 
difference reaches 140 according to the experimental 
data and 130 MPa according to the calculation.

An assessment of the error of the calculated data 
for FSW shows that in the tensile stress zone (3 cen-
tral points, ‒16‒+16 mm), the mean square deviation 
from the experimental values on the lower side of the 
specimen is 21 %, and on the upper side it is up to 
30 %. This error can be considered satisfactory, given 
the complex nature of the residual stress distribution.

Conclusions
1. For 8 mm thick specimens of welded butt joints 
made of the aluminium alloy A2219-T81 by friction 
stir welding, the measured level of tensile residual 
longitudinal stresses was quite high (up to 180 MPa), 
close to the yield strength of the aluminium alloy 
in the annealed state. At the same time, the residual 
stresses on the lower side of the specimen are higher 
than on the upper side (by about 20 %). The trans-
verse tensile residual stresses are significantly lower: 
on the upper side they do not exceed 20‒25 MPa, and 
on the lower side they do not exceed 50 MPa.

2. The result of mathematical modelling of residu-
al stresses at FSW of aluminium alloys is significant-

Figure 12. Comparison of the calculated distribution of the max-
imum temperatures in the cross-section of the FSW welded joint 
with the HAZ shape on the macrosection

Figure 13. Dependence of the yield strength at 20 °C of the alloy 
A2219-T81 specimen on the maximum temperature in welding: 
Тs = 240 °C, Тe = 450 °C, σsoft = 160 MPa, σy = 350 MPa

Figure 14. Comparison of experimental data with the results of 
mathematical modelling of the distribution of residual longitudi-
nal stresses for the FSW specimen: experimental data: 0 — upper 
side of the specimen; ∆ — lower side of the specimen; calculat-
ed data: 1 — upper side of the specimen; 2 — lower side of the 
specimen
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ly influenced by considering the material softening 
model in the welding heating zone, the parameters of 
which include the yield strength of the softened mate-
rial σsoft, as well as the temperature range of the start 
Ts and end Te of the softening effect. Disregard of the 
material softening leads to a significant increase (by 
more than 30 %) in the maximum longitudinal resid-
ual stresses.
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ABSTRACT
In the category of new and advanced materials, carbon fiber reinforced plastic (CFRP) composite materials are used in areas 
such as structural materials in aeronautics, transport, etc. The bi-phasic structure of CFRP requires knowledge of both fiber 
and matrix properties. In the conditions where possible delamination’s occur during use, these depend both on the properties of 
the interfaces and of the interlaminate. The appropriate ultrasound (US) techniques allow the determination of the propagation 
speed of the longitudinal and transverse waves which are used in the evaluation of the elastic modulus E, shear modulus G on 
the three principal directions. C-scan US using phased array allows the emphasizing and characterization of ones with poros-
ities that appear during composite fabrication or due to local overheating. The results are compared with those obtained by a 
dynamic mechanical analyzer (DMA), being found a good correlation. These procedures allow also the emphasizing of matrix 
damages due to high temperature used or establishing maximum temperature for used.

KEYWORDS: CFRP, nondestructive testing, ultrasound, DMA

INTRODUCTION
The weight reduction of the components used in the 
aeronautical industry as well as that of the motor ve-
hicles aims to reduce energy consumption and recom-
mends composite materials as modular construction 
elements. The choice and use of composites related 
to performance and costs [1, 2] it is a direct concern. 
Increasing the lifespan of vehicles and the impact of 
vibrations and noises for external insulation as well as 
shock energy absorption are also problems that con-
cern the car manufacturing industry and not only this 
one [3]. The applications follow the analysis of the 
mechanical behavior of these modular components as 
well as the connections between the composite and 
metallic structures, aiming to stop the initiation of 
failure. Carbon fiber reinforced composites (CFRP) 
are used in most fields and due to their low density, 
reduced effect of mechanical fatigue phenomena and 
high strength-to-weight ratio [4, 5]. However, the 
composites have low impact resistance in the direction 
normal to the fiber plane, being able to produce fiber 
delamination/rupture at high energies. The behavior 
of interlaminar fractures of the composites requires 
experimental investigation both as reinforcement and 
matrix. This can be done through non-destructive test-
ing methods based on ultrasound, eddy currents, etc.

Epoxy resin is the most common matrix for CFRP 
[6], its properties are superior but with the aging pro-
cess they are susceptible to water absorption [7], due 
to the polar hydroxyl group inside [8]. Although they 
are used in a significant amount, they present, like any 
new material, shortcomings related to performance, 
processing and costs [9, 10]. There are many research-
es that analyze the phenomena of delaminations in 
layered composites, many of them being due to im-
pact, but the stresses inside the materials that appear 
during their lifetime, permanently monitored, deter-
mine the moment when a part, structure or assembly 
can no longer fulfill its characteristics operation. Sus-
tained stresses of the joint components of composites 
or in adhesives can be undiagnosed causes that pro-
duce crack initiation [11]. The spatial arrangement, as 
well as the size of the product, can sometimes save the 
composite structure from failure.

The purpose of the paper is to present the com-
plementary results (using theoretical and experimen-
tal methods) obtained in the complex investigation of 
the elastic properties of composites reinforced with 
carbon fibers.

MATERIALS AND METHODS
The behavior of CFRP composites under load is use-
ful for understanding how loading affects complex 
CFRP composite structures, the study being doubled 
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by analytical modeling to explain the results obtained 
during the experimental tests [12]. During the tests, 
large stress concentrators may appear that lead to an 
unknown mixed loading mode, variable along the 
sample, which can generate unexpected results.

2.1. SAMPLES MANUFACTURING
The composite materials proposed for theoretical 
and experimental analysis are CFRP type made using 
carbon/epoxy laminates manufactured by autoclave 
processing technology. Studies on the construction 
behavior of CFRP composites have demonstrated that 
the properties depend on the applied technology [13, 
14]. In [15] the method of obtaining the laminates 
used in the tests presented in the paper is presented, 
CFRP with 8 plies of plain weave fabrics GG200P-
PL1/1 (SLG group) with fiber diameter 7 µm Torayca 
T300 fibers [16] with different ply stacking sequenc-
es [0]8 and [(45/0)2]s and ET445 resin. Made in the 
form of boards with dimensions 295×205 mm2, thick-
ness of 2.2 mm and volume ratio Vf = 0.45, density 
of 1.58 kg/dm3, the realized configuration provides 
the laminate with a quasi-isotropic structure, having a 
modulus of elasticity of 0.44 ± 0.03.In the case of the 
analyzed composite, the polymer matrix ensures the 
adhesion between the fibers and the matrix and gives 
it a structure that resists until the fibers break. Plain 
fabric provides a simple repeating pattern Figure 1.

Besides the working conditions and the degree of 
loading, the architecture of the composite, the poly-
mer matrix and the structure of the fibers can deter-
mine microstructural accumulations in the general 
damage mechanism.

2.2. FINITE ELEMENT ANALYSIS (FEA)
Finite element analysis allows obtaining detailed in-
formation on the distribution of stresses and deforma-
tions in the composite, following the optimization of 
the design and its performance. The 3D graphic model 
made in SolidWorks was imported into Ansys soft-
ware version R17.0., Figure 2.

For the simulation, the quadrilateral discretization 
method was used, the table was uniformized and a 
function of the size of the elements of 1mm was intro-
duced to ensure accuracy, obtaining a geometry of the 
section having 22505 nodes and 3936 elements. The 
sample was considered without discontinuities, from 
its surface (the one caught between the ends) only a 
portion was used in the study (Figure 2), the simula-
tion was made for the tensile test. Figure 2, b shows the 
stress state in the tensile specimen. One can observe the 
stress distribution over its entire cross-section through-
out its volume with maximum values at the level of the 
tabs that continue towards the central area.

2.3. METHODS
The presence of porosity in the composite material 
was analyzed using the ultrasound (US) method, the 
elastic waves being produced in CFRP with the Phasor 
XS equipment coupled with a sensor array with cen-
tral frequency 5 MHz and a delay line. US attenuation 
in composites is a measure of the degree of porosity. 
The analysis of US propagation speeds in composites 
was obtained using transducers connected to a US PR 
5073 Pulser Receiver — Panametrics equipment.

As the composite plates are thin for reflected US 
analysis, a Plexiglas delay line was applied. The com-
pression waves were excited with a G5KB GE trans-

Figure 1. Studied samples: 10× front surface sample (a); cross section — optical microscope (b)

Figure 2. 3D model made in SolidWorks (a); the sample with the mesh structure and the analyzed section (b)
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ducer with a central frequency of 5 MHz, the shear 
ones with a MB4Y transducer with a central frequen-
cy of 4 MHz, the signals were analyzed on the screen 
of a Le Croy Wave Runer64Xi digital oscilloscope. 
The values of the modulus of elasticity and the elastic 
properties of the composite are determined from the 
wave propagation speeds,
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Knowing that E — elastic modulus; G — the shear 
modulus; ν — the Poisson coefficient and ρ — the 
density.

The Dynamic Mechanical Analyzer equipment, 
DMA 242C — Netzsch Germany, with the 3-point 
bending device using Protheus software v.4.8.5 was 
used to determine the main characteristic quantities, 
elastic modulus along the principally axis (Ex, Ey, Ez). 
The obtained values were compared with those deter-
mined by traction tests by classical procedure using 
INSTRON E1000 machine with hydraulic fixture. 

EXPERIMENTAL RESULTS
The degree of porosity is in linear correlation with the 
attenuation of US in composites and with the mechan-
ical properties ie shear resistance. The plates thus pre-
pared (&2.1) were scanned with US at a single sweep 
of the 5 MHz frequency transducer moved with the 
ENCSTD axial scanner. The procedure applied to the 
material leads to the analysis of the scan image results 
shown in Figure 3.

The presence of localized porosity represents a 
break in the continuity of the environment. It can be 
observed that in this case the recorded measurements 
show a material without discontinuities.

Using the US technique to determine the longitu-
dinal and transverse wave propagation speeds in the 
material, the elasticity modulus E2 and the shear mod-
ulus G12 were determined. The average US propaga-
tion speed for longitudinal waves was Cl = 2732 and 
Ct = 1937 m/s for transverse ones.

From the CFRP samples, tested with US to ensure 
the absence of discontinuities, samples with dimensions 
of 50×10×2.2 mm3 were cut for the DMA dynamic me-
chanical analysis. These samples were analyzed opti-
cally, because during the cutting process discontinuities 
may appear, some lamellas may change their direction 

Figure 3. the CFRP specimens (a); the propagation C scan modes of US waves (b)

Figure 4. Determination of the speed of ultrasound propagation in the analyzed samples
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of orientation, some fibers may break, detachments from 
the lamellas may occur. Samples with this type of de-
fects were removed Figure 5, b.

In the DMA analysis, the sample loaded with an 
oscillating sinusoidal force of 6 N at different preset 
frequencies provides information on the visco-elastic 
properties as a function of frequency, temperature and 
time. The parameters obtained through the tests pro-
vide information on vitrification, referred to Tg (glass 
transition), resulting from the cross-linking reaction. 
The determinations were made at a single frequency 
of 1 Hz, temperature range (25‒260 °C).

A slight increase in the storage modulus, E′, from 
40000 to 42000 MPa is observed. After this increase, 
a maximum of the Young’s modulus is reached, fol-
lowed by a decrease with the same slope of the storage 
modulus (elasticity modulus), E′, so that it remains 
constant around the value of 180 °C. The mechanisms 
for changing the elastic and viscoelastic mechanical 
properties were highlighted: storage modulus (E′), be-
havior over time to temperature changes of the com-
posite, loss modulus (E″), loss factor (tan δ), tempera-
ture glass transition (Tg = 135.6 °C).

The DMA analysis shows the changes in the dy-
namic modulus of CFRP under the load with tempera-
ture as follows: the loss modulus reflects the adhesion 

of the material; the storage modulus, i.e. the elasticity 
modulus reflects the rigidity of the material; the ratio 
between the loss modulus and the storage modulus, 

i.e. the depreciation of the material tan
′′

δ =
′

E
E

. δ is 

the phase angle of stress and strain. The ratio of stress 
(σ) to strain (ε) under dynamic load is defined as the 
complex Young modulus of the material (E*) which 
can be expressed as
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The main mechanical characteristics of the com-
posite samples, Ex, Ey, Ez, were determined from the 
DMA graphs. Poisson’s ratio νxy and νyx were deter-
mined by measuring US velocities. The shear modu-
lus were calculated only by US procedure. The results 
are presented in Table 1.

The data obtained through complementary DMA 
methods and tensile tests completed with those of US 
allow a complete characterization of composites with 
polymer matrix reinforced with carbon fibers.

Conclusions
Characterization of carbon-epoxy composites can be 
made using ultrasound method complementary with 
destructive testing using Dynamic Mechanical Anal-
ysis. Using C-scan the regions with porosity due to 
manufacturing can be easily evaluated. For determi-
nation of elastic and shear modulus, Poisson’s ratio 
of the composite materials with reinforcement from 
carbon fiber woven, the use of combined ultrasound 
methods is proposed, namely impulse-echo for com-
pressional waves, send-receive method for transver-
sal waves. Numerical analyzes and additional tests 
are required for different CFRP specimens to avoid 
discontinuities around the fasteners and to predict the 
evolution of crack propagation in the failure process.

Figure 5. Cross-section microscope images of the DMA tested samples

Table 1. Elastic characteristics of studied samples

Ex, GPa Ey, GPa Ez, GPa νxy νyx νxz Gxy, GPa Gyx, GPa Gxz, GPa

42 40 9 0.30 0.3 0.03 8.2 8.4 5.1

Figure 6. DMA results for sample CFRP
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Modern levels for structural strength 
assessment and the algorithm for implementation 
of the risk analysis methodology 
in the operation of welded metal structures
V.M. Torop

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

ABSTRACT
Three levels of assessment of indices of structural strength, reliability and durability of welded metal structures are considered 
for the construction of the integrity management system (IMS) of welded metal structures. Level 1 uses the criteria of the limit 
state of welded metal structures based on safety margin factors and is implemented by us using a failure assessment diagram. 
Level 2 of probabilistic analysis of safety and reliability involves the formulation and evaluation of the values of probabilistic 
indices used to assess the structural strength, reliability and durability of welded metal structures in the presence of uncertainty 
and lack of completeness of input data. For level 3 of the risk analysis of the operation of welded metal structures, an algorithm 
for its realization is proposed and an implementation option in the form of an IMS is prescribed. The two-criteria failure assess-
ment diagram is the basis of the implementation of all three levels.

KEYWORDS: risk, failure probability, consequences, two-criteria approach, failure assessment diagram, probabilistic safety 
analysis, risk matrix, integrity management system

INTRODUCTION
Modern high-efficient diagnostic tools, for instance, 
in-pipe diagnostic technologies, allow detecting and 
identifying thousands and even hundred thousand de-
fects which are monitored in the main pipeline. After 
performance of in-pipe diagnostics the question arises 
about defect classification by the degree of their in-
fluence on the reliable and safe service. It is neces-
sary to develop a rational and substantiated procedure 
for taking improvement measures (repair, revision of 
operating regulations), planning subsequent inspec-
tions (with determination of their terms and scope), 
and to prioritize areas for repairs. As a large num-
bers of defects which can be qualified as admissible 
ones, remain in service, it is probably inappropriate 
to talk about absolute reliability of such a structure. 
Under such circumstances there will always be a cer-
tain probability of the structure failure. In its turn, the 
failure probability should be regarded in combina-
tion with such an important characteristic as failure 
consequences, which require expert assessment. It is 
obvious that at the same failure probability the con-
sequences of failure of the primary circuit pipeline in 
the power unit of a nuclear power plant (NPP) and of 
a petroleum processing plant will be different. Thus, 
different reliability levels should be used for different 
structural elements within the scope of consideration 
of one object. The product of failure probability by 
the index of failure consequences determines the risk 

which may be used as a universal measure of reliabil-
ity and effectiveness of the object operation.

The probabilistic risk analysis is usually performed 
for potentially hazardous productions, chemical and 
technogenically-hazardous technological processes, to 
assess the reliability of nuclear power plants and their 
equipment, as well as in the aerospace industry. There 
are two causes, which somewhat restrain the introduc-
tion of risk analysis ideology: first, a range of factors 
which may cause a failure or accident, is so wide that 
it requires computerized object certification, qualified 
processing of the statistical material and operating with 
various laws of random value distribution to obtain val-
id evaluation data of the reliability, and, secondly, the 
majority of improvement measures aimed at increasing 
the object safety, which are based on outdated diag-
nostic methods can be effective even without know-
ing the real risk, associated with object operation. The 
latter approach has the right to exist, but it should be 
the methodological component of the general strategy 
of management of the reliability and efficiency (also, 
economic efficiency) of critical objects with rather con-
vincing substantiation of their application.

Considerable activity, observed in the world in the 
field of ensuring the reliability of engineering sys-
tems and introducing the risk analysis ideology [1], 
is caused, on the one hand, by competition — optimi-
zation of the technological process towards lowering 
its cost, and on the other — by more stringent safety 
regulations, specified by state regulatory bodies (reg-
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ulator, for instance State Nuclear Regulatory Inspec-
torate of Ukraine, Derzhgirpromnaglyad, etc.).

It follows from the above-said that in the general case 
it is necessary to use a three-level approach for assess-
ment of the indices of structural strength, reliability and 
durability of welded metal structures: pressure vessels, 
bridges, cylinders, tanks, pipelines, etc. (Figure 1).

LEVEL 1
uses the criteria of limit state of welded metal struc-
tures based on the safety margin factor (SMF), and it 
envisages formulation and use of the traditional deter-
ministic indices of structural strength with determi-
nation of the limit state criteria at brittle, quasi-brit-
tle and ductile fracture. On this level we recommend 
using a two-criteria approach, namely two-criteria 
failure assessment diagram (FAD) and its expansion 
[2]. Figure 2, a shows a modified FAD, the boundary 
curve of which is used as the fracture criterion of the 
main pipelines with defects [3]. A feature of FAD pro-
posed by us and its temperature-load expansion (Fig-

ure 2, b) is explicit use of point Tb — critical brittle-
ness temperature, which separates the brittle fracture 
zone from the quasibrittle fracture, and it is uniquely 
defined by coordinates of point B on FAD as follows 
B (1; ξ = 0.7PYL/PLL) (Figure 2, a). The abscissa of the 
point of quasibrittle transition B, which corresponds 
to Tt — toughness temperature, in Figure 2, b is de-
termined from the condition of breaking load achiev-
ing limit load PLL. The ordinate of point B based on 
the available experimental data corresponds to value 

0.4 – 0.7I

IC

K
K

µ = ≈ . As one can see from Figure 2, a, at 

I
r

IC

KK
K

= µ  the ductile fracture criterion is realized: 

Sr = 1 or P = PLL, where P is the generalized load ap-
plied to cracked structural element (CSE).

FAD, which in the general case is a certain bound-
ary area II, separates area I of safe operation of CSE 
from fracture area III, using the admissible SMF k. 

Figure 1. Modern levels of assessment of the indices of structural strength, reliability and durability of welded metal structures

Figure 2. Two-criteria FAD (a): r
LL

PS
P

= ; 0.7 YL

LL

P
P

ξ =  and its loading-temperature expansion (b): 1 — PL (KIC); 2 — PLL (σt); 3 — 

PYL (σy),  where  σy is the yield strength and  PYL is the value of the load at the yield point of the entire net cross-section of the structure
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In area II we will select the boundary line ABCD, in 
order to, first of all, simplify and perform the engi-
neering assessment of the limit state of the cracked 
structural element, and secondly, be able to predict the 
brittle (ray 01 crosses area AB of FAD boundary line 
in Figure 2, a), quasibrittle or mixed (ray 02 crosses 
area BC of FAD boundary line in Figure 2, a) and 
ductile (ray 03 crosses area CD of FAD boundary line 
in Figure 2, a) fracture mode.

Green colour in Figure 2, a highlights admissible 
area I of CSE operation, which is determined allowing 
for admissible SMF k. Admissible SMF is a normative 
value by static strength criterion, which is specified 
by standards, norms, regulations, normative-technical 
documentation, etc. So, for NPP critical equipment 
[4] k = 2.5, and for main pipelines k is specified in 
keeping with SNiP 2.05.06–85 [5]:

	

10.9  ,Rk kk
m

=
	

(1)

where m is the coefficient of operating conditions; k1 is 
the coefficient of reliability, depending on material; kR is 
the coefficient of reliability depending on purpose.

Yellow colour in Figure 2, a is used to highlight the 
zone of SMF validity II, requiring application of appro-
priate improvement measures as to the possibility of 
further safe operation of this CSE and it corresponds to 
subcritical controlled crack growth, the red colour shows 
the inadmissible zone III of CSE operation.

White color in Figure 2, a highlights the area IV, which 

is defined by coordinates th
r

IC

K
K K=  and  1

t
rS −

σ 
= ζ  σ 

, 

where Kth is the fatigue crack propagation threshold of 
stress intensity factor (SIF) at cyclic loading; σ–1 is the 
limit of endurance, σt is the tensile strength. This area 
corresponds to the stage of defect initiation and propa-
gation by the fatigue mechanism up to dimensions con-
trolled by fracture mechanics laws.

LEVEL 2
of probabilistic analysis of safety (PSA) and reliability 
envisages formulation and assessment of probabilistic 
indices x  = (x1, x2, ... , xn) in the form of mathemati-
cal expectation M(F,[R]) and mean-root-square devi-
ation C(F, [R]) of the generalized stochastic loading 
(applied load), scatter of measurements of structural 
element geometry and interpretation (schematization, 
classification, description of the geometry and loca-
tion) of the defects detected by NDT means and scat-
ter of experimental data on the mechanical properties 
and crack resistance characteristics of the materials 
and their welded joints.

In the general case, the function of the metal structure 
limit state g( x ) can be expressed in the following form:

	 ( ) [ ] ( ),g x R F x= − 	 (2)

where [R] is the generalized stochastic fracture resis-
tance that is characterized by admissible parameters, 
which are determined by the mechanical properties 
and crack resistance characteristics, allowing for the 
normative safety factors (SMF); F( x ) are the max-
imal, equivalent as to the selected strength criteria 
stochastic parameters of the structure stressed state, 
which were established by construction of a computa-
tional model and uncertainty analysis.

Then, the probability of metal structure destruc-
tion, as illustrated by Figure 3, is calculated by the 
following equation:

	
[ ] [ ], ( )

( ) 0

( , ( )) ( ).f R F x
g x

P f R F x dRdF x
≤

= ∫
	

(3)

The following can be used as an integral function 
for indices of metal structure operation reliability RN* 
[9, 10]:

● mathematical expectation and mean-root-square 
deviation of the appropriate indices of metal structure 
reliability M(F,[R]) and C(F,[R]), respectively;

● probability of the value of the respective reliabil-
ity index R not being lower than the specified (norma-
tive) value Rsp. Let us denote this probabilistic index 
as P(R ≥ Rsp).

Depending on the research objectives and tasks 
solved at the main stages of the structural element life 
cycle (design, construction (repair) or operation [7]), 
the conditions of optimality or suitability, which are 
also called “fitness-for-purpose” criterion, can be im-
posed on each of the considered indices M(F, [R]), C(F, 
[R]), P(R ≥ Rsp) [11]. So, for P(R ≥ Rsp) index the fit-
ness-for-service criterion will have the following form:

	 P(R ≥ Rsp) ≥ Pg,	 (4)

Figure 3. Fracture probability Pf, which is determined by the area of 
intersection of the parameters of the structure stressed state F( x ) 
with the generalized stochastic fracture resistance [R]
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where Pg is the guaranteed probability of the value of 
the respective reliability index R not being lower than 
the normative value Rsp.

We based the construction of the algorithm of simula-
tion model of metal structure destruction on the indirect 
method of statistical probabilistic modeling (Monte-Car-
lo method [8]), which consists of the following steps:

1. In keeping with the known distribution laws fi(xi) 
generate a sample of implementations N: *XN  = (x1

*, 
x2

*, ... , xn
*)i, i = 1, N  of random values x1, x2, ... , xn, 

which belong to the specified range of values (of pa-
rameters, characteristics).

2. Substitute the formulated implementations (x1
*, 

x2
*, ... , xn

*)i, i = 1, N , into (2) and obtain the respec-
tive sample of implementations of reliability indices 
F, [R]: RN* = (Fi, [R]i, i = 1, N ).

3. Based on the sample of implementations of reli-
ability indices RN* = (Fi, [R]i, i = 1, N ) obtain a sam-
ple of estimated values of the respective probabilistic 
reliability indices (M*(F, [R]), C*(F, [R]), P*(R ≥ Rsp), 
...)i,  i = 1, N .

4. Proceeding from the sample of estimated values 
of the respective probabilistic reliability indices M*(F, 
[R]), C*(F, [R]), P*(R ≥ Rsp), i = 1, N  make conclu-
sions as to the structural strength and truth of the val-
ues of these indices.

Implementation of the first step is based on standard 
methods of modeling the random values and vectors, us-
ing the algorithmic sensors of random values [8].

Special attention in the second step should be paid to 
application of a correct deterministic fracture model (cri-
terion). We use a two-criteria approach [2] and two-cri-
teria failure assessment diagrams developed on its base.

Implementation of the third step is based on ob-
taining point estimates of the probabilistic reliability 
indices M*(F, [R]), C*(F, [R]), P*(R ≥ Rsp), i = 1, N  
using a sample of implementations of deterministic 
indices RN* = (Fi[R]i, i = 1, N ). Point values of esti-
mates of the first two indices (mathematical expecta-
tion and mean-root-square deviation) are determined 
as follows:

	
[ ] [ ]*

1

( ,
( , ) , 1, ;

j

i

F R
M F R j N

j=

= =∑
	

(5)

	
[ ] [ ]( , ) ( , , 1, ,

j
C F R D F R j N= =

	
(6)

where D(F, [R]j) is the estimation of the dispersion of 
sample values:

	
[ ] [ ] [ ]
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D F R j N
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−
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(7)

International standard ISO 16708:2006 can be an exam-
ple of implementation of level 2 for the main oil and gas 
pipelines [6]. In limit states, when the structure experi-

ences additional loads or loss of quality and violates the 
safety standards in keeping with the deterministic ap-
proach, the deterministic approach proper can no longer 
be applied to determine if the structure still is sufficiently 
safe. Limit states in this context are, for instance, mate-
rial aging, considerable corrosion and additional loads, 
not allowed for in the initial design.

In this case, a probabilistic approach can be used, 
calculating the structure failure rate. It was introduced 
approximately 20 years ago during structure design. 
Compared to the deterministic approach, failure rate cal-
culation is a complex process. The problem is establish-
ing the generally accepted limitations for the failure rate.

The International Standardization Organization 
(ISO) has worked on this issue for many years and 
ISO 16708 standard “Petroleum and natural gas in-
dustries — Pipeline transportation systems — Re-
liability-based limit state methods” [6] was often 
changed in the draft status for a long period of time. 
In 2006 it was accepted as DIN EN ISO 16708, as the 
National Standard of Germany.

The scope of application of DIN EN ISO 16708 
standard allows using the deterministic and probabi-
listic approaches in parallel. The standard has a high 
level of recognition among the authorities, experts 
and specialists-engineers.

In modern practice DBN V.1.2-14:2018 [11] is 
used for ensuring the reliability and structural safety 
of buildings and constructions, which is applied when 
searching for, designing, building and liquidation of 
buildings and structures, irrespective of their purpose. 
Thus, level 2 of probabilistic safety analysis (PSA) 
and reliability is applied for complicated issues of un-
certainty when compiling the “Objects”, “Defects”, 
“Loads”, and “Properties” data bases, which are re-
quired for construction of a computational model, 
identifying the potentially critical cross-sections of a 
welded metal structure and assessment of structural 
strength, using a two-criteria approach based on Mon-
te-Carlo method [8‒10].

LEVEL 3
At this level it is necessary to formulate and assess the 
above-mentioned probabilistic indices of structural 
strength, reliability and durability with guaranteed or 
confidence level, which allow for failure consequenc-
es [10, 12].

Selection of a particular level of assessment of the 
indices of structural strength, reliability, durability of 
structural elements will depend on such main factors 
as: importance of the assessed structure; stage of its 
life cycle under consideration; input data used to ob-
tain the respective estimates of the indices and the 
level of confidence in them.

In order to introduce the methodology of risk assess-
ment at operation of welded metal structures, it is first 
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of all necessary to develop a risk assessment program. 
The operator should take into account all the features 
of his metal structure, operating in a certain system (for 
instance, a power unit of a nuclear power plant should 
be regarded as such a system, etc.) and should decide, 
which of the approaches is the most suitable. The main 
objective of risk assessment consists in identifying the 
greatest risks in the system so that the operator could 
decide how, where and when to take the repair and 
improvement measures, so that it would increase the 
integrity of the metal structure of the mentioned sys-
tem in the most effective manner. The operator should 
decide which information can be useful for assessment, 
and how this information should be used, so that the 
accuracy and effectiveness of the estimates were maxi-
mal. A simplified scheme of risk analysis performance 
is shown in Figure 4 [12, 13].

It is obvious that risk analysis includes three main 
components: risk analysis, which considers and an-
alyzes the possibility of accidents (destruction) with 
their consequences; risk assessment, which compares 
the obtained risk with the available criteria of its ad-
missibility; risk management which envisages and de-
fines the measures for risk reduction.

A substantiated methodology of risk assessment 
should be:

Structured. Risk assessment procedures usually 
use the input data of the systems of technical con-
dition monitoring (sensors, controllers, etc.) or are 
formulated by experts in the field of assessment of 
strength, corrosion protection, welding, technologi-
cal production processes, etc. All the methods of risk 
assessment, however, determine and use the logical 
schemes in order to determine how the data being 
considered influence the risk in the terms of probabil-
ity of an accident or its potential consequences.

Supported by sufficient resources. Sufficient number 
of staff and adequate time should be allocated to suc-
cessfully fulfill all the stages and detail the risk analysis.

Based on real experience. The frequency and se-
verity of the consequences of previous events (in this 
or a similar welded metal structure) should be consid-
ered, as well as understanding and taking into account 
all the improvement measures, implemented to pre-
vent such situations. Risk assessment methods should 
take into account the specific history of functioning of 
this welded metal structure.

Predictive. By its nature the procedure should be 
exploratory, i.e. it should identify the earlier not tak-
en into account threats to the integrity of the welded 
metal structure. Accident scenarios which had never 
occurred before in this metal structure, should be con-
sidered.

Use adequate data. Some risk analysis decisions 
are just subjective expert statements. Therefore, ad-
equate input data of the systems of monitoring the 
technical state of the metal structure are just mandato-
ry to take objective decisions and estimates.

Capable of supporting feedback. Risk analysis is 
an interactive process. Real events and data on the 
condition of the welded metal structure should be 
used to confirm or correct the made assumptions.

FIRST STEPS DURING RISK ASSESSMENT
Generally accepted start of the assessment process con-
sists in formation of a representative group of company 
experts for identification of the events or conditions (risk 
analysis) which may lead to failure of this metal structure, 
for assessment of the accident consequences, as well as 
for determination of the measures, which reduce the risk 
for this metal structure. This group should include the rep-
resentatives from the departments of management, opera-
tion, units of control of metal, corrosion, safety, engineers 
from the construction site, representatives of the regula-
tor (supervisory) bodies, etc. The purpose of this group 
consists in outlining and incorporating the experience of 
different expert groups into the risk assessment method so 
that these methods could use the experience and informa-
tion, not yet taken into account in the data bases of integri-
ty management system (IMS) [1, 7, 13, 14].

The following generally accepted methods can be 
used to conduct systematic and complete investigation:

● free-form brainstorming technique for potential 
risk analysis;

● performing segment-by-segment analysis (ar-
ea-by-area) of the metal structure using geoinforma-
tion systems;

Figure 4. Simplified scheme of risk analysis
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● use of a list of structured questions, pertaining to 
the complete list of possible hazards and problems of 
metal structure integrity;

● application of simple risk matrices, shown in Fig-
ure 5 for illustration, for qualitative analysis of the prob-
ability and consequences of possible events [1, 13].

MAIN COMPONENTS 
OF RISK ASSESSMENT METHODOLOGY
Risk assessment is a process of combining the esti-
mates of accident frequency and consequences into a 
unified risk value. The risk value can be quantitative, 
qualitative or a combination of the two, depending on 
the assessment procedure, or the objective set by the 
operator during IMS development [1, 7, 13, 14]. The 
sensitivity and accuracy of risk assessment methods 
is a function of the number of variables used, and the 
ability to determine the change in the risk along the 
coordinates of the welded metal structure.

Some methods require the user to assess the risk in 
individual areas of the metal structure, using similar 
characteristics, while other take into account the local 
effects of the change of functioning conditions. For in-
stance, as regards the main pipelines, it can be the val-
ues of cathode protection indices, presence of defects, 
number of diagnostic anomalies, fracture modes, etc. In 
many methods the event probability is assessed using 
variable values and indices, pertaining to:

● external corrosion;
● internal corrosion;
● third party damage;
● soil movement (shifts, subsidences, ground un-

dermining in mining areas, etc.);
● design conditions and material characteristics;
● metal structure functioning in the system.
The consequences are assessed using variables be-

longing to the following categories:
● environmental impact;
● influence on population;

● economic consequences.
The more such variables are used, the more quanti-

tative is the analysis. The quantitative analysis accura-
cy is enhanced with further specifying of the variables 
(effect of interaction with the supports, foundation, 
soil type, age (aging) of the metal structures, protec-
tive coating quality, etc.).

RISK VALIDATION AND IDENTIFICATION
Irrespective of the process of risk assessment perfor-
mance, the operator must analyze the information so 
as to guarantee that the accepted technology yields 
the results, which on the whole correspond to analysis 
purpose. This can be achieved involving either a spe-
cialist on risk analysis having experience of analysis 
of similar systems, or a multifaceted team of special-
ists on functioning of similar diagnostics objects. If 
the obtained results do not correspond to the opera-
tor’s perception of the real risk, he should study the 
causes for such differences, and if required, revise the 
methods, input assumptions or data.

After validation of the risk assessment methods, 
the operator has the necessary information for ranging 
the risks. The segment with a greater degree of risk 
should be given greater priority at identification of 
areas where the improvement measures should be ap-
plied (priority of diagnostics, repair, etc.). To reduce 
the overall risk, the operator first has to analyze the 
causes for appearance of a high risk in this segment. 
This can be due either to a high probability of the 
event (destruction) or significant consequences. This 
information is important to take decisions as to the 
scope and list of improvement measures.

RISK MANAGEMENT 
AND IMPROVEMENT MEASURES
Risk assessment methods are an important tool to sup-
port the operator when taking economically and tech-
nically sound solutions on reducing the risks for their 
systems. As soon as the potential risk has been inden-
tified and the means for its reduction have been deter-
mined, the methods of risk assessment can be applied 
again to determine the risk reduction value and obtain-
ing material benefit. These methods can be constantly 
used at assessment of the rationality of the proposed 
improvement measures. In combination with analysis 
of the cost for introduction of these measures, risk anal-
ysis allows the company to select the most effective 
measures which can be applied in this period.

Figure 6 shows the algorithm for introduction of 
the methodology of risk assessment in welded metal 
structures, which was implemented by us using pro-
gram-procedural complex (PPC) “Probabilistic risk 
analysis” of “Strength” expert system [7, 12].

Figure 5. Risk matrix [1, 13]
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Conclusions
1. Three levels of assessment of the indices of structur-
al strength, reliability and durability of welded metal 
structures were considered for construction of an in-
tegrity management system, which uses a two-criteria 
fracture assessment diagram.

2. An algorithm was proposed for introduction of 
risk assessment methodology based on the system of 
management of welded metal structure integrity.
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ABSTRACT
Features of the design and capabilities of the smartphone-based eddy current flaw detector with the EddySmart software appli-
cation are presented, which in the future can provide a remote inspection with the wireless transmission of inspection results 
via mobile communication channels for the further analysis and storage. The perspectives of application of eddy current probes 
(ECP) of double differential type for inspection of structure welds made of aluminium alloys are considered. The characteristics 
and results of studies of low-frequency double differential MDF 0801 and MDF 1001M type eddy current probes with opera-
tional diameters of 8 and 10 mm, respectively, designed for detection of defects in aluminium alloy welds are presented. It is 
shown that to detect extended and local defects in aluminium alloy structure welds at a greater depth, the preference should be 
given to the improved eddy current probe of MDF 1001M type with an operational diameter of 10 mm, which provides a higher 
level of signals and better noise resistance.

KEYWORDS: non-destructive inspection, eddy current probe, smartphone-based flaw detector, weld, aluminium alloy

INTRODUCTION
Today, pocket smartphones have become an integral 
part of our live. Smartphones differ from convention-
al mobile phones in that they have a full-fledged op-
erating system open to software development, unlike 
mobile phones that have a closed operating system. In 
addition, smartphones have the features of a personal 
computer with permanent data storage, random-access 
memory and relatively powerful central and graphics 
processors. A modern smartphone can have a vari-
ety of sensors (including accelerometer, gyroscope, 
magnetometer, light sensor, barometer, thermometer, 
Hall sensor and fingerprint scanner), which improves 
its functional versatility and the ability of using it not 
only for communication or entertainment. The use of 
a smartphone as a measuring device is somewhat un-
conventional. There are examples of creating a fully 
functioning microscope based on a smartphone using 
a rubber attachment for a camera with a 1 mm diam-
eter lens. The resolution of such a microscope was 
about 1.5 μm. Another interesting example is the im-
plementation of a smartphone-based spectrometer for 
analysing light waves.

There are also examples of the implementation 
of smartphone-based full-fledged systems of non-de-
structive inspection (NDI), technical diagnostics and 
monitoring [1‒9]. In [1‒3] an ultrasonic flaw detec-
tor, created at the Igor Sikorsky Kyiv Polytechnic 

Institute is described, which consists of an electronic 
unit with an ultrasonic sensor and a smartphone. The 
exchange of information between the sensor unit and 
the smartphone is performed via wireless networks 
using Bluetooth technology. The flaw detector opera-
tion algorithm is implemented using special software 
that runs on the Android operating system. A similar 
approach is implemented in the development of the 
French company LECOEUR ELECTRONIQUE [4]. 
Another example concerns a system for vibration 
monitoring of the technical condition of structures 
[5]. The authors have developed a system application 
for Android that can easily turn several smartphones 
into a wireless vibration monitoring system for struc-
tures. A server-client architecture was used, where one 
smartphone is designated as a remote control system 
for all other smartphones, allowing the server smart-
phone to quickly and easily connect multiple smart-
phones with sensors to create a wireless network. A 
method for synchronising different smartphones to si-
multaneously measure the vibration of structures was 
also proposed.

A successful implementation of a smart-
phone-based NDI device is an eddy current flaw de-
tector (ECFD) with the EddySmart application, which 
has been successfully used primarily for student ed-
ucation [10, 11]. But already today, the ambitions of 
this development go beyond the tasks defined at the 
initial stage of its creation. In [12], it is considered 
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as a sprout for the creation of promising technologies 
within the framework of the NDI 4.0 concept. The au-
thors, in particular, draw attention to the possibility of 
wireless transmission of inspection results via mobile 
communication channels for the further analysis and 
storage. The smartphone-based ECFD with the Ed-
dySmart application was effectively used to demon-
strate the capabilities of new eddy current technolo-
gies for detection of inner defects in aircraft and space 
structures, which eliminated the need in using bulky 
traditional ECFDs.

Low-frequency double differential eddy current 
probes (ECPs) have been widely used to detect sur-
face and inner defects in structures made of nonmag-
netic materials [13]. Their peculiarity is high sensi-
tivity to local defects compared to traditional ECPs. 
Therefore, double differential ECPs are promising 
for creating technologies for detecting weld defects, 
especially when inspection becomes more complicat-
ed due to noise signals created by the inhomogeneity 
of the specific electrical conductivity and changes in 
geometry (reinforcement bead, edge warping, etc.) 
in the weld zone. Here, it is necessary to use signal 
interpretation methods applying the ECFD’s integrat-
ed display plane [14]. Double differential ECPs have 
already found their use, including for the detection 
of lacks of fusion and pores in welds [15, 16]. In the 
extended welds of the shells in space structures of 
aluminium 1201 alloy made by electron beam weld-
ing, surface defects of lack of fusion (adhesion) type 
were successfully detected. Defects of this type can 
be formed when the electron beam deviates from the 
butt of parts to be welded. Due to the partial diffu-
sion bonding (adhesion) of welded edges, this type of 
defect is extremely difficult to detect using conven-
tional NDI methods. Another example concerns the 
problem of detecting welded surface and inner defects 
of various types in the welds of space structures made 
of AMg-5 and AMg-6 type alloys, produced by arc 
welding. Inspection technologies based on the use of 
low-frequency ECPs ensured the detection of not only 
surface defects, but also subsurface defects such as 

pores, lacks of fusion, inclusions and oxide films, de-
spite the lift-off created by the inhomogeneity of the 
weld geometry. The results of the further studies have 
shown the possibility of improving and optimizing the 
ECP for welds inspection in order to reduce the sizes 
of the ECP with a corresponding improvement in the 
resolution, at the same time increasing the depth of 
inspection, which will allow detecting extended and 
local defects at a greater depth.

This work presents the features of the design and 
capabilities of a smartphone-based ECFD and studies 
carried out by improved low-frequency double-differ-
entiation ECPs for detecting inner defects in welds of 
aluminium alloy.

1. DESIGN, MAIN FUNCTIONS 
AND CAPABILITIES OF A 
SMARTPHONE-BASED EDDY CURRENT 
FLAW DETECTOR
Let us consider the main functions that need to be im-
plemented to create a smartphone-based ECFD using 
a generalized block diagram of a typical ECFD (Fig-
ure 1). The creation of a primary sinusoidal electro-
magnetic field of the required operating frequency is 
performed by a controlled generator 1 and a power 
amplifier 2, which provide the required current lev-
el in the ECP generator winding 3, which interacts 
with the test object (TO) 4, inducing eddy currents 
in it. The resulting electromagnetic field of the TO 4 
generates a signal in the measuring ECP winding 3, 
which carries components caused by the unbalance 
of the ECP (signal of the measuring winding during 
its placing on a defect-free part of the TO) and the 
influence of a defect in the TO during scanning of its 
surface. The appearance of a defect during scanning 
changes the distribution of eddy currents, which af-
fects the ECP input signal, performing modulation of 
the output ECP signal at the operating frequency. The 
ECP output signal is fed to the input cascade 5, which 
provides its improvement by amplification to the re-
quired level and HF-filtering. Then the signal is fed to 
phase-sensitive detectors 6 and 7, which perform the 

Figure 1. Block diagram of a typical ECFD composition: 1 — generator; 2 — power amplifier; 3 — ECP; 4 — TO; 5 — input cascade; 
6 and 7 — phase-sensitive rectifiers; 8 — filters; 9 — adder; 10 — circuit for unbalance compensation signal formation with a start 
button 11; 12 — phase shifter; 13 — amplifier of X and Y components; 14 — display
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ECP signal demodulation operation, generating DC 
signals at the output corresponding to real and imag-
inary components of the ECP output signal. Further, 
the output signals of phase-sensitive detectors 6 and 7 
through filters 8 are fed to adders 9 for compensation 
of the ECP unbalance, the other input of which re-
ceives the signals necessary for compensation of un-
balance from the unbalance compensation signal gen-
eration circuit 10 with a start button 11. To reduce the 
noise influence, low-pass (LP) or high-pass (HP) fil-
ters with adjustable cutoff frequencies are used. When 
both filters are used simultaneously, a band-pass filter 
mode is provided. To compensate for the ECP unbal-
ance signal, the ECP is placed on a defect-free part 
of the sample, and then the operator starts the bal-
ancing process by pressing the button 11. Thus, real 
and imaginary components of the signal eliminate the 
components, corresponding to the ECP position on a 
defect-free part of the sample (TO). This operation 
allows selecting components that correspond only to 
the defect influence. Then, the obtained components 
are fed to the phase shifter 12, which rotates the com-
plex plane of the ECFD by an angle of 0–360°, which 
allows manipulating the signal hodographs in the 
complex plane of the ECFD during scanning of the 
TO surface, directing the useful signal, for example, 
in the vertical direction of the display. From the out-
put of the phase shifter 12 through the amplifier 13, 
the horizontal X and vertical Y components are fed to 
the ECFD display, which displays changes in the ECP 
signal in the complex plane (Y/X mode) or changes in 
real or imaginary components of the ECP signal in the 
time scan mode (Y/t or X/t mode).

A modern smartphone contains all the components 
required for building an eddy current device with the 
above functions (Figure 1). Its audio interface allows 
simultaneous transmission and reception of signals 
with a frequency of up to 20 kHz, which is sufficient 

for operation in the low-frequency range of eddy cur-
rent inspection. Thus, the main idea of the develop-
ment is to use the audio system of a smartphone to 
build an eddy current device, unlike ultrasonic smart-
phone-based systems, when the units necessary for 
creating a flaw detector (in particular, generators and 
signal processing circuit elements) are made in a sep-
arate unit [10, 11]. In this case, ECPs are connected 
directly to the smartphone’s audio jack, which pro-
vides a signal strong enough for its operation, where 
additional power amplifier is not required. The qual-
ity of the 4-pin audio jack plays an important role, 
so it is necessary to choose a version with gold-plat-
ed contacts. For such a connection, the ECP cable is 
equipped with an electronic circuit that simulates a 
headset. The flaw detector designed by the Otto von 
Guericke University Magdeburg requires the use of 
an Android OS smartphone, in particular, of the Sam-
sung Galaxy series.

The generalized structure of the EddySmart soft-
ware application is shown in Figure 2, which also 
shows the correspondence of the displayed control 
results and adjustment operations to different areas of 
the smartphone touch screen. Hence, it is seen, that 
most of the functions of the ECFDs shown in Fig-
ure 1, are implemented by the software.

The background process simultaneously process-
es the ECP signal buffers (output excitation and in-
put measurement). It fills the two-channel buffer 
with a sinusoidal excitation signal and empties the 
single-channel input signal buffer, which contains a 
mixture of excitation and measurement signals. The 
measurement signal is separated in the received signal 
and demodulated with respect to the ECP excitation 
signal. This process is implemented without partici-
pation of the user (flaw detector operator).

The user interface provides indication of inspec-
tion results, amplification to intensify the obtained 

Figure 2. Generalized structure and appearance of the EddySmart software application display
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hodographs and their rotation in the complex plane, 
as well as filtering. The selection of these parameters 
is controlled by the flaw detector operator using the 
touch screen of a smartphone.

 The upper line of the smartphone display shows 
the audio signal level, which is adjusted by the corre-
sponding smartphone button, as well as the gain level, 
complex frequency rotation angle and cutoff frequen-
cies of the LP- and HP-filters. Most of the smartphone 
display is used to indicate the inspection results, 
which can reflect hodorgaphs of the signals from de-
fects in the complex plane or changes in the signal 
from a defect in the time scan mode. This part of the 
display is also used to adjust the gain and rotation of 
the complex plane by means of manipulations easy to 
understand for the operator [10, 11]. The lower third 
of the touch screen display is used to select modes and 
inspection parameters using the corresponding but-
tons, including selection of the operating frequency 
(Freq — upper left), switching to the time scan mode 
(Yt-mode — lower left), switching on the gain (Gain 
dB — upper in the middle line), selection of the high-
pass filter cut-off frequency (High Hz — middle), de-
fault operation (Default — lower in the middle line), 
phase selection (Phase — upper in the right line), se-
lection of low-pass filter cut-off low frequency (Low 
Hz — middle in the right line) and selection of screen 
record or clear mode (Record or Clear — lower in the 
right line).

The presented capabilities of a smartphone-based 
ECFD allow it to be used to select the optimal oper-
ating frequency and study the sensitivity of ECP to 
various types of subsurface defects. 

2. STUDY OF LOW-FREQUENCY DOUBLE 
DIFFERENTIAL ECPS FOR DETECTION 
OF WELD DEFECTS IN ALUMINIUM ALLOY 
STRUCTURES

2.1. STUDIED ECPs, SAMPLES 
AND RESEARCH TECHNIQUES
Experimental prototypes of two low-frequency double 
differential MDF 0801 and MDF 1001M type ECPs 
with the working surface diameters of 8 and 10 mm, 
respectively (Figure 3), designed to detect defects in 
welds of aluminium alloys were studied. The pecu-
liarity of the MDF 0801 type ECP is the higher resolu-
tion required to detect not only extended defects such 
as cracks, but also local defects of a sufficiently small 
diameter such as pores or inclusions. The advantage 
of the MDF 1001M type ECP is an increased depth of 
inspection due to an increased winding diameter. The 
parameters of the experimental ECPs are given in Ta-
ble 1, where: DECP is the ECP diameter; Df is the ferrite 
core diameter; wew and wmw are the quantity of turns of 
excitation and measuring windings, respectively; Lew 
and Lmw are the inductances of excitation and measur-
ing windings, respectively.

To study the influence of the flaw depth, regardless 
of its size, assembled standard specimens (SS) were 
used, each of which allows simulating a defect of the 
same depth for two discrete values of the flaw depth 
(Figure 4). Two SS parts are assembled in such a way 
that after their combination, a rectangular plate of a 
thickness T is formed with the buttt of the two parts 
perpendicular to the SS surface, which reproduces a 
subsurface defect of a depth a. From the different SS 
surface, the flaw depths of a defect hf1 and hf2 are dif-
ferent according to the ratio hf1 + hf2 + a = T. Two 
SSs made of aluminium D16 T alloy were used for 

Figure 3. Studied double differential MDF 0801 and MDF 1001M type ECPs

Table 1. Parameters of studied ECPs

ECP type DECP, mm Df , mm wew wmw Lew , μH Lmw , μH

MDF 0801 8.0 1.85 215 416 940 3.7

MDF 1001M 10.0 2.9 125 420 310 1.4
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the studies, the parameters of which are presented in 
Table 2.

Thus, the presented SSs allow obtaining four discrete 
values (1.0, 2.0, 3.0 and 4.0 mm) of the flaw depth of lo-
cation for a subsurface crack-type defect of the same size 
and studying the influence of the flaw depth of location 
on the ECP signal regardless of defect sizes.

2.2. COMPARATIVE ANALYSIS OF ECP SIGNALS 
FROM SUBSURFACE DEFECTS
Figure 5 shows the MDF 0801 type ECP signals from 
SS defects with different flaw depths in the complex 
plane at an operating frequency of 2 kHz, which 
turned out to be optimal for these defects.

Figure 6 shows the MDF 1001M type ECP signals 
from SS defects with different flaw depths in the com-
plex plane at an operating frequency of 2 kHz.

The analysis of the ECP signals in Figures 5 and 6 
shows that the MDF 0801 and MDF 1001M type ECPs 
allow detecting all SS defects with a flaw depth of up to 
4 mm, although for both ECPs the amplitude of the sig-

nals from defects significantly decreases with an increase 
in their flaw depth. Simultaneously with an increase in 
the flaw depth, the direction of the hodograph from a de-
fect (signal phase) in the complex plane expands clock-
wise, which can be used to determine the flaw depth in 
the future. At the same time, the MDF 0801 type ECP 
requires more signal amplification. In particular, to de-
tect a defect with a depth of 4 mm by the MDF 0801 type 
ECP, 70 dB amplification is required, and only 56 dB is 
required when using the MDF 1001M type ECP. This 
indicates that the MDF 1001M type ECP has greater ca-
pabilities when it is required to detect subsurface defects, 
since the level of noise grows with an increase in ampli-
fication, as is seen from the comparison of signals in Fig-
ures 3 and 4. However, it should be kept in mind that the 
MDF 0801 type ECP may have a potential advantage in 
terms of resolution and the ability to detect local defects 
of smaller size due to the significantly smaller diameter 
of the used ferrite cores (see Table 1).

To study the signals from subsurface local defects, 
a 6 mm thick plate of D16 T aluminium alloy with two 

Figure 4. Assembled SS for reproduction of two discrete values 
of defect flaw depth

Figure 5. Signals of the MDF 0801 type ECP at an operating frequency of 2 kHz from SS defects (Figure 2) with a flaw depth of loca-
tion, mm: 1 (a); 2 (b); 3 (c), 4 (d); gain ratio for defects with different flaw depths of location, dB: 58 (a); 64 (b); 70 (c, d)

Figure 6. Signals of the MDF 1001M type ECP at an operating frequency of 2 kHz from SS defects (Figure 2) with a flaw depth of 
location, mm: 1 (a); 2 (b); 3 (c), 4 (d); gain ratio for defects with different flaw depth of location, dB: 50 (a); 56 (b‒d)

Table 2. SS parameters for studying the influence of flaw depth 
of location

SS type SS thickness 
T, mm

Flaw depth α, 
mm

Flaw depth of location, 
mm

hf1 hf2

SOP 7.2.2-3
7.0 2.0

2.0 3.0

SOP 7.2.1-4 1.0 4.0
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flat-bottomed holes of 1.0 mm in diameter at different 
depths was used to simulate subsurface local defects 
with a flaw depth of location of 0.6 and 1.0 mm. The 
corresponding signals for the MDF 0801 and MDF 
1001M type ECPs at an operating frequency of 2 kHz 
are shown in Figure 7.

The obtained signals (Figure 7) show that the MDF 
0801 and MDF 1001M type ECPs provide detection 
of a local defect with a diameter of 1 mm. However, 
the ECP of MDF 0801 type allows identifying only a 
defect with a flaw depth of location of 0.6 mm (Fig-
ure  7, a). At the same time, here the signal from a 
defect is distorted by a high level of noise compared 
to the signal of the MDF 1001M ECP type from the 
same defect (Figure 7, a).

Summing up the results obtained in Figures 6, 7, it 
should be noted, that if it is necessary to detect extend-
ed and local defects at a greater depth, the preference 
should be given to the improved MDF 1001M type 
ECP, which provides a higher level of signals gener-
ated by subsurface defects and better noise resistance.

Conclusions
The features of the design and capabilities of a smart-
phone-based eddy current flaw detector with the 
EddySmart application are considered, which in the 
future can provide remote inspection with wireless 
transmission of inspection results via mobile commu-
nication channels for the further analysis and storage. 
The prospects for the use of double differential eddy 
current probes for the inspection of aluminium alloy 
structure welds were analyzed. The characteristics and 
results of studies of low-frequency double differential 
MDF 0801 and MDF 1001M type ECPs with working 
surface diameters of 8 and 10 mm, respectively, de-
signed to detect defects in welds of aluminium alloys 
are presented. It is shown that to detect extended and 
local defects in welds of aluminium alloy structures at 
a greater depth, the preference should be given to the 
improved ECP of the MDF 1001M type, which pro-
vides a higher signal level and better noise resistance.
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