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ABSTRACT
This study investigates the microhardness and corrosion properties of friction stir welded (FSW) joints in phosphor bronze 
(CuSn4), a vital non-ferrous alloy in engineering applications. The research delves into the FSW process, employing varying 
welding parameters to create joints that exhibit distinct microstructural characteristics. Microhardness distribution across the 
FSW joints is assessed and correlated with the base material’s properties. Corrosion behaviour is rigorously examined through 
weight loss tests, revealing insights into the susceptibility of FSW joints to various corrosive environments. The study identifies 
the influence of FSW parameters on microhardness and corrosion performance, thus contributing to understanding the alloy’s 
behaviour under this welding technique. This research shows that the welding speed of 0.25 mm/s, tool rotational speed of 
1100 rpm, plunger depth of 0.2 mm, and a hexagonal tool profile produce the better joint with the highest microhardness of 
139 HV and rate of corrosion of 0.420831 %.

KEYWORDS: friction stir welding, phosphor bronze, corrosion, microhardness, joining

INTRODUCTION
Phosphor bronze, an intricately formulated bronze 
alloy, has garnered widespread recognition due to its 
exceptional amalgamation of properties. Its elevat-
ed strength and hardness render it a fitting choice for 
structural components that endure substantial loads. 
This alloy’s intrinsic resistance to corrosion causes it 
an optimal material for marine apparatus and plumb-
ing systems, imparting longevity and reliability to such 
critical installations [1]. Phosphor Bronze’s inherent 
resistance to wear qualifies it for pivotal roles in bear-
ings and gears, while its commendable machinability 
facilitates intricate shaping with ease. Notably, this al-
loy boasts superior thermal and electrical conductivity, 
a crucial attribute that finds practical utility in heat ex-
changers and electrical connectors. The myriad char-
acteristics of Phosphor Bronze collectively position it 
as the preferred material across industries that demand 
a harmonious blend of strength, corrosion resistance, 
wear resilience, machinability, and aesthetic allure [2].

Friction Stir Welding (FSW), an innovative sol-
id-state welding technique, has emerged as an ex-
ceedingly promising approach for joining Phosphor 
Bronze, presenting distinct advantages over conven-
tional fusion welding methodologies. Operating be-
neath the melting threshold of the materials involved, 
FSW ensures the retention of Phosphor Bronze’s in-
trinsic properties [3, 4]. This autogenous and contin-
uous process harnesses a non-consumable spinning 
tool distinguished by its superior hardness relative to 

the Phosphor Bronze. It generates frictional heat and 
mechanical agitation to effectuate seamless materi-
al fusion [5, 6]. Applying FSW to Phosphor Bronze 
welding yields a spectrum of noteworthy benefits. 
By circumventing prevalent challenges inherent to 
fusion welding, such as oxidation and porosity, FSW 
orchestrates material fusion in the solid state, curtail-
ing Phosphor Bronze’s interaction with oxygen. This 
prudent measure averts the formation of deleterious 
oxide layers and porosity, resulting in immaculate 
welds characterised by heightened structural integrity 
and diminished imperfections.

Moreover, FSW affords meticulous management 
of heat input throughout the welding process, curb-
ing distortion and preserving Phosphor Bronze’s me-
chanical attributes [7]. The absence of filler metals 
simplifies the welding procedure, concurrently cur-
tailing material expenses. Additionally, the mechan-
ical agitation intrinsic to FSW promotes material ho-
mogenisation, fortifying joint strength and integrity 
[8]. As applied to Phosphor Bronze welding, FSW’s 
salient virtues engender it as an enticing alternative 
to fusion-based welding methodologies across vari-
ous applications. The solid-state predilection of FSW 
underscores the safeguarding of material properties, 
engendering superior control over the heat-affected 
zone (HAZ) while mitigating thermal distortion.

Besides, the obviation of fusion-induced flaws, ex-
emplified by solidification cracks, augments overall 
weld joint robustness and endurance [9]. These attributes 
bear heightened significance when considering Phos-
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phor Bronze, a material hailed for its distinct mechanical 
and corrosion-resistant traits. The amelioration of typical 
concerns associated with fusion welding, encompassing 
oxidation and porosity, culminates in high-calibre welds 
distinguished by augmented structural integrity and ele-
vated corrosion resistance [10]. The deployment of FSW 
in welding Phosphor Bronze has the potential to signifi-
cantly enhance performance and dependability across 
industries reliant on welded components.

Nevertheless, a conspicuous research void remains 
in FSW applied to Phosphor Bronze joining. In address-
ing this lacuna, this research explores the intricacies of 
joining phosphor bronze through FSW techniques. This 
study’s primary focus lies in the exhaustive analysis of 
microhardness and corrosion properties — a compre-
hensive exploration offering invaluable insights into 
the efficacy and aptness of these welding methodolo-
gies vis-à-vis the unique attributes of phosphor bronze. 
Through this pursuit, a definitive stride is taken towards 
expanding the frontiers of knowledge surrounding the 
application of FSW to enrich phosphor bronze’s role in 
many industrial applications.

EXPERIMENTAL METHODOLOGY
This research work was carried out using a phosphor 
bronze (CuSn4). To facilitate the examination, plates 
having dimensions of 4mm in thickness, 100 mm in 
length, and 50mm in width were chosen for FSW. The 
resultant welds assumed the form of butt joints, metic-
ulously crafted along the axis of lamination under stan-
dard atmospheric conditions [11]. The chemical compo-
sitions of the specimens have been given in Table 1.

The FSW procedures were executed utilising a 
vertical milling machine, thereby furnishing a sta-
ble and meticulously controlled platform to facilitate 
the welding process. A non-consumable carbide tool 

was selected for these operations, with a pin length 
of 3.6 mm and a pin diameter of 2.6 mm, encompass-
ing three distinct pin profiles — square, pentagon, and 
hexagon and the shoulder, with a diameter of 25 mm 
and a flat face, was employed [12]. This rigorous se-
lection process aims to ensure optimal efficacy with-
in this study. A singular-pass welding methodology 
was used to uphold uniformity and mitigate potential 
disparities, thereby generating joints of consistent 
quality and fostering dependable scrutiny of ensuing 
weld attributes. The definitive process parameters 
were established post iterative trials and a thorough 
review of pertinent literature. Consequently, the final-
ised FSW parameters encompassed a welding speed 
of 0.25 mm/s, a tool rotational speed of 1100 rpm, a 
plunge depth of 0.2 mm, and the utilisation of three 
distinct tool profiles — square, pentagon, and hexa-
gon, each bearing a flat shoulder. Figure 1 shows the 
FSW process on phosphor bronze plates.

The FSW joints were subjected to meticulous sec-
tioning along the transverse direction to enable an ex-
haustive assessment. This controlled sectioning proce-
dure effectively segregated the weld bead and the HAZ 
from the parent alloy, which is essential for nuanced 
evaluation. In preparation for corrosion testing, the 
specimens were meticulously embedded within epoxy 
resin, thereby confining exposure exclusively to the 
welded surface, a prerequisite for precise corrosion 
behaviour evaluation. The specimens underwent suc-
cessive polishing with emery papers, culminating at a 
grit size of 1000, thereby guaranteeing the elimination 
of any extraneous surface impurities or irregularities. 
Subsequently, a specialised degreaser was employed, 
achieving a smooth, pristine surface conducive to sub-
sequent characterisation and evaluation. Adhering to 
ASTM E384 standards, microhardness assessments 
were systematically conducted for all weldments [13].

Further advancing the analytical process, a weight 
loss corrosion test was executed in adherence to 
ASTM G31 standards. The subsequent immersion of 
the joints’ weld zones within 3.5 wt.% sodium chlo-
ride solution transpired in individual 500 ml beakers 
maintained at ambient temperature [14]. This strate-
gic approach provides accurate insights into the cor-
rosion behaviour of the joint.

RESULTS AND DISCUSSION
The FSW operations were performed on a vertical mill-
ing machine, providing a stable and controlled platform 
for the welding process. A non-consumable carbide 
tool with a pin length of 3.6 mm, a pin diameter of 2.6 
mm with three different pin profiles (square, pentagon 
and hexagon) and a shoulder diameter of 25 mm with 
a flat face is adopted for this work [15]. Specimen S1 

Table 1. Chemical compositions of CuSn4

Cu, % Sn, % Zn, % Fe, % P, % Ni, % Si, % Mn, %

96.32 3.45 0.1 0.012 0.740 0.012 0.063 0.0072

Figure 1. FSW setup with phosphor bronze plates
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used a square pin profile, S2 used a hexagon pin profile, 
and S3 used pentagon pin profiles for the FSW process. 
A single-pass welding technique was employed to fab-
ricate the joints, ensuring uniformity and enabling reli-
able analysis of the resulting weld characteristics. The 
process parameters are finalised after conducting trial 
runs and a literature review. The process parameters 
selected for FSW are weld speed of 0.25 mm/s, tool 
rotational speed of 1100 rpm, plunge depth of 0.2 mm 
and three different tool profiles, square, pentagon and 
hexagon with flat shoulder.

The FSW joints were carefully sectioned in the 
transverse direction to obtain representative speci-
mens for analysis. The sectioning process involved 
cutting along the welding direction, effectively sep-
arating the weld bead and the HAZ from the par-
ent alloy. In order to conduct corrosion testing, the 
specimens were embedded in epoxy resin, ensuring 
that only the welded surface was exposed to the salt 
solution, thereby facilitating an accurate assessment 
of the corrosion behaviour [16]. The specimens were 
initially cleaned using emery papers up to a grit size 
of 1000, ensuring the removal of any surface impuri-
ties or irregularities. Finally, a degreaser was applied 
to achieve a smooth and pristine surface, ready for 
subsequent characterisation and evaluation. Micro-
hardness was conducted for all the weldments made 
with the optimised input variables following ASTM 
E384 standards. The weight loss corrosion test was 
conducted per ASTM G31 standards. After cleaning, 
the metal samples are blow-dried and weighed. After 
initial weighing of all the FSW samples, they were 
suspended, and the weld zones were immersed into 
500 ml beakers containing 3.5 wt.% sodium chloride 
solution separately at room temperature. 

In the current Fabricated Friction Stir Welding 
(FFSW) joints investigation, dissecting and address-
ing two distinct phenomena inherently yield disparate 
outcomes is imperative. The first of these phenomena 
centres around the temperatures to which the mate-
rials are subjected during welding. Although these 
temperatures remain below their respective melting 
points, the consequences on mechanical properties 
are undeniable. This influence extends across critical 
regions, including the nugget, Thermal-Mechanically 
Affected Zone (TMAZ), and HAZ.

Conversely, the second phenomenon hinges upon 
the substantial shear stresses engendered by the dy-
namic motion of the welding tool. This mechanical 
agitation induces the formation of an exceedingly 
refined microstructure, a phenomenon prominently 
manifested within the nugget zone and predominantly 
evident within the flow arm zone. The outcome is a 
partial restoration of mechanical properties, marking 

a discernible pattern of variation as one traverses from 
the central axis of the weld bead, traverses the TMAZ, 
and transitions into the HAZ. An intriguing aspect 
comes to the fore when investigating FSW joints 
in phosphor bronze alloys akin to those scrutinised 
herein, as exemplified by the S2 sample [17]. Here, 
the relatively lower temperatures endured during the 
welding process can incite a form of ageing that, in 
turn, leads to a modest yet discernible enhancement in 
mechanical characteristics.

Ascertaining corrosion properties is integral to this 
inquiry, where the mass of specimens before and af-
ter corrosion, coupled with corresponding percentage 
weight losses, is provided in Table 2. This calculation 
of corrosion-induced weight loss aligns with the es-
tablished rate of corrosion formulas. The pre-corro-
sion and post-corrosion masses of the welds are ju-
diciously measured, and the resultant weight loss is 
presented as a percentage relative to the parent weld’s 
mass. The data in Table 2 shows the corrosion be-
haviour exhibited by the specimens subjected to the 
weight loss test. A notable trend emerges, notably the 
substantially lower weight loss attributed to corrosion 
in FSW samples such as S2, as discerned through me-
ticulous analysis over a 14-day duration [18].

Of particular significance, the representative FSW 
weld, Specimen S2, exhibits an admirably lesser 
weight loss of 0.420831 %, a distinctive marker of 
high corrosion resistance. Corrosion behaviour is 
governed by an array of factors encompassing tem-
perature, corrosive agent concentration, diffusion 
rates, and the presence of oxidising agents [19]. These 
determinants collectively dictate a material’s suscep-
tibility to corrosion processes. Beyond these well-es-
tablished influences, the corrosion resistance of met-
als is linked to microstructural attributes.

Precisely, the grain size and the presence of pre-
cipitated particles wield significant sway over mate-
rial corrosion properties. A finer grain structure, of-
ten achievable through the unique thermomechanical 
conditions inherent to FSW, can potentiate augmented 
corrosion resistance by reduced grain boundary pres-

Table 2. Mass of the specimens before and after corrosion of 
weight loss, %

Specimens Mass before 
corrosion, g

Mass after 
corrosion, g

Weight loss due 
to corrosion, %

S1 
(Square pin) 14.489 8.1265 0.439126

S2 
(Hexagon pin) 16.888 9.7810 0.420831

S3 
(Pentagon pin) 14.566 7.9640 0.453247
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ence and the concomitant curbing of preferential sites 
for corrosion initiation [20, 21]. Additionally, the im-
pact of precipitated particles, including second-phase 
and precipitates stemming from the welding process, 
cannot be understated. These entities can significant-
ly influence local electrochemical behaviour, subse-
quently modifying a material’s corrosion susceptibil-
ity. The amalgamation of grain size refinement and 
precipitate formation in FSW-welded materials con-
tributes to the heightened corrosion performance ob-
servable in Specimen S2.

Conversely, the data elucidated within Table 2 accen-
tuates the remarkable corrosion resistance manifested in 
the FSW specimens, with Specimen S2 serving as a poi-
gnant exemplar in contrast to alternative joints. Although 
factors such as temperature and chemical environment 
retain their cardinal roles in corrosion, the salient con-
tribution of microstructural attributes — precisely grain 
size and precipitate presence — must not be trivialised 
[22]. This comprehensive comprehension of corrosion 
behaviour is instrumental in optimising welding pro-
cesses to elevate material performance and longevity 
within corrosive settings.

All experimental undertakings involving friction 
stir were meticulously orchestrated under controlled 
ambient conditions, maintaining a steady tempera-
ture of 30 °C. In the context of the FSW specimens, 
a notable thermal polarity becomes evident, with 
the advancing side (AS) registering heightened heat 
generation relative to the retreating side (RS). This 
distinctive phenomenon is attributed to the rotation-
al dynamics of the tool, orchestrating the movement 
of relatively colder material from the AS to the RS. 
Accordingly, when effecting the fusion of phosphor 
bronze, strategic placement of the alloy material with-
in the RS is judiciously employed to harness enhanced 
strength generation at the AS, thereby fostering com-

prehensive mechanical robustness within the welded 
interconnections [23]. A graphical representation of 
average microhardness attributes within butt joints 
constructed from phosphor bronze through FSW is 
elegantly presented in Figure 2.

Prominently, Sample S2 emerges as a beacon of 
elevated joint tensile strength. This pinnacle achieve-
ment is underscored by the implementation of specific 
parameters, notably a tool rotation rate of 1100 rpm, 
a welding speed of 0.25 mm/s, and a plunge depth of 
0.2 mm. Specimen S2 attains the average microhard-
ness of 137 HV. It is discernible that the retreating 
side distinctly boasts heightened microhardness with-
in the TMAZ region, a consequence of the complex 
interplay between thermomechanical dynamics and 
resultant grain modification within this domain [24].

Conclusion
This study comprehensively explores microhardness 
and corrosion attributes in FSW joints using phosphor 
bronze (CuSn4). The study effectively elucidates FSW 
parameter impact on microhardness and corrosion, 
enhancing understanding of alloy behaviour in this 
welding context.

Notably, optimal parameters of welding speed 
(0.25 mm/s), tool rotational speed (1100 rpm), plunge 
depth (0.2 mm), and hexagonal tool profile yield ex-
ceptional outcomes. These parameters engender supe-
rior microhardness (139 HV) and minimal corrosion 
rate (0.420831 %), showcasing their instrumental role 
in attaining favourable joint attributes.

This study underscores FSW’s profound influence on 
microhardness and corrosion in phosphor bronze joints 
while highlighting the strategic orchestration of welding 
parameters. This contribution augments the evolving un-
derstanding of FSW’s potential, refining material attri-
butes for targeted performance prerequisites.
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ABSTRACT
The main direction of improving the operational characteristics of titanium alloys is creation of heat-resistant and high-tempera-
ture titanium alloys. The high specific strength and corrosion resistance of this type of alloys at temperatures up to 500–600 °С, 
enables making them the main structural material for aircraft and rocket engineering. However, their widespread use is asso-
ciated with the problem of precipitation of brittle phases during welding, which requires additional technological operations, 
such as local heat treatment or preheating. In this paper, the finite element modeling method was applied to study the influence 
of the TIG welding thermal cycle of high-temperature titanium alloy of Ti‒6.5Al‒5.3Zr‒2.2Sn‒0.6Mo‒0.5Nb‒0.75Si system 
with and without the use of preheating and to plot the cooling rate diagrams of the produced welded joints.

KEYWORDS: high-temperature titanium alloy, TIG welding, finite element modeling, preheating

INTRODUCTION
Owing to a unique combination of physical and me-
chanical characteristics, titanium alloys are one of 
the most promising structural materials. Continuous 
expansion of production and application of titanium 
in different technology fields is due, first of all, to its 
higher specific strength (ratio of ultimate strength to 
density). Excellent corrosion resistance of titanium 
under atmospheric conditions, in sea water and other 
environments determines its effective application for 
fabrication of various structures [1]. The main direc-
tion of further improvement of mechanical and ser-
vice properties of titanium alloys is creation of new 
generation high-temperature titanium alloys, doped 
by refractory elements, such as niobium. High specif-
ic strength and corrosion resistance of alloys of this 
type at up to 500–600 °C temperatures allows mak-
ing them the main structural material for aircraft and 
rocket engineering. Their wide application, however, 
is related to poor weldability, which requires taking 
additional technological measures, such as pre- or 
concurrent heating and postweld heat treatment. Ap-
plication of mathematical modeling of the welding 

thermal cycle allows establishing the cooling rate dis-
tribution, determination of the structural-phase state 
of metal of the weld and HAZ, optimizing the condi-
tions of phase transformation occurrence due to appli-
cation of welding modes with higher values of energy 
input or use of preheating, in order to form the state 
required for achieving higher mechanical properties 
of welded joints, and possible improvement of weld-
ing operation productivity [2].

OBJECTIVE OF THE WORK
is to study the peculiarities of the influence of thermal 
cycle of tungsten electrode argon-arc (TIG) welding 
with preheating on the shape and size of the penetra-
tion zone and HAZ, as well as distribution of cooling 
rates in the metal of the weld and HAZ.

INVESTIGATION MATERIALS 
AND METHODS
Investigation of the influence of thermal cycle of TIG 
welding with preheating was conducted for high-tem-
perature titanium alloy, the chemical composition of 
which is given in Table 1 [3, 4].

Computational study of the influence of welding 
thermal cycle on the structural-phase state of weld-
ed joints on two-phase titanium alloys was performed 
using a nonstationary thermal finite element analysis, 
taking into account the heat of phase transition. Math-
ematical modeling of TIG welding was performed 
by finite element method. A 3D mathematical mod-
el of thermal processes in titanium in welding with 

Table 1. Сhemical composition of the high-temperature titanium 
alloy

Ti Al Zr Sn Mo Nb Si

Base 6.5 5.3 2.2 0.6 0.5 0.75
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a moving heat source was constructed. To perform 
nonstationary thermal analysis with phase transition, 
it is necessary to determine the enthalpy dependence 
on temperature for high-temperature alloy Ti‒6.5Al‒
5.3Zr‒2.2Sn‒0.6Mo‒0.5Nb‒0.75Si [5, 6]. Among the 
numerous empirical relationships of solids, proposed 
for calculation of heat capacities, the most widespread 
is the Neumann–Kopp rule, also known as the rule 
of heat capacity additivity [7]. It allows approximate 
calculation of chemical compound heat capacity. In 
keeping with this rule, the molar heat capacity of 
chemical compounds in the solid state is equal to the 
sum of molar heat capacities of elements included 
into this compound. A relationship of the following 
type is used for an approximate evaluation of specific 
heat capacity of the alloy [7]:

	 1 2 ,= + +…C pC qC 	 (1),

where C is the specific heat capacity of the alloy; p, q 
are the weight fractions of the alloy components; C1, 
C2 are the specific heat capacities of the alloy compo-
nents.

Heat capacities of alloying elements are given in 
the graph (Figure 1). The given formula (1) was used 
to establish the temperature dependence of enthalpy 
for the experimental high-temperature titanium alloy 
Ti‒6.5Al‒5.3Zr‒2.2Sn‒0.6Mo‒0.5Nb‒0.75Si, com-
pared to heat capacity of VT1-00 titanium alloy (Fig-
ure 2).

Heat capacity at 0 °C temperature is equal to 
0.526 (kJ/kg∙K). In the temperature range from 327 up 
to 1127 K, the heat capacity of alloy Ti‒6.5Al‒5.3Zr‒
2.2Sn‒0.6Mo‒0.5Nb‒0.75Si is approximately 5–7 % 
higher than that of VT1-00 alloy, and in the tempera-
ture range from 1527 to 1860 K it is by 7–10 % lower.

During investigations the influence of such TIG 
process parameters as welding current, arc voltage, 
speed of anode spot movement on the dimensions and 
shape of base metal penetration and HAZ, and prob-
able phase composition of the metal of the weld and 
HAZ was taken into account.

Modeling was performed for plates of 200×600×6 
mm dimensions. A computational finite element addi-
tive grid with sizes shown in Figure 3 was applied to 
the model constructed by these dimensions.

A 3D mathematical model of thermal processes 
in titanium during welding was plotted for computa-
tional determination of the influence of welding mode 
parameters on weld formation, taking into account the 
above assumptions. The model is based on the follow-
ing differential equation of heat conductivity [9, 10]:

	 ,x y z
T d dT d dT d dTc
t dx dx dy dy dz dz

δ       ρ = λ + λ + λ      δ      
	(2)

where t is the current time, s; ρ is the material density, 
kg/m3; c is the specific heat conductivity, kJ(kg∙K); λ 
is the coefficient of heat conductivity, W/(m∙K).

Boundary conditions were formulated, which de-
scribe the sample heat exchange with the environ-
ment, as well as the welding heat source. In the gener-
al case, the following initial and boundary conditions 
were determined:

1. Tt=0 = Tam is the specified product temperature at 
the initial moment of time, which is equal to ambient 
temperature (20 °C).

2. The heat flow on the surface in the zone of im-
pact of the welding heat source is equal to:

	 ,T n s
T q q q
t

∂
−λ = + +

∂
	 (3)

where qn is the convective heat exchange, W/(m2∙K):

	 ( ),T f amq h T T= − 	 (4)

where hf is the coefficient of convective heat transfer; 
in this model it is believed to be constant and equal 
to 70 W/(m2∙K), Tam is the ambient temperature; T is 

Figure 1. Heat capacity of alloying elements of high-temperature 
titanium alloy Ti‒6.5Al‒5.3Zr‒2.2Sn‒0.6Mo‒0.5Nb‒0.75Si

Figure 3. Finite element adaptive grid used for computations

Figure 2. Heat capacity of high-temperature titanium alloy Ti‒
6.5Al‒5.3Zr‒2.2Sn‒0.6Mo‒0.5Nb‒0.75Si
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the model surface temperature; qn is the radiation heat 
transfer, W/(m2∙K):

	 ( )4 4 ,n amq T T= εσ − 	 (5)

where ε is the radiation coefficient, equal to 0.3; σ is 
the Stephan‒Boltzmann constant (σ = 5.6704∙10‒8 W/
(m‒2∙K∙4); qs is the distribution of the heat flux from the 
heat source, W/(m‒2∙K):

	
2 2

2
( )exp ,s m
x Vt yq q

R
 − + = − 
  

	 (6)

where qm is the largest heat flow in the heating center, 
W/(m2∙K), V is the welding speed, m/s, R is the radius 
of the heating spot, m.

Thermal field calculation was performed for 3 weld-
ing modes (Table 2). Mode 1 envisages producing a 
welded joint with incomplete penetration and without 
preheating, mode 2 is the same, as mode 1, but with 
preheating to produce complete penetration; mode 3 en-
sures the same penetration depth, as in mode 1, but with 
lower energy input and preheating (Mode 3).

INVESTIGATION RESULTS
Thermal fields in the welded product were calculat-
ed taking into account the abovementioned initial and 
boundary conditions. Calculation results were the 
base to plot the isotherms of maximal temperatures, 
which were used to determine the geometry and di-
mensions of the penetration zone, HAZ, and polymor-
phous transformation zone. Figure 4 shows the result 

of thermal field calculation in the welded joint in the 
3D format.

Such welding modes were selected, at which com-
plete and incomplete penetration of the weld metal 
can be achieved. This was done in order to determine 
the influence of preheating on the shape and dimen-
sions of the metal of the weld and HAZ. No complete 
penetration was achieved in mode 1 (Figure 5, a). 
Penetration depth is 4.2 mm, deposited bead width — 
9.2 mm, area — 28.5 mm2, HAZ width is equal to 
13 mm, area — 73 mm2. The same depth, width and 
area were produced in mode 3 (Figure 5, c).

In mode 2 (Figure 5, b) the penetration zone width is 
equal to 10. 8 mm (by 17 % larger than in mode 1), area 
is 56 mm2 (by 96 % larger than in mode 1). HAZ width 
in this mode is equal to 18.05 mm, and area is 107 mm2.

Comparison of calculation results with experi-
mental data confirmed the adequacy of the developed 
mathematical model (Figure 6). The difference in the 
penetration zone width in the calculated and exper-
imental sample was 4 %, and for the reverse bead 
width it was 3 %.

Graphs of the welding thermal cycle for all the 
modes were plotted in four points: point 1 – on the 
surface in the weld middle, point 2 — in the weld 
middle at 3 mm distance from the surface; point 3 — 
on the HAZ surface at 14 mm distance from the weld 
middle, point 4 — in the HAZ at 3 mm distance from 
the surface and 14 mm distance from the weld middle.

One can see from the plotted graphs that in the 
weld metal the fastest to cool is the metal in mode 1. 
Preheating application allowed lowering the cooling 
rates of the samples (Figure 7).

Experimental thermal cycles of TIG welding were 
obtained to confirm the calculations. TIG welding of 
high-temperature titanium alloy Ti‒6.5Al‒5.3Zr‒2.2

Table 2. Modes of argon-arc welding of high-temperature titani-
um alloy Ti‒6.5Al‒5.3Zr‒2.2Sn‒0.6Mo‒0.5Nb‒0.75Si

Mode 
No.

Welding 
current, A

Arc voltage, 
V

Welding 
speed, m/h

Preheating, 
°C

1 310 12 8 ‒

2 310 12 8 400

3 190 12 8 400

Figure 4. Distribution of maximal temperatures in the welded 
joint after argon-arc welding simulation

Figure 5. Shape and dimensions of penetration zone (weld metal) 
and HAZ: a — mode 1; b — mode 2; c — mode 3

Figure 6. Verification of model adequacy using a macrosection of 
the welded joint of high-temperature titanium alloy Ti‒6.5Al‒5.3
Zr‒2.2Sn‒0.6Mo‒0.5Nb‒0.75Si made in mode 2
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Sn‒0.6Mo‒0.5Nb‒0.75Si was performed in OB1826 
unit at straight polarity direct current using VDU 511 
power source. Specimens were preheated in an elec-
tric furnace fitted with heating of shielding gas — ar-
gon to protect the welded joint reverse side. Applica-
tion of an electric furnace with shielding gas heating 
allowed preheating the samples of high-temperature 
titanium alloy Ti‒6.5Al‒5.3Zr‒2.2Sn‒0.6Mo‒0.5Nb
‒0.75Si up to temperatures of 400 °C.

Welding was performed in modes 1 and 2 (see Ta-
ble  2), sheet thickness was 6 mm, sample length was 
180 mm, and their width was 100 mm. In mode 2 com-
plete penetration of the welded joint of experimental 
high-temperature titanium alloy Ti‒6.5Al‒5.3Zr‒2.2Sn‒
0.6Mo‒0.5Nb‒0.75Si was produced. Experimental ther-
mal cycles were derived using thermocouples of chro-
mel-alumel composition, which were located in point 
3 – on the HAZ surface, at 14 mm distance from the 
weld middle. The derived experimental thermal cycles 
together with the calculated thermal cycles determined 
by modeling, are given in Figure 8. As one can see from 
the Figure, the difference between the experimental and 
calculated data is equal to 2–5 %.

The diagrams of cooling rate distribution in the 
temperature range of 600–1200 °C in the welded 

joint cross-section were plotted as a result of the work 
performed. It was found that at cooling from 1200 to 
1100 °C temperature the cooling rates on the surface in 
the middle of the weld are higher than 130 °C/s, those 
in the weld metal lower part and on the boundaries of 
the weld and the HAZ are equal to 70–130 °C/s, in 
the rest of the HAZ the metal is cooled at the rate not 
lower than 31 °C/s (Figure 9, a). In the case of appli-
cation of preheating at 400 °C temperature, at cooling 
from the temperature of 1200 to 1100 °C the cooling 
rates on the weld center surface also exceed 130 °C/s, 
in the weld metal lower part and on the boundaries of 

Figure 7. Welding thermal cycles produced by mathematical modeling: a — on the surface in the weld center; b — in the sample mid-
dle in the weld center; c — in the specimen middle in the HAZ

Figure 8. Comparison of experimental and calculated welding 
thermal cycles



12

R.V. Selin et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

the weld and HAZ they are equal to 70–130 °C/s, in 
the rest of the HAZ the metal is cooled at the rate 
not lower than 31 °C/s (Figure 9, b). Compared to 
mode 1, in mode 2 the zone with cooling rates high-
er than 70 °C /s becomes wider.

The mode with lower energy input (Figure 9, c) 
allows reducing the cooling rates by 30–32 % relative 
to mode 2 and by 35–60 % relative to mode 1 in the 
entire temperature range.

A similar pattern is observed also in the tempera-
ture range of 1000–900 °C (Figure 10, a), except 
that the zone of maximal cooling rates (more than 
130 °C/s) is somewhat smaller, but in this zone high-
er maximal cooling rates are recorded. At application 
of preheating (mode 2), maximal cooling rates are 
recorded in the same temperature range in the weld 
center on the surface and they are equal to 130 °C/s. 
In the HAZ these values are 59–70 °C/s (Figure 10, 
b). In mode 3 the cooling rates higher than 130 °C/s 
are not recorded at all in the weld metal (Figure 10, c).

At cooling from the temperature of 700 °C and 
lower, the cooling rates still remain at a sufficiently 
high level (120 °C/s in the weld center, 31–70 °C/s in 
the HAZ) (Figure 11, a). Here, the maximal cooling 
rates in mode 1 have higher values, than in mode 2 
with preheating. At cooling from the temperature of 
700 °C in mode 2 (Figure 11, b), the total range of 
cooling rates grows noticeably, being equal to 1.5–
31 °C/s, compared to the mode without preheating. 
Mode 3 with smaller energy input and with preheating 
allows lowering the cooling rates by 35–60 % rela-
tive to mode 1 and ensures sample penetration depth 
of 4.15 mm. Such a penetration depth is achieved in 
welding in mode 1.

A comparative graph of the dependence of maxi-
mal cooling rates on temperatures in the range from 
1200 to 500 °C was plotted for points on the surface 
in the middle of the weld, where the maximal cool-
ing rates are recorded respectively. It was found 
that in welding 6 mm samples of high-temperature 
alloy Ti‒6.5Al‒5.3Zr‒2.2Sn‒0.6Mo‒0.5Nb‒0.75Si 
in mode 2 (with preheating up to 400 °C) the cool-
ing rates are lower than those in mode 1 (without 
preheating) — by 7–12 % (Figure 12).

Figure 9. Distribution of cooling rates in the temperature range of 
1200–1100 °C: a — mode 1; b — mode 2; c — mode 3

Figure 10. Distribution of cooling rates in the temperature range 
of 1000–900 °C: a — mode 1; b — mode 2; c — mode 3

Figure 11. Distribution of cooling rates in the temperature range 
of 700–600 °C: a — mode 1; b — mode 2; c — mode 3

Figure 12. Comparison of cooling rate values
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Conclusions
A mathematical model of TIG welding of high-tem-
perature titanium alloy of Ti‒6.5Al‒5.3Zr‒2.2Sn‒
0.6Mo‒0.5Nb‒0.75Si system was developed allow-
ing for preheating of the welded joint to 400 °C tem-
perature.

It was found that the heat capacity of experimental 
high-temperature titanium alloy of Ti‒6.5Al‒5.3Zr‒
2.2Sn‒0.6Mo‒0.5Nb‒0.75Si system in the tempera-
ture range from 327 to 1127 K, is by 5–7 % high-
er than that of VT1-00 alloy, and in the temperature 
range from 1527 to 1860 K it is by 7–10 % lower.

It is shown that application of preheating to the 
temperature of 400 °C allows increasing the penetra-
tion depth of welded joints of high-temperature al-
loy Ti‒6.5Al‒5.3Zr‒2.2Sn‒0.6Mo‒0.5Nb‒0.75Si by 
30 %, the weld width increasing by 17 %.

The plotted distribution of welded joint cooling 
rates in the temperature range of 500–1200 °C led to 
the conclusion that the cooling rates in welding with 
preheating to 400 °C are lower than those in welding 
without preheating — by 7–12 %, respectively.
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Strength and structure 
of MA2-1M magnesium alloy butt joints produced 
by argon-arc welding 
with a nonconsumable electrode 
and by friction stir welding
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ABSTRACT
The paper analyzes the results of research of structural features and tensile strength of butt joints of 2 mm thick sheets of struc-
tural MA2-1M magnesium alloy produced by nonconsumable electrode argon-arc welding and by friction stir welding. It is 
shown that in friction stir welding as a result of intensive plastic deformation of the metal, a fine crystalline structure is formed 
in the welds. It was determined that microhardness of the metal in such a welded joint has minimal values in the zone of thermo-
mechanical impact on the retreating side near the heat-affected zone, where fracture of the specimens occurs during their static 
tension. Tensile strength of specimens of welded joints produced by friction stir welding, and specimens with root penetration 
removed to the level of the base material and additionally scraped reinforcement of welds produced by fusion welding, is at the 
level of 233‒236 MPa, which amounts to ~84 % of this value for base material.

KEYWORDS: magnesium alloy, friction stir welding, argon-arc welding, structure, microhardness, strength

INTRODUCTION
Magnesium alloys are widely used as structural ma-
terials to manufacture lightweight strong components 
of aerospace and automotive equipment, as well as 
moving elements of textile and printing equipment, 
which allows reducing the force of inertia at high 
speeds of their movement [1‒3]. The effectiveness of 
such alloy application is due to a low specific weight 
of magnesium (1.74 g/cm3), high strength of its alloys 
(228–290 MPa) and their considerable heat resistance 
(up to 450 °C) [4].

The majority of magnesium alloys are successful-
ly welded by fusion welding methods. Similar to al-
uminium alloys, nonconsumable (tungsten) electrode 
argon-arc welding (GTAW) is most often used. Weld-
ed joints of magnesium alloys produced by fusion 
processes are characterized by the same defects in the 
form of pores, macroinclusions of oxide films and hot 
cracks, which arise in aluminium alloy welding [5, 6]. 
Therefore, friction stir welding (FSW) is a promising 
method for producing sound permanent joints of mag-
nesium alloys [7]. The abovementioned defects can 
be avoided due to weld formation in the solid phase, 
without melting of the edges being welded. More-
over, FSW does not require filler wire (manufacture 
of which is complicated by high brittleness of mag-

nesium alloys) or shielding inert gas, which increases 
material cost savings [8].

Experimental investigations conducted by foreign 
specialists are indicative of the efficiency of applica-
tion of this welding method for magnesium alloys. 
The produced joints have fine-crystalline structure of 
the welds and high mechanical properties [9, 10].

The objective of this work is investigation of struc-
tural features and determination of mechanical prop-
erties of welded joints on 2 mm sheets of structural 
MA2-1M magnesium alloy, produced by GTAW and 
friction stir welding.

INVESTIGATION PROCEDURE
Mechanical properties of welded joints were assessed 
using 2 mm sheets of serial MA-21M magnesium al-
loy of Mg‒Al‒Zn‒Mn alloying system, which in ad-
dition to magnesium contains, wt.%: 4.5 Al, 0.95 Zn, 
0.47 Mn, 0.3 Fe, 0.06 Si, 0.01 Cu. Mechanical proper-
ties of such sheets are given in the Table 1.

The process of mechanized GTA welding was con-
ducted in ASTV-2M unit with MW-450 power source 
(Fronius, Austria). Square-wave current of 200 H z 
frequency was used [11] for intensive stirring of weld 
pool molten metal, creating favourable conditions for 
its degassing and reducing the probability of pore for-
mation in the welds. The nonconsumable electrode 
diameter was 3.2 mm, and the length of its extension 
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was 4 mm. The torch movement speed of 20 m/h was 
selected, considering on the one hand the wish to en-
sure the minimal thermal impact on the metal being 
welded, and on the other hand, the possibility for the 
welding operator to adjust the electrode orientation 
relative to the butt axis or the arc length, if required. To 
obtain chemical composition of the weld metal close 
to that of the base material, a strip from base material 
2 mm thick was used as the filler material to form the 
weld reinforcement. The strip was fixed between the 
edges being welded, lowering it to the bottom of 1 mm 
deep and 4 mm wide groove. The height of this strip 
was 6–7 mm, which ensured formation of the required 
weld reinforcement. The possible defects character-
istic for this welding process, which have the form 
of pores and macroinclusions of oxide films, mostly 
arising in the weld root part, come to the root pene-
tration, which is scraped flush with the base metal in 
critical structures. Mechanical cleaning of the edges 
to be welded (from three sides) and of filler material 
strip (from four sides) to the depth of 0.10–0.12 mm 
was performed immediately before welding. To en-
sure a reliable protection of the metal from oxidation, 
high grade argon was used in the welding zone. The 
inner diameter of the protective ceramic nozzle was 
16 mm, and gas flow rate was 20–22 l/min. Sound 
weld formation under such conditions was ensured at 
the current of 145–150 A. Current reduction led to in-
complete fusion of the filler material strip placed into 
the butt with the base material, and current increase 
resulted in violation of weld formation.

FSW of the studied alloy sheets was performed in a 
laboratory unit developed at PWI. It ensures the speed 
of the tool linear movement along the butt (welding 
speed) in the range of 8–38 m/h, and constant fre-
quency of its rotation of 1420 rpm. A special tool of 
our design [12] with shoulder diameter of 12 mm and 
1.85 mm long pin in the form of a truncated cone of 
3.4 mm diameter at the shoulder base was used for 
welding. Butt joints of the sheets were produced at 
three welding speeds of 8, 16 and 24 m/h for evalua-
tion of their properties. At higher welding speeds the 
probability of internal defect occurrence in the welds 
in the form of cavities characteristic for this process, 
becomes higher [13]. More over, in the laboratory 
unit tool pressing to the surfaces of the edges being 
welded is performed by the welding operator using a 
support, which makes the uniformity of its regulation 
more complicated at higher welding speeds. Mechan-
ical cleaning of the edges to be welded (from three 
sides) to the depth of 0.10–0.12 mm was performed 
directly before welding to prevent penetration of pos-

sible surface contamination or oxide films into the 
weld formation zone.

The produced welded joints were used to make sec-
tions for studying the structural features of the welds 
and for assessing the degree of metal softening in the 
welding zone. Metal microhardness was measured on 
the section end faces by PMT-3 microhardness me-
ter. Assessment of structural features of the welded 
joints was performed using MMT-1600B optical mi-
croscope. Determination of tensile strength at uniax-
ial tension of specimens with working part width of 
15 mm was conducted in keeping with DSTU EN ISO 
4236x in an all-purpose servohydraulic complex MTS 
318.25. GTA welded samples were tested with both 
excess penetration cut off flush with the base material, 
and with the additionally scraped weld reinforcement.

RESULTS AND DISCUSSION
Analysis of the microstructure of FSW joint showed 
that it consists of welding zones classical for such a 
welding method: base material, thermomechanical 
impact zone, HAZ and weld metal with the formed 
nugget (Figure 1). Weld metal grains are 3–5 times 
finer than those in the metal being welded. The most 
fine-grained structure is observed in the weld metal 
nugget. Measurements of metal microhardness in the 
transverse sections in different zones of FS welded 
joint showed that its values are minimal in the ther-
momechanical impact zone from the retreating side 
near (2.5–3.0 mm) the HAZ (Figure 2). Accordingly, 
at static tension of specimens of such welded joints, 
they failed in the thermomechanical impact zone from 
the retreating side (Figure 3). On the face side fracture 
occurred exactly at the distance of 2.5–3.0 mm from 
the boundary of this zone with the HAZ, and from 
the root side it ran in the zone of the weld transition 

Table 1. Mechanical properties of 2 mm sheets of structural 
MA2-1M magnesium alloy

Characteristic
Specimens cut out 

along the sheet 
rolling direction

Specimens cut out 
across the sheet 
rolling direction

σt, MPa 279–274 
277

283–279 
281

σ0.2, MPa 200–179 
187

219–203 
210

δ5, %
20.3–19.5 

19.9
26.3–23.5 

25.0

α, deg 38–32 
35

45–38 
42

Note. The numerator shows the maximal and minimal values, and 
the denominator gives their average values by the results of testing 
three specimens.
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to base material. The tensile strength of FS welded 
specimens is at the level of 234–236 MPa, and it is in-
dependent on the welding speed in the studied range.

Microstructural studies of GTAW butt joints of 
structural MA2-1M magnesium alloy showed that the 
weld metal has a dendritic structure (Figure 4). Co-
lumnar dendrites directed away from the fusion line 
into the weld metal are observed in it near the line of 
weld fusion with the base material. Recrystallization 
of base metal grains occurred in the HAZ. Directly 
next to the fusion line the grains are partially melted.

Specimens of GTA welded joints with weld rein-
forcement have the tensile strength of 267 MPa, which 
is equal to 96 % of this value for base metal. Their fail 
from the weld face side in the zone of weld fusion 
with the base material, and from the root side — in 
the base metal in the HAZ at approximately 5 mm 
distance from the line of weld fusion with the base 
material (Figure 5). Specimens with root penetration 
cut off flush with the base material and with addition-

Figure 1. Fragments of the microstructure of FSW butt joint of structural MA2-1M magnesium alloy

Figure 2. Metal microhardness in different zones of FS welded joint of 2 mm MA2-1M alloy produced at welding speed of 14 m/h

Figure 3. Appearance of the face surface of working part of 2 mm 
MA2-1M magnesium alloy specimens fractured as a result of stat-
ic tension, which were produced by FSW at welding speeds of 8 
(a), 16 (b) and 24 m/h (c)
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ally scraped weld reinforcement failed at static ten-
sion in the weld metal and their ultimate strength was 
at the level of 233 MPa, which is confirmed by mini-
mal hardness in the weld central part (Figure 6). Ac-
cordingly, specimen fracture from the weld face side 
occurred near its central part, and from the root side 
it ran in the zone of weld fusion with base material.

Conclusions
1. Microhardness of FS welded joint is minimal in the 
zone of thermomechanical impact from the retreating 
side near (2.5–3.0 mm) the HAZ, which is exactly the 
region where such specimens fail at their static tension.

2. The structure of GTA weld metal is dendritic. Co-
lumnar dendrites directed away from the fusion line into 
the weld metal are found in it near the zone of weld fu-
sion with base material. Minimal hardness is observed in 
the weld center. In friction stir welding of this alloy in-
tensive plastic deformation of the metal in the weld cen-
tral part (nugget) results in formation of grains 5 times 
finer than the base metal structure. In the thermomechan-
ical impact zone a complete reorientation of the grains in 
the direction of movement of the tool working surfaces 

takes place. It results in formation of extended elongated 
grains oriented along this trajectory.

3. GTA welded specimens with weld reinforcement 
have the maximal tensile strength (267 MPa), which 
is equal to 96 % of this value for base material. Ten-
sile strength of FS welded joints, as that of specimens 
with root penetration cut off flush with base material 
and with additionally scraped weld reinforcement of 
welds made by the fusion process, is at the level of 
233–236 MPa.  

Figure 4. Fragments of the microstructure of GTA welded butt joint of 2 mm structural MA2-1M magnesium alloy

Figure 5. Appearance of the face (a, c) and root (b, c) surfaces of the working part of GTA welded specimens of 2 mm MA2-1M mag-
nesium alloy with weld reinforcement (a, b) and without it (c, d)

Figure 6. Hardness of metal of GTA welded joint of 2 mm MA2-
1M alloy
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Electron beam welding 
of sheet intermetallic alloy 
with a controlled cooling rate
E.L. Vrzhyzhevskyi, N.V. Piskun, O.A. Velykoivanenko, I.I. Statkevych, T.G. Taranova
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ABSTRACT
The objective of this study is development and testing of elements of the technological process of electron beam welding 
(EBW) of intermetallic alloys of TiAl system, which allows performance of welding, preheating and subsequent local heat 
treatment of welded joints in one pass in one chamber, that enables preventing defects of the type of cold cracks, due to a con-
trolled cooling rate. The work explains why EBW is exactly the most suitable process for welding titanium-based intermetallic 
alloys. A welding method is proposed and described in detail, which is performed in the gravity position at cantilever fastening 
of the samples in a special device, while heat treatment is conducted immediately after completion of the welding process, 
ensuring an optimal cooling rate of the welded joint. It is found that cold cracking in the intermetallic welded joints is related 
to a low ductility of as-welded material. A mathematical model was developed for numerical prediction of the temperature field 
kinetics and stressed state calculation. The model was used as a basis to conduct a computational experiment and to determine 
the thermal conditions leading to cracking in EBW process. It is shown that the highest level of residual stresses is formed 
directly after completion of the welding process; it is equal to 350 MPa and is observed in the weld center. In order to prevent 
cold cracks in welded joints of titanium aluminide samples, a technological measure was proposed, which combines EBW of 
Ti–44Al–5Nb–3Cr–1.5Zr (at.%) intermetallic with preheating and postweld local heat treatment (LHT). It was numerically 
shown and experimentally confirmed that application of a distributed source of sample preheating before welding allows cre-
ating favorable conditions during welding and at further cooling, namely lowering the tensile stresses. The way the process is 
implemented and its influence on the stressed state and structure of the produced joints are described in detail. The work gives 
the modes of EBW of sheet intermetallic alloy with a controlled cooling rate and results of structural and mechanical studies of 
the welded joints, produced by the proposed technology.

KEYWORDS: electron beam welding, TiAl system intermetallics, sheet plates, controlled cooling rate, stressed state, “grav-
ity” welding, local heat treatment

INTRODUCTION. RELEVANCE
Literature review showed that the intermetallic alloys 
of TiAl system have been ever wider applied recently 
in manufacture of parts and components of gas tur-
bine aircraft engines, as well as in other industries.

At this stage of welding technology development 
the question of sheet metal welding is of considerable 
importance. Use of thin materials in various structures 
enables lowering the weight and overall dimensions 
of welded structures, and, thus, reducing their cost, 
which is particularly noticeable when using titani-
um-based intermetallics.

Intermetallic alloys of TiAl system [1] have the 
most unfavourable characteristics for welding in sheet 
structures. It is associated with low ductility of this 
material at normal temperature, as well as with con-
siderable chemical activity.

Intermetallic alloys of TiAl system, having low 
specific weight, high heat resistance, long-term 
strength and creep in the temperature range of 750–
850 °C are finding application in manufacture of parts 
and components of gas-turbine aircraft engines, as 
well as in other industries [2].

As this alloy of TiAl system is a promising material 
for wide application in structures of aircraft engine tur-
bines, automotive parts and in some other sectors [2], it 
requires joining methods, which allow welding products 
of diverse geometrical shapes, making welds of differ-
ent length, as well as intermittent welds. In our opinion, 
electron beam welding (EBW) is the most promising 
method to produce intermetallic joints. Compared to 
other welding methods, it has the following advantages: 
first, as it is conducted in high vacuum, it completely en-
sures protection of any active material, which titanium 
is; secondly, a very narrow weld and a very small HAZ 
form at EBW, which, in its turn should lead to minimal 
deformations of the welded joint [3].

However, a significant drawback of these alloys 
are cold cracks, arising at welded joint cooling at tem-
peratures below 700 °C, when the material goes from 
the tough into the brittle state [2].

At increase of welding stresses during cooling a 
low ductility of the welded joint in as-welded state 
leads to development of defects of the type of cold 
cracks. In this connection, in order to produce a sound 
welded joint and avoid cold cracking, it is necessary 
to lower the temperature gradient and the welding 
stresses, respectively, which is ensured by a slowed 
down cooling rate.
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Modern methods and technologies of welding sheet 
metal envisage application of heat sinks, different kinds 
of forming backing [1], or other equipment, which 
would prevent thin metal burning-through. Such a pro-
cess is characterized by rather low welding speeds. This, 
in its turn, has a negative impact on productivity, materi-
al costs for production and, eventually, the product cost.

The authors of work [4] use copper backing. Here, 
it is important to ensure their tight contact with the 
edges to be welded along the entire length, as in the 
places where gaps remain between the backing and 
the edge, the welding process is accompanied by burn-
through and sagging of the weld. In welding sheet ma-
terials, it is exactly the concentration of the heating 
source heat which is important, as it is favourable not 
only for formation of the weld, but also for the HAZ.

 Known is a method of controlling the cooling rate of 
intermetallic welded joints described in work [5], when 
the sample is welded on a ceramic plate, which slows 
down the welded joint cooling rate that influences the 
magnitude of welding stresses. A disadvantage of this 
method is that the heat conductivity and the cooling rate 
of the welded joint, respectively, are determined by ther-
mophysical properties of this ceramic backing, the cool-
ing rate being practically not controlled.

Therefore, development and optimization of the 
technological process, which enables controlling the 
electron beam due to distribution of power of the 
electron beam thermal impact, in order to create the 
specified temperature field at EBW with simultaneous 
preheating and further heat treatment of the plate be-
ing welded, are highly important.

INVESTIGATION MATERIAL 
AND PROCEDURE
An intermetallic alloy of the following composition 
Ti‒44Al‒5Nb‒3Cr‒1.5Zr at.%, developed and pro-

duced at PWI by the method of cold-hearth electron 
beam melting (Table 1), was studied in the work [6].

Electron beam welding of the intermetallic was 
performed in the welding chamber of UL-144 unit 
of 2.16 m3 volume (1200×1200×1500 mm). It has a 
60 kW power unit at 60 kV accelerating voltage, and 
wide adjustment capabilities to implement additional 
technological processes. The diagram of EBW pro-
cess is shown in Figure 1.

Manipulator of UL-144 welding chamber was up-
graded for welding Ti‒44Al‒5Nb‒3Cr‒1.5Zr (at.%) 
intermetallic. The upgraded sealed lead-in ensures 
lowering of the resistance at shaft rotation using an 
oil “wedge”. FL 86STH156-620B step motors with 
software for gun movement are mounted on the ma-
nipulator. Such upgrading allows assigning and re-
producing the assigned movement trajectories with 
0.1  mm accuracy. Moreover, additional equipment 
was installed, which provides cantilever fastening of 
the sample to be welded.

Software support of EBW and local heat treat-
ment was performed using industrial computer Ad-
vantech 610.

Samples for investigation were prepared after EBW 
(Figure 1). Plates of 100x30 mm size 3 mm thick from 
Ti‒44Al‒5Nb‒3Cr‒1.5Zr (at.%) alloy were welded. 
Before welding the plates were ground from all sides 
and assembled end-to-end without a gap.

To avoid deplanation of the plates during welding 
the run-on and run-off tabs from VT1-0 titanium alloy 
were mounted from two sides and welded across the 
sample. The length of run-off tabs, which were fas-
tened in a special device, was 160 mm. The weld was 
started and ended on the run-on and run-off tabs.

The ingot microstructure was revealed through 
etching in a solution of hydrofluoric and nitric acid 
(1  part of hydrofluoric (HF) and 3 parts of nitric 
(HNO3) acid).

Intermetallic hardness was measured by Leco 
hardness meter at 25 g load.

Fractographic studies were conducted in scanning 
electron microscope JSM-840 of JEOL, Japan, which 
is fitted with microanalyzer of Link system 860/500 
(Great Britain).

As cracking occurs not only at the cooling stage, but 
also at the stage of metal heating before the start of the 
welding process, it is necessary to create a technology, 
which allows producing defectfree welded joints. Ex-
periments on welding and investigation of welded joints 
of intermetallic alloy Ti‒44Al‒5Nb‒3Cr‒1.5Zr (at.%) 
were conducted on 3 mm sheet samples. Sample thick-
ness for optimization of the welding modes was selected 
proceeding from the fact that 3 mm thicknesses can be 
used for blades of high and low pressure turbines.

Table 1. Chemical composition of experimental alloy

Alloy Ti Al Nb Cr Zr

wt.% 52.82 28.8 11.72 3.51 3.16

at.% 45.92 44.54 5.26 2.82 1.46

Figure 1. Scheme of performance of EBW process
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EBW was conducted without preheating by the 
scheme shown in Figure 1 in the following mode:

Uacc = 60 kV; Ib = 35 mA; Vw = 7 mm/s; 
P = 5∙10‒3 Pa.

After welding the weld was cooled to room tem-
perature in the chamber.

In order to ensure a uniform cooling of the mate-
rial, welding is performed with the sample in unre-
strained position (gravity welding) [7]. Welding and 
heat treatment are conducted with cantilever fastening 
of the samples in a special device. Heat treatment is 
performed immediately after completion of the weld-
ing process, ensuring a cooling rate of not more than 
70 °C/s. Such a method allows determination of the 
shape of the temperature field in welding of any joints 
of various metals, a characteristic feature of which is 
that the temperature fields are determined under the 
conditions of cantilever fastening without the possi-
bility of heat removal through mechanical contact.

Formation of the weld in “gravity’ position is par-
ticularly important, as it allows avoiding a consid-
erable number of problems associated exactly with 
welding sheet materials. Better results are achieved in 
welding of a butt joint with the sample in unrestrained 
position without application of forming devices or 
backing, as here a two-sided exit of gases and met-
al vapours from the penetration channel is ensured, 
when gas evolution is facilitated [8].

INVESTIGATION RESULTS
Visual investigation of the welded butt joints showed 
that transverse cold cracks (Figure 2, a) are observed 
in the weld, which pass through the welded joint and 
end in the base material on both sides of the sam-
ple. As mentioned above, the main source of crack 
initiation is the low ductility of the material at room 
temperatures (ductile-brittle transition temperature is 
700 °C) and impossibility of resisting crack initiation, 
as a result of welding stress formation.

When studying the microstructure of the weld 
zone, an inhomogeneity of the weld metal structure in 
the form of (γ+α2)-phase colonies is observed. They 
are located along the fusion zone and have the micro-
hardness of 5110–5270 MPa. Numerous cracks of 100 
to 300 μm length, located parallel to the fusion line, 
were also found in this region (Figure 2, b) [9].

Fractographic studies showed that the main crack de-
veloped in steps in the weld metal (Figure 3, a). A change 
in the structure from the face to the reverse side of the 
weld is observed. In the face side region the structure is 
fine-grained (Figure 3, a), and in the metal of the weld 
reverse side the structure consists of elongated lamellas 
(Figure 3, b). Weld metal fracture is intergranular with 
small secondary cracks. One can see a γ-phase fragmen-
tation (Figure 3, b) due to dispersed α2-phase precipi-
tates. Sections where no γ-phase fragmentation occurred 
were also found on the fracture surface.

Figure 2. Sample of EB welded joint of intermetallic alloy of 
Ti‒44Al‒5Nb‒3Cr‒1.5Zr, at.% system: a — general view; b — 
microstructure (×200) of weld metal [8]

Figure 3. Fractogram of fracture surface of weld of a sample of 3 mm thick Ti‒44Al‒5Nb‒3Cr‒1.5Zr, at.% intermetallic alloy: a — 
weld structure (face side), ×200; b — fracture area with elongated lamellas on the reverse side, ×200
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As shown by experience of previous researchers, 
residual stresses form in welded joints at EBW, which 
in combination with the structure lead to cracking in 
the weld.

Proceeding from the above, further research con-
sisted in development of EBW technology, which will 
ensure a lowering of the level of residual welding 
stresses, and will improve weld ductility, which will 
allow avoiding cold cracking.

INVESTIGATIONS 
OF THERMAL CONDITIONS, UNDER WHICH 
DEFECTS FORM IN WELDED JOINTS
A numerical experiment was used to determine the 
thermal conditions, under which stresses arise in 
3 mm samples, leading to cracking [10].

Temperature field kinetics was considered at sample 
preheating, welding and further cooling to room tem-
perature. The kinetics of the sample stress-strain state 
(SSS) was predicted proceeding from these numerical 
results. At initiation of cold cracks, a higher level of ten-
sile welding stresses is the determinant factor.

Given below are the calculated graphs of residu-
al longitudinal stress distribution in the cross-section 
of the welded joint along the length of a 3 mm plate, 
which were derived in a computational experiment 
(Figure  4, a). Investigations of the stressed state of 
the welded joints showed that in as-welded state ten-
sile stresses form in the weld center and in the fusion 
zone, the level of which changes from 350 to 370 MPa. 
Longitudinal tensile stresses acting along the weld are 
nonuniform. This is on average 5 % higher than the 
transverse stresses in some regions (Figure 4, b). With 
greater distance from the weld center, the level of re-
sidual stresses becomes lower and at 7  mm distance 
from the center (in the base metal) the stresses become 
smaller at approximately 100 MPa, and then they grad-
ually decrease to 0 and at the plate ends they change 
from tensile into the compressive ones.

Thus, cold crack initiation in welding occurs both 
at the cooling and at the heating stage, as a result of 

high stresses in the area of the weld and the fusion 
zone, where the tensile stress field is formed.

The nature of distribution of residual longitudinal 
stresses in the cross-section of a welded joint pro-
duced using a computational experiment, is shown 
in Figure 4, b. One can see that residual longitudinal 
stresses are nonuniformly distributed in the cross-sec-
tion across the width. Tensile stresses act in the weld 
and zone adjacent to it and compressive stresses are 
present in the other part of the cross-section.

The highest level of dangerous residual tensile 
stresses forms in the center of the weld and HAZ, 
and it is equal to 350 MPa, which is also confirmed 
by the data obtained by X-ray structural analysis — 
315  MPa. These stresses change from tensile into 
compressive ones in the base material. It is known that 
the stress magnitude is influenced by the chemical and 
phase composition of the welding consumables.

A factor which determines the process of residual 
stress formation in welding is the temperature field 
at the stable stage of the process in the plates being 
welded. Nonuniform heating of the welded joint in 
welding results in development of residual plastic 
shrinkage deformation, leading to formation of re-
sidual stresses. The nature of this stress distribution 
depends on many factors, (geometrical dimensions of 
the welded joint, welding mode, etc.). The zone heat-
ed in welding is covered by tensile stresses. The high-
est stress gradients coincide with the direction with 
the highest temperature gradients, i.e. residual stress 
distribution is typical for the field of intrinsic stresses 
formed under the conditions of nonuniform heating 
and cooling. Formation of tensile stresses caused by 
welding results in deterioration of the technological 
strength of the welded joint, which may lead to crack-
ing in the welds and near-weld zone.

Rational development of the technology aimed at 
lowering the level of residual welding stresses as a 
result of reduction of the rigidity of welded joints and 
stress raisers allows avoiding cold cracking or facili-
tating their prevention using technological measures.

Figure 4. Distribution of residual longitudinal welding stresses: a — by welded plate length; b — in welded joint cross-section
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DEVELOPMENT OF THE TECHNOLOGY 
OF EBW 
WITH A CONTROLLED COOLING RATE
Investigations by the authors of [11] conducted at 
PWI revealed that it is necessary to perform sample 
preheating to 450 °C prior to EBW, in order to prevent 
cold cracking in the welds at the heating stage.

Considering the above-said, we selected the tem-
perature of 450 °C for preheating of the alloy at EBW. 
This method decreases the rate of temporary stress 
increase in welding and lowers the level of residual 
welding stresses [11].

Figure 5 shows a sample of 3 mm intermetallic of 
TiAl system, which was made by EBW with preheat-
ing in the following mode:

Tpre-heat = 450 °C, Uacc = 60 kv; Ib = 35 mA; 
Vw =7 mm/s; P = 5∙10‒3.

Preheating was performed by reciprocal motion of 
the gun with a defocused beam, which was unfolded 
by a special program.

As one can see from the Figure, the number of 
cold cracks across the welded joint on the surface of 
a 3 mm sample was reduced due to sample preheating 
up to the temperature T =450 °C before the start of the 
welding process, but it was not possible to completely 
prevent them.

As a result of theoretical studies of the stressed 
state by numerical experiment method it was found 
that preheating at the temperature of 450 °C promotes 
stress relaxation, and residual stresses σxx decrease by 
almost 40 % from 350 to 225 MPa (Figure 6).

As was noted above, stresses arising during weld-
ing, as well as the cooling rate which is ensured by 
local heat treatment (LHT), have a significant role 
in crack formation. This conclusion was the base for 
proposing the technological measure of welding sheet 
intermetallic plates with a controlled cooling rate.

This process allowed successively performing in 
one cycle the preheating, welding of 3 mm plates and 
postweld annealing, performed by a stationary gun by 
an unfolded electron beam for the entire sample. 

Transverse stresses are also nonuniformly distrib-
uted. The middle part is exposed to tensile stresses, 
and the end portions — to compressive stresses. The 
magnitude of maximal stresses in the weld zone σmax 
depends on weld length and, as a rule, is not higher 
than the value of 0.3 σy of the initial material, equal to 
225 MPa in the weld center and to σy 837 MPa of the 
initial material. Thus, two zones can be singled out 
in the longitudinal direction in the butt welded joint: 
zone of tensile stress action and zone of compressive 
stress action.

The hot cracking susceptibility of the metal in 
welding is one of the main indices of their weldability. 

It ensures the technological strength of the materials 
in welding. Cold cracks can arise during phase and 
structural transformations in the solid state, practical-
ly immediately after welding.

As a result of generalization of previous research, 
it was shown that in addition to preheating, it is nec-
essary to perform LHT right after welding by elec-
tron beam scanning along the weld immediately after 
welding is completed. It will allow lowering the rate 
of temporary stress increase in welding, as well as the 
level of residual welding stresses, which will enable 
lowering the cracking probability.

To solve this important task, as well as to optimize 
the structural and phase state of the intermetallic, the 
modes of welded joint LHT by the electron beam 
were developed.

In this case, postweld heat treatment was provided 
by the following program: immediately after comple-
tion of welding the electron gun was brought to the 
weld middle, the electron beam was unfolded and fo-
cused to the required configuration to one and to the 
other side from the weld middle to its end by a special 
computer program. It continued to heat the surface of 
the entire product in modes allowing compensation 
of excess heat removal and ensuring such a cooling 
rate which was taken by us as the optimal one. The 
frequency of electron beam scanning is 100 Hz, and 
the welding current decreases by 1/3.

Figure 5. EB welded joint of 3 mm thick Ti‒44Al‒5Nb‒3Cr‒1.5Zr, 
at.% intermetallic alloy made with preheating, T = 450 °C

Figure 6. Computational estimate of the distribution of longitudi-
nal residual stresses in the welded joint cross-section: 1 — with-
out preheating; 2 — with preheating of the sample
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The scheme of heat treatment with a controlled 
cooling rate is shown in Figure 7.

The total time of the abovementioned heat treat-
ment was 10 min. Here, the welded joint temperature of 
1000 °C was maintained for 5 min. The temperature of 
1000 °C was selected because it was found earlier that 
appearance of β-phase as a result of phase transforma-
tions at cooling from the temperature of ~1000 °C has 
a plasticizing effect on the weld metal, thus increasing 
its ductility and toughness. After that, owing to a slow 
(~ 5 min) decrease of current by a special program, in 
keeping with the dependence, as shown in Figure 8, the 
welded joint was cooled to 500 °C temperature [12]. 
Then the electron gun was switched off, and slow cool-
ing of the sample occurred. At slow cooling α-phase is 
transformed into lamellar (γ+α2)-phase, and a certain 
amount of B2-phase is preserved in the alloy, which is 
an ordered structure of β0-phase [13].

EBW and LHT performed by the above scheme 
result in reduction of the rate of temporary stress 
increase and of the level of residual welding stress-
es. It allows avoiding the appearance of cold cracks 
and producing defectfree joints. These technological 
recommendations were used to produce a defectfree 
welded joint of 3 mm thick plates (Figure 8). Figure 9 

shows the appearance of 3 mm thick sample, welded 
by the proposed scheme. The thermal cycle of the pro-
cess of EWB of 3 mm intermetallic with preheating 
and local controlled annealing is shown in Figure 10.

Figure 10 also shows phase transformations during 
EBW with preheating and subsequent local heat treat-
ment of 3 mm thick samples, which represent the 
structural transformations and fracture surface at dif-
ferent process stages.

As one can see from Figure 10, the weld metal has 
a three-component structure: γ-phase matrix, (γ+α2)-
phase colonies and precipitates of residual δ-phase 
on the colony boundaries. Such a structure leads to 
increase of the HAZ ductility in 3 mm thick samples.

Moreover, the microhardness of all the regions of 
this sample subjected to preheating and subsequent 
local heat treatment is lower than the hardness of sam-
ples made without LHT application, as heat accumu-
lation occurs, which leads to lowering of the sample 
cooling rate, and of internal stresses, respectively.

In work [10] it was established that at cooling 
of the intermetallic weld from 1000 °C temperature 
phase transformation takes place, due to which an ad-
ditional β0 (B2) phase appears in the structure, which 
is a Ti-based ordered phase. It is located on the colony 
boundaries and blocks crack initiation and propaga-
tion in α2-phase as a result of stress lowering. Forma-
tion of a favorable three-component structure in the 
weld: γ-phase, (γ+α2)-phase and β-phase promotes an 
increase of its strength and ductility.

Fractures of welded joints of 3 mm thick titani-
um aluminides, welded with a controlled cooling rate, 
demonstrate a mixed fracture mode (with 30 % of the 
ductile component).

Fractogram of welded joint fracture surface reveals 
that cleavage facets observed in the fracture, are sep-
arated by tear regions, which are due to plastic shear.

Figure 11 shows that the stressed state of 3 mm 
thick intermetallic welded joint after LHT which al-
lows lowering the level of residual welding stresses, 
ensures a slow cooling rate of the welded joints.

The cooling rate in this case decreased from 0.7 
to 0.9 °C/s. In this connection, the residual welding 

Figure 7. Scheme of EBW process with preheating and local heat 
treatment with a regulated cooling rate

Figure 8. Dependence of current change on time to ensure con-
trolled cooling of the weld across its thickness δ = 3 mm [10]

Figure 9. A sample of intermetallic alloy Ti‒44Al‒5Nb‒3Cr‒1.5Zr, 
at.%, δ = 3 mm after EBW and heat treatment by the scheme 
shown in Figure 7
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stresses decreased by almost 30 % and were equal to 
162 MPa (Figure 11).

The data for plotting the graphs were derived using 
a mathematical model. The graph shows the changes 
in temperature, stressed state and cooling rate at ap-
plication of this kind of heat treatment of 3 mm thick 
samples at the cooling stage. As one can see from the 
Figure, after 500 °C the change of sample tempera-
ture occurs very slowly. Here, the stresses are equal 
to 180 MPa.

The shape of σx curve is associated with a small 
width of the plate, at which the compressive stresses 
in its cross-section do not reach zero values. 

Prevention of cold cracking and producing a de-
fectfree joint due to a controlled cooling rate occur 
through lowering of the residual welding stresses, as 
well as formation of an optimal structure [14].

A lower level of stresses in the weld is attributable 
to formation of β-phase during cooling after welding, 
which promotes a significant relaxation of temporary 
stresses [10].

Static tensile testing was performed to assess the 
welded joint strength [14]. Results of mechanical test-

ing of welded joint samples, obtained during tensile 
testing are given in Table 2.

Mechanical testing of welded joints of samples 
made by EBW without LHT was conducted for com-
parison. Table 3 gives the test results.

As one can see from Tables 2 and 3, the ultimate 
strength values in samples welded using postweld lo-
cal heat treatment are much higher than for samples 
produced without LHT application.

Analysis of the test data showed that postweld lo-
cal heat treatment has a positive influence on the lev-
el of strength at mechanical testing, namely it allows 
increasing the ultimate strength of the welded joint 
approximately 1.8 times by average values from 175 
to 315 MPa [15].

Thus, preheating and further postweld heating of 
the products, as well as selection of the optimal weld-
ing modes have a positive influence on reduction of 
the possibility of cracking.

Conclusions
1. It was established that in order to prevent cold crack-
ing in welding sheet plates of TiAl system intermetal-
lic, it is necessary to conduct preheating of the samples 

Figure 10. Influence of local heat treatment on the structural state of the welded joint of intermetallic alloy Ti‒44Al‒5Nb‒3Cr‒1.5Zr, at.%

Figure 11. Computational evaluation of the distribution of residu-
al longitudinal stresses in the cross-section of intermetallic weld-
ed joint, δ = 3 mm after: 1 — EBW with preheating; 2 — EBW 
with preheating and annealing at T = 1000 °C, t = 5 min

Table 2. Ultimate strength of EB welded joints with LHT

Sample 
number

Thickness 
δ, mm

Value 
σt, MPa

Fracture 
site

1 3 310.9 BM
2 3 319.1 BM

Table 3. Ultimate strength of the intermetallic welded joints pro-
duced by EBW without LHT

Sample 
number

Thickness 
δ, mm

Value 
σt, MPa

Fracture 
site

1 3 197.8 BM
2 3 152.1 BM
3 3 175.5 BM
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and postweld local heat treatment of the welded joints. 
It was numerically demonstrated and experimentally 
confirmed that use of the distributed source of sample 
preheating before welding allows providing favourable 
conditions during welding and at further cooling, name-
ly lowering the tensile stress magnitude.

2. A technology of electron beam welding of in-
termetallic has been developed, which envisages suc-
cessive performance in one chamber of preheating, 
and electron beam welding of the intermetallic with 
postweld local heat treatment.

3. Modes of controlled cooling of 3 mm thick 
plates were proposed, which allow compensation of 
excess surface heat removal.

4. At application of this technology for 3 mm thick 
samples, it is recommended to perform heat treatment 
by an electron beam unfolded and defocused to one 
and the other side from the weld middle to its end with 
gradual lowering of its power using a special computer 
program. Here, the optimal welded joint cooling rate, 
which lowers the level of residual welding stresses by 
almost 30 % from 225 to 160 MPa and allows avoiding 
cracking in the weld is the rate of 0.7–0.9 °C/s.

5. Mechanical tensile testing of welded joints 
showed that sample fracture occurs through the initial 
material. Application of local heat treatment increases 
the level of ultimate strength of the welded joint ap-
proximately 1.8 times.
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Plasma-arc skull melting and casting 
of austenitic steel 
with super equilibrium nitrogen content
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ABSTRACT
Shown is the possibility of melting and casting high-nitrogen Kh21G17AN2 steel under the conditions of plasma-arc skull 
melting. Boundary conditions of nit riding Kh12G17|N2 steel in order to produce sound castings were determined. Castings in 
the form of 12 mm wire were produced. Casting quality and properties were studied. Investigation of weldability of the pro-
duced steel with super equilibrium nitrogen content was conducted at manual argon-arc welding.

KEYWORDS: plasma-arc skull melting, Kh12G17N2 steel, nitrogen,, casting, properties, weldability

INTRODUCTION
Nitrogen n the composition of alloyed steels demon-
strates austenite stabilizing properties, and it is used 
as a replacement of expensive nickel, which is tradi-
tionally added to form the austenite phase [1‒3]. So 
far, a significant progress has been achieved in metal-
lurgical production of steels alloyed by nitrogen. De-
velopment of high-nitrogen steels with special func-
tional properties (high strength, corrosion resistance, 
biocompatibility, etc.) stimulates the increase of the 
scope of industrial application of nitrogen-containing 
steels in manufacture of products for critical purposes 
[4‒6]. Steels containing nitrogen in the quantity great-
er than its solubility under equilibrium conditions are 
usually considered as high-nitrogen steels.

Ingots and castings from steels with super equilibri-
um nitrogen content are produced by a number of spe-
cial electrometallurgy methods, namely high-pressure 
induction melting, electroslag remelting in a controlled 
atmosphere, plasma-arc remelting [7‒10]. At present the 
method of autoclave induction melting is the most wide-
ly accepted technique for producing nitrogen-containing 
steels. Not considering the popularity of this method, it 
has certain significant disadvantages, which are associat-
ed with the long-time process of melting and soaking of 
the liquid metal at excess pressure and complexity of the 
technological equipment, while the obvious advantages 
of this method occurring in production of steels with ni-
trogen concentration below the equilibrium one (approx-
imately 0.4 %), are practically absent, when producing 
high-nitrogen steels. Contrarily to the above-mentioned 
melting processes, at plasma-arc remelting of nitro-
gen-containing steels nitrogen additionally interacts with 
the liquid metal surface in an excited condition, which 
allows obtaining its super equilibrium concentration in 
the metal, and significantly intensifying the absorption 
process, shortening the processing duration by an order 

[8]. Relative simplicity of the technological equipment, 
performance of metal remelting at significantly lower 
gas pressures, no need for long-term soaking of liquid 
metal at excess pressure show the good prospects for 
plasma-arc processes when producing steels with super 
equilibrium nitrogen content.

Alongside the need to produce ingots from 
high-nitrogen steels, not less important is producing 
shaped castings from them. Increase of the require-
ments to casting quality, as well as expansion of man-
ufacturing of cast products from nigh-nitrogen steels, 
requires development of new technology solutions, 
which will ensure the high quality of the melted and 
cast metal. The complex of practical measures to im-
prove the casting quality is chiefly aimed at improve-
ment of the processes of melting and treatment of liq-
uid metal, including deoxidizing, refining, alloying; 
metal pouring into moulds in modes ensuring high 
physical-mechanical properties of the castings; engi-
neering casting moulds based on materials with high 
physical-mechanical and thermophysical properties 
to ensure maximum closeness of casting dimensions 
to those of the finished parts.

As a variety of plasma-arc processes, the method 
of plasma-arc skull melting [11, 12] allows conduct-
ing melting and pouring of nitrogen-containing steel 
in one process installation. For melting sound metal 
and ensuring high technical and economic indices of 
the melting process the skull crucible should meet the 
following requirements: prevent interaction of cruci-
ble material with the molten metal, ensure the required 
time of metal soaking in the liquid state; and provide 
the maximal coefficient of metal pouring (Kp).

Interaction of liquid metal with the crucible ma-
terial can be prevented, using a metal, for instance, 
copper water-cooled crucible, which improves the 
operational conditions of the melting installation and 
contributes to casting quality.
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Development of methods to join nitrogen-contain-
ing steels by welding is one of the priority tasks for 
rational manufacture of both the individual parts, and 
elements of structures from them [6, 13]. Austenitic 
steels with super equilibrium nitrogen content have 
limited weldability when arc welding methods are 
used. Steels containing more than 0.5 % nitrogen are 
prone to porosity. Weld porosity in welding is influ-
enced not only by absolute nitrogen content, but also 
by the conditions of weld pool existence (volume, 
shape, welding speed, preheating temperature). It is 
noted that lowering of welding energy input promotes 
reduction of the total number of defects and their di-
mensions. Lowering of welding current to 80 A, and 
increase of the number of passes to 3–4 promotes a re-
duction of the total number of pores in the welds [14].

RESEARCH OBJECTIVE
The objective of research conducted in this work, 
consisted in optimizing the technological modes of 
plasma-arc skull melting (PASM) and casting of Kh-
21G17N2 steel sparsely-alloyed by nickel with super 
equilibrium nitrogen content, studying the features of 
nitrogen influence on its structure, determination of 

the parameters of TIG welding of high-nitrogen steel 
samples and welded joint characteristics.

EQUIPMENT AND MATERIALS
Investigations of the technological features of the pro-
cess of PASM and casting of high-nitrogen steel were 
conducted in plasma-arc skull installation UPG-1L de-
veloped by PWI (Figure 1). Plasma-arc installation 
was fitted with a copper water-cooled crucible of 
1000 cm3 volume (Figure 2) and DC plasmatrons of 
PDM-7 type with up to 500 A admissible current.

The melting-pouring installations with a radial 
heating scheme enable either dispersing heat input to 
the pool surface or concentrating it in the specified 
zones, adjusting the heating of different regions of 
the liquid metal pool. With such a heating scheme the 
surface of the billet being remelted partially shields 
the plasma arc radiation, thus increasing the thermal 
efficiency of melting.

Two-phase austenitic-ferritic Kh21G17N2 steel was 
selected as the initial material for investigations. Chro-
mium of Kh98 grade, Armco iron, cathode nickel of N1 
grade, metallic manganese MP-1 were applied to pro-
duce the grade chemical composition. Initial charge was 
used to melt under PASM conditions samples of steel, 
the chemical composition of which is given in Table 1.

Results of chemical analysis of steel of melt 1 
showed a lower content of manganese and nickel, com-
pared to calculated values. Correction of the composi-
tion of charge materials for subsequent melts 2 and 3 
ensured melting steel of the required grade composition. 
Obtained steel compositions were used to melt samples 
with super equilibrium nitrogen concentration.

Figure 1. Block-diagram of UPG-1L plasma-arc installation: 1 — 
consumable billet; 2 — furnace chamber; 3 — PDM-7 plasma-
trons; 4 — crucible; 5 — mould

Figure 2. Copper water-cooled mould

Table 1. Chemical composition of produced steel, wt.%

Melt Cr Mn Ni C S P [O] [N]

1 20.4 13.9 1.67 0.1 0.025 0.02 0.042/0.03 0.016/0.73
2 20.9 16.8 1.90 –»– –»– –»– –»– 0.018/0.74
3 21.0 16.9 2.10 –»– –»– –»– 0.023/0.028 0.017/0.90

Note. [O] and [N] content in the initial metal is shown in the numerator; in the metal after nitriding — in the denominator.
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EXPERIMENTAL INVESTIGATIONS

MELTING AUSTENITIC Kh21G17AN2 STEEL 
WITH SUPER EQUILIBRIUM NITROGEN 
CONTENT
Under the conditions of excess gas pressure in the 
melting chamber and distributed heating of liquid 
metal pool chromium evaporation is practically ab-
sent, small losses of manganese are observed, which 
can grow somewhat with lowering of total gas pres-
sure and increase of plasma-forming gas flow rate.

Dependence of nitrogen solubility on melt tem-
perature and partial pressure of nitrogen in the furnace 
atmosphere was calculated for the respective chemi-
cal composition of the produced steels (Table 1), us-
ing an equation given in work [10]:

[ ]

[ ] [ ]

[ ] [ ]

[ ] [ ]

[ ]

2

293 167lg 1.16 0.042 cr %

3,3 730.5 0.001 cr % 0.022 Mn %

18.4 1710.00042 ni % 0.031 si %

274 16400.06 c % 1.14 O %

859 0.487 al % .

 = − − − − − 
 

   − − − − −   
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   − + − − −   
   
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   
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In keeping with the conducted calculations, standard 
solubility of nitrogen in steels at melt temperature of 
1873 K was equal to 0.49 and 0.57 %, respectively for 
melt 1 and melts 2 and 3. It was determined that with 
melt temperature increase by 100 K the standard sol-
ubility of nitrogen in the metal decreases by 17 % on 
average, and at increase of nitrogen partial pressure in 
furnace atmosphere by 100 kPa it grows by 40 %.

Calculated data on nitrogen solubility were used at 
optimization of technological modes of PASM of Kh-
21G17N2 steel with super equilibrium nitrogen content. 
Experimental melts were conducted in UPG-1L fur-
nace, using a plasma-forming mixture of nitrogen and 
argon gases. Gas flow rate was equal to 80 l/min. Met-
al melting and soaking were performed at plasmatron 
current of 280–300 A and 70 V voltage. According to 
the data in Table 2, the required working pressure of 
gases was maintained in the furnace chamber, and the 
specified partial pressure of nitrogen was provided.

PRODUCING CASTINGS 
FROM AUSTENITIC Kh21G17AN2 STEEL 
WITH SUPER EQUILIBRIUM CONTENT 
OF NITROGEN
The method of conducting the melting at excess pres-
sure of nitrogen allows treating the metal not only 
during its melting, soaking and pouring, but also 
during its solidification. It greatly widens the possi-
bility of controlling the gas-shrinkage, liquation and 
other processes at formation of the casting structure 

to improve the density and other physical-mechanical 
properties of the metal.

The main problem of producing the ingots and 
castings from steels with super equilibrium nitrogen 
content is related to the high probability of forma-
tion of gas porosity in the metal at its hardening. It 
is known that the limit concentration of nitrogen at 
plasma-arc treatment of the melt is determined by ni-
trogen boiling of the metal pool, from the viewpoint 
of technology, which is indicative of reaching the 
dynamic equilibrium of the sorption process at these 
thermodynamic conditions [8, 15]. Its value is deter-
mined by the conditions of existence of gas bubbles 
in the melt volume, and it is in equilibrium with the 
total pressure of gases in the furnace, and not with 
partial pressure of nitrogen. Further increase of par-
tial pressure of nitrogen does not influence its content 
in the metal. The start of nitrogen boiling of the pool 
depends on nitrogen absorption rate, convection con-
ditions, standard solubility of nitrogen in the melt and 
total gas pressure in the melting chamber.

Application of such a technological measure as gas 
pressure increase in the furnace chamber during metal 
pouring into the mould allows inhibiting the dissolved 
nitrogen desorption in the metal and preventing gas 
porosity formation. In work [11], devoted to PASM 
of critical castings from 0Kh20N5AG2 steel with su-
per equilibrium nitrogen content, a nomogram was 
proposed for determination of limit pressure of gas in 
the plasma-arc furnace, which should be maintained 
at pouring to produce porefree castings. Guided by 
the theoretical principles of this work, the respective 
nomogram was plotted for the studied Kh21G17AN2 
steel (Figure 3). The nomogram contains two depen-
dencies, one of which corresponds to limit concentra-
tion of nitrogen in steel in the mode of nitrogen boil-
ing of the pool, depending on total gas pressure in the 
furnace (curve 1) and the second corresponds to ni-
trogen content in steel, depending on nitrogen partial 
pressure (curve 2). Proceeding from nitrogen content 
in Kh21G17AN2 steel which should be achieved a 
horizontal line is drawn up to intersection with depen-
dencies 1 and 2. The abscissas of the points of their 
intersection indicate the limit pressure of gases in the 
furnace chamber at metal pouring to ensure solid cast 
products and the partial pressure of nitrogen, required 
to produce metal with the specified nitrogen content.

Table 2. Parameters of pressure and composition of plasma-form-
ing gas mixture

Melt
Working pressure 
in the chamber, 

kPa

Nitrogen content 
in the gas mixture, 

vol.%

Partial pressure of 
nitrogen during 

melting, kPa

1 185 85‒86 160
2 200 –»– 170
3 210 –»– 180



30

V.O. Shapovalov et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

Figure 6. Macrostructure of the longitudinal section of rods with 
different nitrogen content, %: 1 — 0.73; 2 — 0.74; 3 — 0.9

Used as a mould in the experiments was a detach-
able steel mould (Figure 4), which as a result of one-
time pouring ensured metal crystallization in the form 
of cylindrical rods (18 pcs) of 12 mm diameter and 
180 mm length (Figure 5). After metal melting and 
inducing the pool, the melt was soaked for 10–15 min 
under the conditions of plasma-arc heating at the 
specified partial pressure of nitrogen, eliminating the 
possibility of its nitrogen boiling, and then the treated 
metal was poured into the mould. During metal melt-

ing the pressure of gases in the furnace and the com-
position of plasma-forming mixture were maintained 
in keeping with the data given in Table 2.

Produced castings were used to prepare longitudinal 
macrosections to study the cast structure of the rods and 
to take samples for chemical and gas analysis.

INVESTIGATIONS OF TIG WELDING 
OF SAMPLES FROM NITROGEN-ALLOYED 
AUSTENITIC STEEL Kh21G17AN2
Weldability of high-nitrogen Kh21G17AN2 steel was 
studied in the case of manual nonconsumable tung-
sten electrode argon-arc welding. With this purpose 6 
and 3 mm plates were produced from the rods by roll-
ing. Rectangular samples were directly made from 6 
mm plates for optimization of the welding technology. 
Milling of the edges was performed from the weld-
ing side on the adjacent faces of the samples on both 
sides. The 3 mm plates were used to produce filler 
material in the form of the so-called “noodles”. Thus, 
filler electrodes of the same steel grade were applied 
for TIG welding of samples of Kh21G17AN2 steel. 
Butt welding of the samples was performed, conduct-
ing it in two passes from both sides, in keeping with 
the welding modes, given in Table 3.

The produced welded joint samples were used to 
prepare transverse macrosections to study the metal 
structure in the joint zone. Mechanical properties of 
the welded joints and their nitrogen and oxygen con-
tent were additionally studied.

Figure 3. Nomogram for determination of limit pressure at pour-
ing under the conditions of PASM of nitrogen-alloyed steels: 
1 — nitrogen solubility calculated under the conditions of metal 
pool boiling using equation [n] Σ= NS P , where SN is the standard 
nitrogen solubility, %; PΣ is the total pressure of gases, at; 2 — de-
pendence of nitrogen content in steel on nitrogen partial pressure; 
3 — isotherm of nitrogen solubility in steel at 1873 K

Figure 4. Detachable steel mould

Figure 5. Appearance of the mould with cast rods
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DISCUSSION OF THE RESULTS
As a result of the conducted experiments, technological 
modes of alloying Kh21G17N2 steel of austenitic-fer-
ritic grade by nitrogen from the gas phase in plasma-arc 
skull melting and its pouring into a steel mould. Cast-
ings from high-nitrogen steel were produced in the form 
of small diameter rods. The results of gas analysis of the 
rods by Kjeldahl, given in Table 1, show that nitrogen 
content in the rods of all the three batches exceeds the 
standard nitrogen solubility by more than 1.3 times, be-
ing equal to 0.73, 0.74 and 0.9 % for melts 1, 2, and 3, re-
spectively. Comparing the derived concentrations with 
the calculated values of equilibrium nitrogen content at 
1873 K, it was found that the nitriding mode, followed 
during melts 1 and 3, ensures such a nitrogen concen-
tration in the castings, which is by 7 and 15 % higher 
than the equilibrium one, respectively. Investigations of 
the cast structure of the rods showed that the rods of 
the first and second melt are solid, without visible pores 
or nonmetallic inclusions in the macrosection field of 
vision (Figure 6). In both the cases metal pouring into 
the mould was performed at the total gas pressure in the 
furnace higher than the limit gas pressure determined 

by the nomogram (Figure 3). Coarse pores of 0.5 to 2.0 
mm diameter were found in the entire thin section field 
in the body of the rods of the third melt. Despite the 
fact that metal pouring was conducted at the pressure 
exactly corresponding to the limit value (Figure 4), it 
turned out to be insufficient to prevent gas porosity for 
this concentration of nitrogen,. Thus, in order to inhibit 
development of this process, it is necessary to maintain 
a pressure during pouring with a certain excess over the 
one determined by the nomogram.

Performed weldability studies of high-nitrogen 
Kh21G17AN2 steel showed that the mechanical prop-
erties of the weld and base metal are within the expec-
tations (Table 4). Somewhat lower ultimate strength 
(σt), yield limit (σ0.2) of weld metal, but higher relative 
elongation (δ) and impact toughness (KC) are noted.

Analysis of gas admixtures content in the welded 
joint showed that compared to base metal a certain 
lowering of oxygen is found, while nitrogen concen-
tration practically does not change (Table 5). The pro-
posed welding modes ensure formation of a joint with 
a pool of limited dimensions and short time of its ex-
istence, which, probably does not allow development 

Table 3. Modes of manual argon-arc welding

Sample Voltage, V Current, A
Gas composition, % Gas flow rate, 

l/min
Welding speed, 

cm/s Number of passes 
Ar N2

1 20 100 80 20 10 0.20 2 from each side
2 18 80 90 10 –»– 0.15 –»–

Table 4. Mechanical properties of the welded joint

Sampling area σ0.2, MPa σt, MPa δ, % ψ, % KC, MJ/mm2 Fracture site

Base metal 841 933.0 25.9 42.7 1.45 –
Weld 540 860.0 28.0 41.2 1.58 Weld

Table 5. Content of gas admixtures in the metal of the weld of Kh21G17AN2 steel welded joint

Gas admixtures Base metal
Weld metal

1 2 3 4 5

[О] 0.042 0.033 0.028 0.032 0.036 0.034
[N] 0.74 0.74 0.73 0.74 0.73 0.74

Note. 1–5 are samples taken every 25 mm along the weld length.

Figure 7. Microstructure (×100) of base (wrought) metal (a) and weld (b)
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of the reaction of nitrogen desorption from the weld 
metal or porosity formation.

Metallographic studies of the weld and base 
metal (Figure 7) showed that their microstructure 
is completely austenitic. No pores, cracks or other 
defects were detected in the joint. Considering the 
above data, one can state weldability of high-nitro-
gen Kh21G17AN2 steel is satisfactory.

Conclusions
1. Conducted investigations showed that the PASM tech-
nology allows actively conducting alloying by nitrogen 
from the gas phase of Kh21G17AN2 steel sparsely-al-
loyed by nickel, producing castings with a super-equilib-
rium nitrogen content and austenitic structure.

2. It is found that in order to produce castings 
without defects in the form of pores, it is necessary 
to conduct pouring of Kh21G17AN2 steel at total gas 
pressure in the plasma furnace, exceeding the limit 
pressure of gases, determined using a nomogram.

3. Experiments on weldability of Kh21G17AN2 
steel show that the proposed modes of argon-arc 
welding ensure satisfactory mechanical characteris-
tics of the welded joint, without porosity or cracks in 
the HAZ or weld metal.
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Effectiveness of unloading npp pipeline 
section with a pipe wall thinning defect 
by mounting a band or a welded coupling
G.V. Vorona, O.V. Makhnenko, O.S. Milenin

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

ABSTRACT
Formation of erosion-corrosion wear defects in NPP pipelines is one of the urgent problems of nuclear power engineering. 
During pipeline repair, a defective section is cut out and a new pipe spool is mounted using welding, which is a rather la-
bour-consuming process, and requires draining of the transported liquid. To prolong the service life, a defective pipeline 
section can be reinforced by mounting a repair structure, for instance a band or a welded coupling. In order to substantiate the 
rationality of application of reinforcing structures in pipeline repair, the finite element analysis of the stress-strain state of a 
rectilinear pipeline section with an erosion-corrosion wear defect under the impact of internal pressure, as well as evaluation 
of the effectiveness of unloading a defective section in the case of application of a reinforcing structure of the type of a band 
or a welded coupling in repair were performed. The analysis results have shown a high effectiveness of applying such struc-
tures. The obtained results can be used in substantiation of introduction of alternative technologies for repair of pipelines in the 
Ukrainian NPP, predominantly technological ones, particularly in those cases when repair by traditional methods is not possible 
or rational for technical or economic reasons.

KEYWORDS: NPP, pipeline, erosion-corrosion wear, wall thinning defect, reinforcing structure, band, coupling, stress-strain 
state, ductile fracture, finite element method

INTRODUCTION
Formation of erosion-corrosion wear (ECW) defects in 
pipelines of nuclear power plants (NPP) is one of the 
urgent problems in nuclear power engineering [1, 2]. 
Erosion-corrosion wear is a combination of two process-
es - mechanical wear of the pipeline wall metal due to 
the action of erosion and chemical fracture due to the 
action of corrosion [3‒5]. As a result of the combination 
of these two phenomena, the resistance of a pipeline to 
loads decreases and the tendency to the occurrence of 
critical defects and material fracture grows [1, 6, 7].

In practice, in case of ECW detection, a defective 
section of an NPP pipeline is cut out and a new pipe 
spool is mounted using welding. Such repair takes 

place during shutdown of a power unit and when it is 
possible to drain the transported liquid. Also, an alter-
native technology is available, namely, to prolong the 
service life, a defective pipeline section can be rein-
forced by mounting a repair structure, for instance a 
band or a welded coupling [8–10, 15]. Pipeline band-
ing is reinforcing with metal rings, a band, a wire or 
nonmetallic materials along the perimeter of its wall. 
Possible options as to the method of mounting a band 
in the form of metal rings on a defective pipeline sec-
tion are shown in Figure 1. Mounting a welded cou-
pling (Figure 2) is used to reinforce a defective section 
and eliminate leakage by sealing a reinforcing struc-
ture with welds. Repair with mounting a coupling or 

Figure 1. Types of bands according to the method of mounting: a — welded; b — on bolted joints
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a band may be rational, as it is less labour-consum-
ing than replacing the entire section, does not require 
draining the liquid from the pipeline and can be per-
formed even when a power unit is operating.

A band differs from a coupling in the fact that it 
is mounted on the pipeline without welding-on to the 
supporting pipe. It provides reinforcement of a defec-
tive section and, if necessary, can be easily dismantled 
for a major pipeline repair. A band can also be used 
multiple times. The use of a band is rational only for 
those defects that will not lose their tightness over a 
long period of operation or as a temporary measure 
before the next planned repair [9].

THE AIM OF THE WORK
is to substantiate the use of alternative repair technol-
ogies for pipelines with ECW defects for the needs of 
nuclear power engineering, to develop mathematical 
models and to conduct a finite element analysis of the 
stress-strain state (SSS) of a rectilinear pipeline sec-
tion with an ECW defect under the action of internal 
pressure, as well as to evaluate the effectiveness of 
unloading a defective section in the case of using a 
reinforcing structure of the type of a band or a welded 
coupling in the repair.

When assessing the admissibility of a pipeline 
section with an ECW defect for further operation, the 
limiting condition of the pipeline is evaluated from 
the point of view of ductile fracture, for example, 
based on the results of predicting the intensity of plas-
tic deformations in the defect zone. The influence of 
the geometric parameters of a reinforcing structure 
(thickness, length, and initial gap between the outer 
surface of the pipeline and the inner surface of a re-
inforcing structure) on the operability of a rectilinear 
pipeline section with an ECW defect was investigated 
using the finite element method.

PROBLEM STATEMENT
As an example, a rectilinear pipeline section was con-
sidered, which has standard dimensions and loading 
parameters for NPP technological pipelines (mate-
rial — steel 20): outer diameter D = 630 mm, wall 
thickness s = 25 mm, design pressure Р = 11.8 MPa, 
temperature T= 300 °C.

The critical, i.e., unacceptable geometric parame-
ters of a pipeline wall thinning defect (Figure 3) were 
determined in accordance with the MT-T.0.03.224-
18 procedure [11, 18], which regulates the procedure 
for calculating the allowable thickness of elements of 
NPP pipelines of carbon steel, which are subjected to 
erosive and corrosive wear and which was put into 
operation by the SE NNEGC “Energoatom” in 2019. 
An express assessment of the acceptability of a pipe-
line section with different geometric parameters of an 
ECW defect for further operation was carried out and 
based on its results, the dimensions of a critical wall 
thinning defect were determined, namely, an idealized 
ECW defect of a semi-elliptical shape with a length 
2L = 4s = 100 mm, width 2h = 2s = 50 mm, with a 
depth a = 20 mm (Figure 3).

The dimensions of a reinforcing structure of the 
type of a band and a coupling were chosen as follows 
(Figure 4): inner diameter D = 630 mm, half-length 
Lb = 630 mm, thickness sb = s = 25 mm. The geometric 

Figure 2. Reinforcing a defective pipeline section with a welded 
coupling

Figure 3. Geometric model of 1/4 of a rectilinear defective pipeline section (a) and internal semi-elliplyptical wall thinning defect (b)
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models of a band and a welded coupling differ only 
in the presence of circumferential welds for joining a 
coupling to the pipeline.

DEVELOPMENT 
OF FINITE ELEMENT MODEL
According to the specified parameters, a geometric 
and finite element model of a rectilinear pipeline sec-
tion with a thinning defect was built (Figure 3). Tak-
ing into account the presence of two planes, the model 
includes 1/4 of this pipeline section with a defect. The 
following mechanical properties of the material were 
used: Young’s modulus E = 2.1∙105 MPa, Poisson’s 
ratio μ = 0.3, yield strength for steel 20 at a tempera-
ture of Т = 300 °C, σy = 177 MPa [12]. Similarly, finite 
element models with the use of reinforcing structures 
of the type of a band and a welded coupling were cre-
ated (Figures 4, 5).

The problem of SSS of a pipeline section is consid-
ered in an elastic-plastic formulation, since under the 
action of internal pressure in the zone of a wall thin-
ning defect, the formation and propagation of plastic 
deformations is probable. Deformation strengthening 
of the material in the developed model of elastic-plas-
tic deformation is not taken into account, which 
makes the model more conservative in terms of de-
termining plastic deformations. The design pressure 
P = 11.8 MPa is applied to the inner surface of the 
pipeline and the defect zone. The boundary conditions 

in the form of axial tensile stresses σzz are added to the 
end surface of the model having the value [14]:

	
2 72.6 Mpa.

2
σ = →σ =zz zz

DP

s
	 (1)

The minimum size of a finite element (hexagonal 
volumetric element) is 3 mm (Figure 5). The model of 
a pipeline section with a wall thinning defect consists 
of 149556 elements, and the model with the use of 
a repair structure consists of 213316 elements. The 
minimum size of a grid element was chosen on the 
condition that the value of the maximum equivalent 
plastic strain changes by less than 5 % when the grid 
size is reduced twice.

The limiting condition of typical structures is usu-
ally determined by complex physical and mechanical 
phenomena, such as irreversible plastic deformation, 
triaxiality of stresses, subcritical fracture, interaction 
of subcritical defects, nucleation and propagation of 
macrofractures. Since pipelines with detected ECW 
are not characterized by sharp geometric stress con-
centrators, fracturing is predetermined by a ductile 
mechanism. A deformation criterion can be used for 
numerical prediction of the critical state by the mech-
anism of ductile fracture in the pipeline material un-
der the internal pressure with the erosion-corrosion 
loss of metal [13]:

Figure 4. Geometric models of a rectilinear pipeline section, reinforced by a band (a) or a welded coupling (b)

Figure 5. Finite element model of a rectilinear pipeline section with a wall thinning defect and a reinforcing structure: a — model 
scheme; b — finite element grid in the defect zone
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idε  is an increment in the intensity of plastic 

deformations,
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i ij ijd d dε = ε ε , p

ijdε  are 

the tensor components of the increment of intensity 
of plastic deformations; εс is a critical value of plas-
tic deformation, which depends on the triaxiality of 
stresses, temperature, material heterogeneity, etc.

RESULTS 
OF FINITE ELEMENT ANALYSIS OF SSS
The results of SSS numerical analysis of the giv-
en pipeline section without a reinforcing structure 
showed that under the action of internal pressure 
P  =  11.8 MPa in the zone of a thinning defect, the 
maximum circumferential stresses of up to 227 MPa 
(Figure 6) occur, which exceed the yield strength of 

the material (177 MPa) at the specified temperature 
T = 300 °С, and also, of course, exceed the rated al-
lowable stress of static strength, which is determined 
according to PNAE G 7-002‒86 [12] under the fol-
lowing conditions:

	 [ ] { }t ymin / 2.6; /1.5 .σ = σ σ 	 (3)

The yield strength and tensile strength for steel 20 
at a temperature Т = 300 °С are σy = 177 MPa and 
σt = 363 MPa, respectively. According to (3), the al-
lowable stress is equal to [σ] = 118 MPa.

But such an approach, based on a comparison of 
effective stresses in the pipeline wall due to internal 
pressure with the allowable static strength stresses for 
the pipeline material, is used in practice to select rated 
dimensions during designing, whereas to assess the 
limiting condition determined by the propagation of 
ductile fracture of the pipeline metal with an ECW 
defect, it is too conservative. Therefore, the above-
mentioned (2) approach based on the analysis of the 
results of the increment of intensity of plastic defor-
mations in the defect zone is more rational.

According to the results of finite element model-
ing, the maximum intensity of plastic deformations in 
the ECW defect zone is 0.0112 (1.12 %) (Figure 7, 
a), which exceeds the “conditional” boundary de-
formation εс = 0.01 (1 %) [13]. This means that the 
conditions for the nucleation of ductile fracture of the 
material are realized. In order to prevent further de-
formations and fracture of the pipeline, a repair of a 
reinforcing structure of the type of a welded coupling 
band can be mounted. At the same time, the maximum 
stresses (227 MPa) still exceed the allowable stresses 
of static strength, but due to mounting a reinforcing 
structure, the maximum intensity of plastic deforma-
tion does not exceed the boundary deformation of 1 % 
(Figure 7, b).

DETERMINATION 
OF THE MINIMUM WALL THICKNESS 
OF DEFECTIVE PIPELINE SECTIONS
In order to verify the correctness of using a deforma-
tion approach (2) for assessment of the limiting con-

Figure 6. Distribution of circumferential stresses σββ in the pipeline wall thinning defect zone without a reinforcing structure

Figure 7. Distribution of the increment of intensity of plastic de-
formations p

idε  of a pipeline section with a defect: a — without 
a reinforcing structure p

idε  = 1.12 %; b — with a reinforcing 
structure p

idε  = 0.12 % (by an order of value lower)
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dition according to the criterion of ductile fracture of 
a pipeline with an ECW defect, based on the analysis 
of the increment of intensity of plastic deformations 
in the defect zone, a comparison of the values of the 
minimum wall thickness of defective sections was 
made for different pipelines, determined according to 
the MT-T.0.03.224-18 Procedure [11] and according 
to the approach (2) by the method of finite element 
modeling. The results presented in Table 1, showed 
that the minimum wall thicknesses according to the 
Procedure in most variants are approximately equal to 
the results of the calculation based on the used defor-
mation approach. Only in a one variant of the pipeline 
of 720×24 mm, the minimum wall thickness accord-
ing to the Procedure is by 30 % lower than that calcu-
lated according to the criterion (2). I.e., the results of 
using the approach (2) of evaluating the critical state 
of ductile fracture of a pipeline with an ECW defect 
are consistent with the MT-T.0.03.224-18 Procedure 
[11, 18]. However, the wider capabilities of finite ele-
ment modeling in terms of the accuracy of describing 
the physical and mechanical processes that determine 
the reliability of welded structures make it more ra-
tional for use, in particular when planning repair and 
restoration works.

EFFECT OF THE INITIAL GAP
The initial gap between the pipeline and repair struc-
ture significantly affects unloading of a defective pipe-
line section [15]. Too large value of the gap can lead 
to the fact that unloading a repair structure will not 
occur, and its mounting will not be effective. There-
fore, in practice, the specialized equipment is used in 
order to clamp a reinforcing structure to the pipeline 
during mounting and provide a minimum gap. The re-
sults regarding the dependence of the increment value 
of intensity of plastic deformations on the gap value 
are shown in Figure 8.

The results of numerical prediction of the degree 
of unloading of the pipeline defect zone when mount-
ing a band and a welded coupling showed that these 

repair structures operate to unload the wall thinning 
defect zone almost equally. The difference in the axial 
movements of a band and a coupling relative to the 
pipeline was not determined. But a welded coupling, 
due to the presence of a welded joint, additionally 
ensures tightness in case of defect propagation to a 
through defect. When the initial gap between the pipe-
line and a repair structure increases, the value of the 
maximum plastic deformations grows. With a value 
gap of 0.2 mm or more, a repair structure continues to 
operate to unload the given section, because under the 
action of internal pressure (11.8 MPa) in the pipeline 
(D = 630 mm, s = 25 mm), radial deformations arise, 
which amount to 0.22 mm, and the pipeline only se-
lects the initial gap, and a band or a coupling do not 
reinforce a defective section. Therefore, such tech-
nological parameters as initial gap, drop of internal 
pressure before mounting a reinforcing structure and 
rising after its mounting are important.

EFFECT OF THICKNESS AND LENGTH 
OF A REINFORCING STRUCTURE
The effect of such geometric parameters as thick-
ness and length of a repair structure on unloading a 
fractured pipeline section was considered. It is also 
worth noting that to facilitate the analysis, these mod-
els were built without taking into account the gap be-
tween a repair structure and a pipeline, that is, a repair 

Table 1. Comparison of minimum wall thicknesses in defective pipeline sections according to MT-T.0.0.03l24-18 Procedure and by 
the approach (2)

Pipeline parameters МТ-Т.0.03.224-18 Approach (2)

D, mm s, mm L/h, mm T, °С P, MPa smin, mm p
idε , % smin, mm p

idε , %

89 2.8 5.6/2.8 295 7.85 0.5 0.43 0.3 1.00

325 16 32/16 150 9.8 4.5 0.07 4.05 1.01

630 25 50/25 300 11.78 5 1.12 5.5 1.00

720 24 48/24 150 10.8 3 1.94 4.6 0.95

Note. smin is the minimum acceptable thickness in the defect zone; p
idε  is the intensity of plastic deformations.

Figure 8. Dependences of maximum values of the increment of 
intensity of plastic deformations p

idε  on the initial gap between 
the pipeline and a reinforcing structure: 1 — coupling; 2 — band
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structure starts operating for unloading immediately. 
The results of the analysis of the effect of a change in 
the thickness at a constant length of a structure and a 
change in the length at a constant thickness, respec-
tively, were shown on the diagrams (Figure 9).

As is seen from Figure 9, a, when the thickness of 
a repair structure decreases, the maximum value of the 
equivalent plastic deformation grows. On the other hand, 
when the half-length of a repair structure is reduced, as 
shown in Figure 9, b, from 630 mm to ≈300 mm, the in-
tensity of plastic deformations almost does not increase, 
and when it decreases to 150 mm, their values are the 
lowest. From this it can be concluded that the use of a 
too long repair structure is not rational, and shortening 
its length to 300 mm will reduce the costs on repair of a 
fractured pipeline section.

EFFICIENCY OF UNLOADING DUE TO 
A REINFORCING STRUCTURE
To check the efficiency of the repair, the load on a 
defective pipeline section was calculated before the 
repair and after mounting a reinforcing structure. 
The ratio of unloading due to mounting a reinforcing 
structure is determined by the formula:

	

1 ,η = − ld

l

P
P 	 (4)

where Pld is the limit pressure in a defective pipe-
line section without a reinforcing structure; Pl is the 
pressure at which the ultimate plastic deformation 

εc  =  0.01 is reached in a defective pipeline section 
with a reinforcing structure.

The calculated unloading ratios of the considered 
typical variants of the pipelines were recorded in Ta-
ble 2. The determined values of the unloading ratios 
(0.43‒0.51) of defective sections when using a rein-
forcing structure of the type of band with a thickness 
equal to the wall thickness for the pipelines of differ-
ent sizes showed the high effectiveness of applying 
such structures.

PREDICTION OF LIFE 
OF A DEFECTIVE SECTION AFTER REPAIR
The residual service life of a defective pipeline sec-
tion with an ECW defect can be estimated [16]:

	

min

ecw

−
= r

r
s st

w
, if min ,>rs s 	 (5)

where sr is the residual wall thickness in the defect 
zone, mm; smin is the calculated minimum acceptable 
wall thickness, mm; wECW is the rate of ECW defect 
propagation, mm/year.

The period of safe operation of a defective pipeline 
section with an ECW defect after mounting a rein-
forcing structure can be predicted from the condition 
of propagation of a wall thinning defect into a through 
defect. If a band or a coupling of the same thickness 
as the pipeline is mounted, then in the case of defect 
propagation, the through wall thinning will ensure 
strength, and for a coupling — also the tightness of 
the section. Thus, if we make an assumption about the 

Figure 9. Dependence of maximum values of the increment of intensity of plastic deformations p
idε  in the zone of the pipeline ECW 

defect (D = 630 mm, s = 25 mm) on the geometric parameters of a reinforcing structure; a — thickness sb; b — half-length Lb

Table 2. Determination of unloading ratios η of pipeline sections when mounting a reinforcing structure

D, mm s, mm P, MPa T, °С L/h/a, mm smin, mm
Critical pressure P, MPa

η
Pld Pl

89 2.8 7.85 295 5.6/2.8/2.3 0.5 7.85 16 0.51

325 16 9.8 150 32/16/13.5 2.5 9.8 18 0.46

630 25 11.78 300 50/25/20 5 11.78 21 0.44

720 24 10.8 150 48/24/19.5 4.5 10.8 19 0.43

820 18 1.57 188 36/18/16 2.0 6 11 0.45
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constant propagation rate of an ECW defect, the term 
of safe operation tr of a defective pipeline section with 
a mounted band or a coupling is:

	
ecw

,= r
r

st
w 	 (6)

The propagation rate of an ECW defect wECW can 
be determined in a first approximation based on the 
data regarding the service life of a pipeline section 
before repair tE, year, and the difference between the 
initial s and the residual sr wall thickness in the ECW 
defect zone at the time of repair, mm:

	
ecw .r

E

s sw
t
−

= 	 (7)

For example, for the pipeline D = 630 mm, 
s = 25 mm, which already operates under the action 
of an internal pressure of 11.8 MPa for 30 years, at 
a planned testing, an ECW defect with the size of 
50×25 mm with a minimum thickness of 5 mm was 
revealed. Then, mounting a band of sb = 25 mm thick-
ness can extend the life of a defective section approx-
imately by:

( )
 = r E

r
r

s tt
s s
⋅

=
−

5∙30/(25–5) =
 
7.5 years.

In the case of mounting a welded coupling, the life 
of a defective section can be even longer, which can be 
compared with the service life of a section after repair 
according to the traditionional technology of inserting 
a new spool, but this requires additional substantation 
of strength of circumferential welded joints under the 
action of internal pressure in the cavity between the 
pipe and the coupling.

The larger the residual thickness of the pipeline 
wall in the ECW zone and the lower rate of the defect 
propagation, the more rational is mounting a repair 
reinforcing structure, since the life of its use before 
the next repair will be longer. Thus, according to the 
requirements of GBN [17], mounting a band on the 
main pipeline is performed in the case when the max-
imum depth of single defects or group corrosion frac-
tures does not exceed 50 % of the rated thickness of 
the pipeline wall.

Conclusions
According to the results of SSS analysis of a rectilin-
ear section pipeline with an ECW defect under the ac-
tion of internal pressure, it can be concluded that eval-
uation of the limiting condition of ductile fracture of 
the pipeline with an ECW defect on the basis of com-
paring the effective stresses in the pipeline wall from 
the internal pressure with acceptable stresses of static 

strength for the pipeline material is too conservative. 
It is more rational to use an approach based on the 
analysis of the formation of plastic deformations in 
the defect zone and the assumption that an increment 
of intensity of plastic deformations does not exceed 
a conditional boundary deformation, for example, 
εс = 1 %. The results of using this approach of assess-
ment of the limiting condition of ductile fracture of 
the pipeline with an ECW defect are well consistent 
with MT-T.0.0.0.03.224-18 procedure, introduced 
into operation by the SE NNEGC “Energoatom” in 
2019, which regulates the determination of acceptable 
thicknesses of NPP pipeline elements of carbon steels 
under the action of erosion-corrosion wear.

In order to substantiate the use of alternative re-
pair technologies of pipelines for the needs of nuclear 
power engineering, mathematical models and means 
of their finite element implementation were developed 
to determine SSS and the limiting condition of a de-
fective pipeline section when mounting a reinforcing 
structure of the type of a band or a welded coupling. 
The results of the finite element analysis have shown 
the following:

1. Unloading a defective pipeline section is signifi-
cantly influenced by the initial gap between the pipeline 
and repair structure, since the presence of a gap causes 
that a repair structure begins unloading of a defective 
pipeline section only when this gap is selected by the 
pipeline due to radial deformation under the action of 
internal pressure during operation. It is rational to use 
the specialized equipment to clamp a reinforcing struc-
ture to the pipeline during its mounting.

2. Repair structures of the type of a band and a 
welded coupling operate to unload the wall thinning 
defect zone equally. The advantage of a band is a low 
labour intensiveness of its mounting and the possibil-
ity of its repeated use, and the advantage of a weld 
coupling is the guaranteed tightness in the case of de-
fect propagation.

3. In most cases, it is rational to use reinforcing 
structures, whose thickness is equal to the thickness 
of the pipeline. When the thickness of a repair struc-
ture is reduced, the efficiency of unloading the wall 
thinning defect zone is significantly reduced.

4. The use of a long-length repair structure is not 
rational, since when the length changes to a certain 
value, the efficiency of unlodaing is not changed. For 
a local wall thinning defect, the optimal length of a re-
inforcing structure can be equal to half of the pipeline 
diameter. The use of a repair structure with an opti-
mal length will allow reducing the costs on the repair 
structure material and simplifying its mounting.

5. These results can be used mainly in the repair 
of NPP technological pipelines, especially in the cas-
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es, where repair by traditionional methods of cutting 
out a defective section and welding-in a new pipeline 
spool is not possible or rational for various reasons.

6.The calculated unloading ratio (0.43‒0.51) of a 
defective section when mounting a reinforcing struc-
ture of a band type with a thickness equal to the wall 
thickness, showed high efficiency of using such struc-
tures for NPP pipelines of different sizes.

7. The term of safe operation of a defective section 
of the pipeline with an ECW defect after mounting 
a reinforcing structure can be determined from the 
condition of the propagation of a wall thinning de-
fect. The larger the residual thickness of the pipeline 
wall in the ECW zone and the lower rate of the de-
fect propagation, the more appropriate is mounting a 
repair structure, since the terms of its use before the 
next repair will be longer.

Thus, repair technologies of mounting reinforcing 
structures of the type of a band or a welded coupling can 
effectively reinforce NPP pipelines sections with wall 
thinning defects, restore their bearing capacity and may 
be recommended for introduction in NPP of Ukraine, 
mainly when repairing technological pipelines.
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DEVELOPMENT OF OPTICAL-DIGITAL METHODS 
FOR NON-DESTRUCTIVE TESTING 
OF AEROSPACE THIN-WALLED SHELL STRUCTURES 
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ABSTRACT
A series of studies on diagnostics and non-destructive testing of the stress-strain state of thin-walled cylindrical shell structures 
of aerospace engineering by optical-digital methods, in particular, three-dimensional (3D) digital image correlation (DIC) and 
laser photogrammetry methods, are described. The effectiveness and continuous improvement of these methods over the past 
decades has been noted. The results of experimental studies of composite and metal shell structures using the methods of 3D 
DIC are considered. The advantages of 3D DIC methods for simultaneous measurements of surface displacement and defor-
mation fields using several digital image correlators located around the shell structure, over those 3D or 2D DIC methods that 
provide simultaneous registration of only a local area of the investigated surface using one correlator, were analyzed. The ef-
fectiveness of these methods for non-destructive testing of the dynamics of changes in the processes of the surface deformation 
and destruction under axial and radial loads, as well as for evaluating the knockdown factor of the thin-walled shell structure, 
is shown

KEYWORDS: shell structure, 3D digital image correlation, digital image correlator, composite cylindrical shell, metal cylin-
drical shell, knockdown factor, axial loads, radial loads

INTRODUCTION
Diagnostics and non-destructive testing of the stress-
strain state of cylindrical shell structures is an import-
ant link in the entire process of building flying vehicles 
of aerospace engineering. One of the main ideas of 
these studies consists in the evaluation of the knock-
down factor (KF) of a shell, which is determined as 
the ratio of critical load of a real cylinder, which leads 
to its buckling during longitudinal bending, to critical 
load of an ideal cylinder, as well as selecting optimal 
methods to increase KF.

Experimental studies of mechanical characteristics of 
thin-walled shells of space aircraft fuel tanks under the 
action of dynamic and static axial loads were carried out 
within the NASA space projects starting from the 50s 
of the 20th century. In particular, methodological NASA 
SP-8007 recommendations were worked out for the pre-
liminary design of thin and moderately thick cylindrical 
shells under the action of axial compressive loads [1]. 
In the recommendations, it was proposed to evaluate the 
stability of a real cylinder using KF.

The mentioned recommendations initiated a series 
of experiments with composite and metal cylindrical 
shells, during which optical-digital methods were 
used to evaluate the geometric parameters of shells 
under the action of axial and other types of loads on 
them. In particular, the authors [2] studied thin-walled 
polymer laminated cylindrical shells reinforced with 

carbon fiber under combined and torsional loads. 
Laminated composite cylinders of the Z-series with a 
height of 510 mm, a radius of 250 mm and a thickness 
of 1.25 mm (thickness of each layer was 0.125 mm, 
orientation of the fibers of each layer differed from the 
orientation of the fibers of the adjacent layers) were 
manufactured at the Institute of Composite Structures 
and Adaptive Systems (ICSAS) of the German Aero-
space Center [3, 4]. To evaluate the geometric param-
eters of nine composite cylinders (Z18, Z23, Z25, 
Z28‒Z33), photogrammetric measurements were 
performed before applying loads, and at the moment 
of applying axial loads, non-destructive testing of 
transverse deflections of cylindrical walls caused by 
longitudinal bending was carried out using the design 
method of moiré fringes [2]. The conducted experi-
ments showed that the eccentricity in the strength dis-
tribution of a shell has a great influence on the value 
of axial bending load, and this effect is weakened at 
combined loads.

At the beginning of the 21st century, the methodolog-
ical NASA SP-8007 recommendations no longer took 
into account the potential of new materials, in particular, 
their mechanical and physical characteristics. The ob-
tained differences between theoretical and experimental-
ly obtained KF were quite significant [5‒9]. As a result, 
numerous studies ended in a large range of KF, which 
was explained by many factors, in particular, imperfec-
tions of real shell structures (local defects, bends, pits, 
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damages to layers in the composite, etc.) [6, 9]. At the 
same time, the main attention was paid to axial loads, 
while radial (transverse) loads were practically not taken 
into account [10]. In addition, the existing methods and 
means were unable to control the entire process of chang-
ing the stress-strain state of the surface of shell structures 
from the beginning of applying loads to them until their 
complete destruction. The searches for new high-speed 
approaches to studies of displacement fields and surface 
deformations of shell structures throughout the whole 
field simultaneously led to the introduction into practice 
of experimental studies of hybrid optical-digital meth-
ods of registration, processing and analysis of large two- 
and three-dimensional information arrays, in particular, 
methods of digital image correlation (DIC).

APPLICATION OF DIC 
FOR NON-DESTRUCTIVE TESTING 
OF SHELL STRUCTURES
In recent years, researchers have paid special atten-
tion to improving the technical characteristics of shell 
structures, reducing their weight and cost, which ul-
timately leads to an increase in KF. One of the key 
factors in achieving high KF values was the use of 
optical-digital methods and systems of non-destruc-
tive testing of experimental and real shell structures of 
rocket and space engineering. Among them, the meth-
ods of three-dimensional (3D) DIC began to play a 
particularly important role, since with their help it is 
possible to restore a complete pattern of surface dis-
placements and deformations simultaneously over the 
whole shell during its loading. At the same time, the 
experiments performed by such methods were com-
bined with computer simulation, in particular with fi-
nite element methods (FEM), which take into account 
various imperfections of shells. The results of such 
complex studies made it possible to calculate KF for 
different types of shell structures.

The effectiveness of using DIC during loads of 
shell structures is predetermined, first of all, by the 
possibility of registering large areas of the surface of 
the research object in real time and the ability to ensure 
high accuracy of forming the fields of normal and tan-
gential surface displacements and deformations. Due 
to the use of high-performance algorithms for surface 
image processing, it is possible to achieve such an er-
ror in calculating the restored field of displacements, 
which is comparable to 0.01 pixels in a matrix video 
sensor of a digital camera [11]. DIC is based on the 
correlation comparison of intensity distributions of 
speckle patterns of optically rough surfaces, diffuse 
media, or images of smooth surfaces with randomly 
placed spots applied by dye spraying or obtained by 
other methods. In DIC, only the intensity of the light 

field is a carrier of information, and the loss of phase 
information is compensated by a wider range of mea-
suring surface displacements and deformations com-
pared to digital speckle interferometry, shearography 
and digital holography. The formation of fields of dis-
placements or deformations using DIC is performed 
by the correlation comparison of the (m, n)th fragment 
of an image of a deformed surface with the corre-
sponding (m, n)th fragment of an image of the same 
surface, which is in the preliminary or initial state. For 
this purpose, two images are recorded with a digital 
camera, after which they are split in the computer into 
M×N of square or rectangular fragments containing 
an odd or even number of pixels, for example 15×15; 
16×16; 31×31; 64×64 etc. Distinguished are two-di-
mensional (2D) DIC, in which the fields of in-plane 
(tangential) displacements and deformations are de-
termined, and 3D DIC, in which the three-dimen-
sional fields of displacements and deformations are 
determined, i.e. both in-plane and out-of-plane at the 
same time. Thousands of scientific papers have been 
devoted to 2D and 3D DIC methods and their use in 
various applied studies. For an in-depth study of these 
methods, it can be referred, for example, to [11‒18].

There are several approaches to the formation of 
3D fields of displacements and deformations of re-
search objects using DIC methods. Among them, the 
most common belongs to M. Sutton’s group [14, 19], 
according to which the same area of the surface is 
registered by two digital cameras from two points in 
space and, using the stereoscopic effect, all three or-
thogonal components of displacements are measured. 
They also developed the method of angular displace-
ments [19], where the optical axes of two cameras 
are intersected on the research object. The method is 
quite flexible and is implemented using a simple opti-
cal system. However, here a larger part of the research 
object is outside the depth of field of projection lens-
es, which leads to the distorted image of its surface 
due to defocusing of a part of this image. To get rid 
of such defocusing, the Scheimpflug condition [20] 
is used, which improves the image, although it does 
not completely eliminate geometric distortions. The 
works of M. Sutton’s group became the basis for the 
creation of optical-digital systems (ODS) of 2D and 
3D DIC, i.e., digital image correlators, including the 
corresponding software. Among them, the non-con-
tact 3D digital image correlation ARAMIS systems 
(produced by Trilion Quality Systems) [21] can be 
distinguished, which, in combination with VIC-3D 
software [22], make it possible to restore the fields of 
dynamic displacements and surface deformations of 
various objects during their loading.
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DIC methods also make it possible to measure 
deformations of the 360° surface area of cylindrical 
shell structures that have a relatively large curvature. 
There are two main approaches to remote monitoring 
of such structures:

1. simultaneous measurements of fields of dis-
placements and surface deformations using several 
3D digital image correlators located around the shell 
or in the area where destruction of a shell is most 
probable;

2. measurements of surface fields of displace-
ments and deformations using only one 3D or 2D dig-
ital image correlator, which registers either a series 
of speckle patterns of a cylindrical surface during its 
rotation, or a part of the surface that it covers.

The first approach was used in most of the works 
devoted to this topic, as it provides a synchronous reg-
istration of surface displacements and deformations 
over the 360° area of a shell and is fast. Moreover, the 
frame rate can be changed in a wide range depending 
on the experimental conditions. The second approach 
requires much less material costs, however, it is less 
effective, as it provides a simultaneous covering only 
of a part of the entire surface of the shell structure 
[23‒27]. Sometimes it is applied in combination with 
the first approach and using several digital correlators 
for a more accurate analysis of a selected surface area 
containing local imperfections and defects [5, 6].

NON-DESTRUCTIVE TESTING 
OF COMPOSITE SHELL STRUCTURES 
OF AEROSPACE ENGINEERING
Most likely, 3D DIC was for the first time used to 
study loads on shell structures for rocket and space 
applications in [5], and the obtained results were sup-
plemented in [6]. The main goal was to establish a 
more realistic lower bound descending exponential 
dependence of KDF on the ratio of the radius R of a 
cylindrical shell to its thickness t, i.e., on R/t, which 
would exceed the same traditional dependences [25, 
28, 29] or dependences of KDF on the Batdorf param-
eter [7‒9]. Six polymer laminated cylindrical shells 
Z07‒Z12 reinforced with carbon fibers, with a heigth 
of 510 mm and a radius of 250 mm, manufactured at 
the ICSAS, were used for the experiments [30]. The 
cylinders contained four layers of 0.125 mm thickness 
with different fiber orientations; the total thickness of 
the cylinders was 0.5 mm. To assess the quality of the 
produced internal and external surfaces of the cylin-
ders before applying loads, including to detect tech-
nological local damages, imperfections and defects, 
non-destructive testing was carried out by ultrason-
ic pulse-echo and photogrammetric methods. At the 
same time, delaminations were detected by the pulse-

echo method, and surface inhomogeneities — by 
photogrammetry with the use of the ATOS measuring 
system [31]. Axial compressive loads were applied to 
cylindrical specimens using a hydraulic machine de-
signed for axial compression of specimens [32]. Mea-
surements of 3D fields of deformations during static 
and dynamic loads of shells were carried out using 
four 3D digital correlation ARAMIS systems [21]. 
Each system contains two high-speed digital cameras 
with the sizes of 1280×1024 pixels and the maximum 
frame rate of 920 Hz, which register approximately 
100° of the shell surface segment, and four systems 
cover all 360° of the surface (Figure 1). Deforma-
tions of shells were determined by the displacements 
of their surfaces relative to the initial state before ap-
plying loads. To achieve rapid registration of local 
dynamic fields of surface displacements during its 
deformation, all four ARAMIS systems were placed 
in the selected area of the Z07 cylinder, where its de-
struction is most probable, covering a height of 450 
mm and a field of view angle of ~40° (Figure 2), and 
recorded this area at a rate of 3680 Hz. It is shown 
that surface deformations at a dynamic load start from 
the location of the point bend in the center of the area, 
are accompanied by variable patterns of displacement 
field during longitudinal bend and end in a stable pat-
tern of displacement field after buckling of a cylinder 
area. Here, also the procedure of non-destructive test-
ing of the surface and internal layers of cylinders were 
considered before applying loads in order to detect 
technological local damages, imperfections and de-
fects. Testing was carried out by a pulse-echo method 
as well as by a photogrammetric method using ODS 
ATOS [31].

Two sequences of displacement distributions 
for the same cylinder in unloaded and loaded states 
were obtained by authors of [30] using four ARA-
MIS systems over the whole shell area. The similar 
studies with the specimens of four-layer composite 
cylindrical shells Z15U500, Z17U500, Z18U500, 
Z20U500 and Z22U500 (height of 500 mm, radius of 
250 mm, thickness of 0.5 mm, orientation of layers 
[+24°/‒24°/+41°/‒41°] were described in [33].

A work [10] has become a logical continuation of 
non-destructive tests of cylindrical shells produced 
at the ICSAS using ODS. Two test cylindrical spec-
imens Z36 and Z37 of laminated carbon plastic com-
posite, reinforced with carbon fiber (sequence of lay-
ing layers is [34/–34/0/0/53/–53]), of 800 mm height, 
400 mm radius and 0.75 mm thickness were investi-
gated, by applying axial compression and transverse 
(radial) loads on them. The axial compression was 
performed with the help of specially manufactured 
test equipment, and transverse loads — with the help 
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of a device containing magnets, operating in the radial 
direction. First, a constant transverse load, and then a 
monotonous growing compression load were applied. 
Transverse loads of 0‒20 N were applied in three ra-
dial directions at angles of 30°, 150° and 210° for the 
specimen Z36 and at an angle of 30° for the specimen 
Z37. With the help of a scanning photogrammetric 
ATOS system, the initial geometric imperfections in 
the test cylinders were allocated, including surface 
and internal defects and damages, using the best-fit 
procedure (optimal approximation) to eliminate the 

displacement of a solid body from the results of mea-
surements [34]. The fields of spatial deformations of 
the cylinder surface were determined by means of 
strain gauges. In addition to strain gauges, the 3D cor-
relation ARAMIS Adjustable 12М system was also 
used [35] to study the spatial deformations of the sur-
face. For this purpose, a spotty structure was depos-
ited to the surface of the cylinder to simulate speck-
le pattern at the input of two digital cameras of the 
system. The obtained fields of displacements made 
it possible to detect surface depressions, convexes, 

Figure 1. Simultaneous registration of 3D deformation fields of the entire outer surface of the cylinder during its static and dynamic 
loads with the use of four ЗD DIC АRАМІS sytems

                      
Figure 2. Simultaneous high-speed registration of the local field of surface displacements (angle of view is ~40°) during static and 
dynamic loads of the cylinder with the help of four 3D DIC ARAMIS systems: 1 — first system; 2 — second system; 3 — third system; 
4 — fourth system



45

Development of optical-digital methods for non-destructive testing of aerospace                                                                                                                                                                                                    

                                                                                                                                                                               

pits and other deviations from the ideal cylindrical-
ity during compression of test cylinders both before 
and after the appearance of a longitudinal bending 
of the specimens. In parallel with the experiments, 
FEM based on Abaqus Standard 6.14 (Implicit) soft-
ware was used. By means of FEM, the dependencies 
between the axial load of longitudinal bend and the 
transverse disturbing load for the ideal model of a 
cylinder and the model of a cylinder with internal im-
perfections, including places with deviations of layer 
thickness and with changes in the volumetric fraction 
of carbon fibers were determined. It is shown that the 
results of calculating the spatial distribution of dis-
placements of the surface of the cylinder model with 
the introduced imperfections are quite well correlated 
with the results of experiments with Z36 specimen 
performed using the ATOS scanner and the ultrasonic 
broadband scanner.

Due to the need in reducing the weight of structur-
al elements of the aircraft engineering, the problem of 
manufacturing adapters of useful load and intermedi-
ate stages of a launch vehicle from composite mate-
rials is quite relevant. To solve the problem, in [36] it 
is proposed to use the methodology of FEM to predict 
the behavior of a shell structure during its longitudinal 
bend and compare the results of simulation with ex-
perimental data, obtained with the 3D digital correla-
tion systems and strain gauges located on the cylinder 
surface. To simulate the real sizes of cylindrical shells 
of aerospace engineering, a new analytical scaling 
methodology was proposed. The methodology was 
used to design a composite cylinder of a reduced size, 
which has the same characteristics during buckling as 
a full-size multilayered composite cylinder. Such de-
signing included, first and foremost, comparison of the 
dimensionless parameters of a scaled structure with a 
full-scale one [37]. Based on the results of designing, 
an experimental cylinder NDL-1 was produced of 
layers of a carbon fiber, joined by an epoxy materi-
al of 800 mm diameter, 1200 mm height and with a 
sequence of laying the composite layers [23/0/‒23]. 
The NDL-1 design was a reduced version of a multi-
layered composite cylinder CTA8.1 with a diameter 
of 2.4 m, which was designed and tested as a part of 
the NАSА SBKF project (Shell Buckling Knockdown 
Factor) [38]. Non-destructive testing of the experi-
mental cylinder NDL-1 was carried out by the meth-
ods and means of photogrammetry and 3D DIC. To 
evaluate the available imperfections and deviations 
from cylindricality before applying axial loads to the 
experimental specimen NDL-1, optical scanning of 
the internal and outer surfaces was performed by the 
photogrammetric method. During the experiments, at 
the NASA Research Center in Langley, Virginia, sur-

face displacements and deformations were measured 
by the system of strain gauges attached to the cylinder 
and 3D digital image correlators. In order to regis-
ter artificial speckle patterns by the 3D DIC method, 
black ovals and circles of 4.5‒6.0 mm were randomly 
applied to the light-coloured surface of the cylinder. 
Axial compressive loads of up to 3000 kN were per-
formed using a specially designed test load installa-
tion. At the initial stage of the experiment, four 3D 
DIC systems were used with a slow rate of register-
ing speckle patterns, which is equal to 1 frame/s. The 
cameras were placed at angles of 90° relative to each 
other. With an increase in the compressive axial load 
during the development of the longitudinal bending 
process and until buckling of the cylinder, four high-
speed 3D DIC systems were used, the rate of regis-
tering speckle patterns in which was 20,000 frames/s. 
The comparative analysis of deformations of the cyl-
inder surface during loads obtained on the one hand 
by 3D DIC systems, and on the other by means of 
FEM using ABAQUS 2017 product showed a satis-
factory convergence of the experimental and simula-
tion data. In particular, at the initial stage, axial loads 
calculated by FEM, differ from experimental ones by 
0.04 %, and the estimated stiffness ratio by 1 % from 
the measured experimental one. However, the differ-
ence between these data increased during the longitu-
dinal bending of the cylinder material. The behavior 
of the surface after buckling during the experiment 
was similar to its behavior. However, damages during 
longitudinal bending and after buckling that were reg-
istered experimentally, were not taken into account in 
FEM, which led to differences between the simulation 
and experimental data. The obtained results showed 
the possibility of using the method of studying full-
scale cylindrical shell structures proposed by authors.

NON-DESTRUCTIVE TESTING 
OF METAL SHELL STRUCTURES 
OF AIRCRAFT ENGINEERING
In parallel with composite shell structures, metal ones 
made of aluminium alloys were also investigated. 
Starting from 2011, in NASA within the frames of de-
signing and creation of a super-heavy launch vehicle 
Space Launch System (SLS) for a manned spacecraft, 
the research program was fulfilled to improve the KF 
evaluation procedures for full-scale specimens of 
metal shell structures made of aluminium alloys [39]. 
In particular, Correlated Solutions, Inc. submitted in-
formation on its website regarding a successful test 
of a full-scale cylindrical experimental specimen with 
a diameter of 27.5 feet (8.38 m) and 242 in (6.15 m) 
made of Al‒Li 2195 alloy, in March 2011 at the 
NASA Marshall Space Flight Center [40]. The spec-
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imen simulated the SLS fuel tank and was an analo-
gous to the external fuel tank of a spacecraft Space 
Shuttle. Generating of displacement and deformation 
fields of the entire surface while applying axial, radial 
and other types of loads, was carried out with the help 
of 3D digital image correlators together with the VIC-
3D software, developed and produced at the Correlat-
ed Solutions, Inc. On the outer white surface of the 
specimen, randomly distributed black ovals and cir-
cles of preset sizes that simulated a speckle structure 
were applied. In the experiment, seven 3D digital im-
age correlators were used that covered the entire sur-
face from 0 to 360° and tested it almost continuously. 
The specimen was gradually loaded up to more than 
800,000 lbs, and the 3D DIC digital cameras regis-
tered the displacement fields at a rate of 3000 frames/s 
until the cylinder was completely destroyed.

More comprehensive information on the results 
of further studies with the full-scale cylindrical spec-
imens and with the specimens of a smaller scale at 
the NASA Marshall Space Flight Center is reflected 
in [41, 42]. Data on the creation of two metal full-
scale 27.5-foot test cylindrical shells and a deep study 
of their behavior during application of axial compres-
sive loads, combined loads and internal pressure of 
the order of 1 psi (6895 Pa) is given in [41]. Here, 
the authors report about the designing and creation of 
eight small-scale cylinders with a diameter of 8 feet 
(2.44 m) and 6.5 feet (1.98 m) height, as well as two 
full-scale ETTA1 and ETTA2 cylinders. All of them 
were made of Al‒Li 2195 alloy. ETTA1 and ETTA2 
cylinders consisted of eight panels, welded between 

each other along the axial direction by the method of 
friction with stirring. The panels contained reinforced 
stiffened areas, weld zones and transitional areas be-
tween the weld zones and reinforced areas. ETTA1 
was designed to evaluate the process of buckling un-
der the action of axial uniform compression and there-
fore the panels in it had a low reinforcement. ETTA2 
was designed to evaluate the same process for com-
bined compression and bending loading. Therefore, it 
contained both panels presented in ETTA1 and much 
rigid panels.

During the tests of full-scale cylinders, sensors of 
linear displacements, strain gauges, pressure sensors, 
photo/video systems and 3D DIC systems were used. 
842 strain gauges were attached to ETTA1 and 1168 
strain gauges were attached to ETTA2. Three-di-
mensional displacement and deformation fields of 
the outer surface were measured using six 3D DIC 
high-speed systems located round a circle around the 
cylinders (Figure 3). The systems monitored the tran-
sitional processes of a longitudinal bend of the sur-
face and buckling of cylinders during their loads. For 
spatial referencing of these systems on the cylinders 
surface, markers in the form of a letter L were applied 
on the cylinder surface, which was formed with the 
help of a set of randomly distributed black squares 
that had approximately the same sizes as black circles 
and ovals on the white surface of the specimens. 3D 
DIC systems also measured local displacements and 
deformations between the markers pairs. The results 
of measurements with the help of these systems made 
it possible to evaluate the effect of local bending of 
elements of the outer lining of the cylinder and welds 
on the process of buckling of ETTA1 and ETTA2 
cylinders. In particular, it is shown that the bend and 
groove of the lining adjacent to the axial welds in the 
specimens leads to the nonlinear reaction of loading 
on the axial deformation at lower levels of loading 
than it was supposed.

The work [42] shows the results of studies of 
two small-scale 8-ft test cylindrical shells TA07 and 
ITA02, made of Al–Li 2195 alloy. Each such cylin-
der contained three 120° arc segments welded with 
each other by friction with stirring. The configuration 
of stiffening elements was chosen on the basis of the 
NASA launch vehicle cylinder from the Ares 1 accel-
eration unit. For the multichannel testing, the data of 
displacements and deformations of the load surface, 
sensors of linear displacements and strain gauges 
were used. However, the main attention was paid to 
restoring three-dimensional displacement and defor-
mation fields of the surface, which was measured 
with four two-camera 3D DIC. This system contained 
eight cameras and eight light radiation sources locat-

Figure 3. Scheme of experimental equipment for testing a metal 
full-scale cylinder containing six 3D DIC systems, each of which 
contains two digital cameras (DC) and two sources for illumina-
tion of the registered surface area
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ed around the cylindrical shells. Digital cameras with 
the sizes of matrix video sensors of 2448×2048 pixels 
were located at angles of 45° relative to each other, 
which made it possible to cover the surface of the cyl-
inder around the entire circle. To simulate speckle pat-
terns, chaotically arranged black oval spots with the 
sizes of 0.45‒0.70 in (1.14‒1.78 cm) were applied to 
the white surface of the cylinders. The spot sizes were 
calculated taking into account the spatial resolution 
of the cameras. The frequency of image registration 
was 0.2 Hz. The obtained images were processed us-
ing the VIC-3D software developed in the Correlat-
ed Solutions, Inc. The largest errors of measured 
displacements of the cylinder surface were observed 
near their edges, and the smallest — along the central 
line round a circle of each cylinder, where the cor-
relation between the installed 3D DIC was maximum. 
The results of measurements of 3D displacements of 
the surface of two 8-foot cylinders made it possible to 
upgrade the process of simulating loads of cylinders 
using FEM and thereby improving the forecasting of 
the phenomena of their buckling.

The similar studies with metal shells of smaller 
sizes were performed at the NASA Langley Research 
Center (Hampton, Virginia) [43, 44]. In [43], 3D 
DIC were used to determine the fields of displace-
ments and deformations of surfaces of metal cylindri-
cal shell structures. Round cylinders of 31 in length 
(0.7874 m), 9 in radius (0.2286 m) and 0.04 in thick-
ness (0.102 cm) were manufactured of aluminium 
2024 alloy. The tests were performed under the axial 
compression load and lateral disturbing load, which 
were applied in the radial direction in the middle of 
the cylinder length. To capture a complete pattern of 
displacement field over the entire cylindrical shell 
area during loads, three 3D DIC were used. To eval-
uate the test digital models of cylinder surface with 
an initial unloaded state and during axial and radial 
transverse loads, analysis using FEM and software 
Abaqus Standard and Abaqus Explicit products was 
performed. Simulation results and experimental data 
obtained by the 3D DIC method, performed during 
axial and transverse loads, showed some consisten-
cy between the restored axial and radial displacement 
fields, although FEM calculations of predicted local 
and global critical buckling loads exceeded those 
measured experimentally.

At the NASA Langley Research Center, a series 
of experiments with the abovementioned test cylin-
der TA07 with a diameter of 8 feet (2.44 m) and 6.5 
feet (1.98 m) length made of Al‒Li 2195 alloy was 
also conducted [44]. A number of new results were 
obtained and, in particular, it is shown that the cylin-
der load expected by FEM was 14.4 % less than that 

measured by 3D DIC. Four 3D DIC provided both 
slow registration of displacement field of the entire 
outer surface of the cylinder from 0° to 360° with a 
frequency of 0.2 Hz, as well as its rapid registration 
with a frequency of 5 kHz.

In [24], a cylindrical shell with a diameter of 1 m, 
height of 0.6 m and thickness of 1.5 mm was made of 
aluminium 2A14 alloy for evaluation of KF. 36 strain 
gauges, a laser scanning HandySCAN 3D system for 
panoramic optical surface measurements, as well as 
3D DIC with the VIC-3D software were used to eval-
uate deformations of the surface under the action of 
axial loads. Using the HandySCAN 3D system, laser 
scanning of the cylinder surface before applying axial 
loads was performed to detect surface heterogeneities. 
3D correlator was used to detect the mode structure of 
the deformed cylinder only after buckling of the cylin-
der under the action of compressive axial load. At the 
same time, it was moved six times around the cylinder 
to measure the shape of the entire surface. In the next 
work of almost the same author’s team [25], four more 
cylinders of the same size and from the same alumini-
um 2Al4 alloy were manufactured for research. Here, 
the main attention was paid to the evaluation of defects 
and their heterogeneities, which were performed also 
by 3D DIC. At the same time, it is worth noting that 
the use of only one 3D DIC did not contribute to the 
reliable restoring of the displacement field throughout 
the cylinder surface field and it practically performed 
auxiliary functions during the experiment.

Conclusions
Versatile experimental studies conducted by a num-
ber of scientists in scientific laboratories and, in par-
ticular, at the NASA Langley Marshall Space Flight 
Center, as well as at the ICSAS of the German Aero-
space Center, have shown high efficiency of proce-
dures of construction and measuring surface fields of 
displacements and deformations and the detection of 
imperfections in the shell structures of aerospace en-
gineering by means of non-destructive remote opti-
cal-digital methods, in particular, ЗD DIC methods. 
The rationality of their use for both composite and 
metal shells has been shown. 3D DIC systems are 
ever more intensively used to obtain experimental 
data on the fields of deformations of shell cylindrical 
structures during axial compression and radial loads. 
Moreover, a tendency to increase a number of such 
systems during the synchronized registration of the 
cylinder surface is observed in order to increase an 
accuracy of restoring of all stages of applying such 
loads up to buckling and destruction of a shell. The 
use of photogrammetric systems of non-destructive 
testing of the cylindricity of shell structure surface in 
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an unloaded state in order to identify a variety of im-
perfections on the inner surface of cylindrical shells 
was also traditional. A prerequisite for the successful 
tests of experimental shell structures is a combination 
of FEM method with optical-digital non-destructive 
testing methods, in particular, with the 3D DIC meth-
od, and establishing a correspondence between the 
simulation results according to the experiment data.
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