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ELECTRODYNAMIC TREATMENT OF WELDED JOINTS 
OF ALUMINIUM AMg6 ALLOY IN THE PROCESS 
OF HEATING THE WELD METAL
L.M. Lobanov1, M.O. Pashchyn1, O.L. Mikhodui1, P.V. Goncharov1,
A.V. Zavdoveev1, P.R. Ustymenko2

1E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine 
2National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute» 
37 Peremohy Ave., 03056, Kyiv, Ukraine

ABSTRACT
The effect of thermal action in the process of electrodynamic treatment (EDT) of welded joints of AMg6 alloy on their stress-
strain states was investigated. Based on the Prandtl–Reuss ratio for the movement of elastic-plastic environment at elevated 
temperatures, a mathematical model of evaluation of stress state of metal materials as a result of their interaction with the 
electrode-indenter at EDT was developed. On the basis of the developed model, a calculated evaluation of the effect of ele-
vated temperatures on residual stresses of a preliminary strained plate of AMg6 alloy as a result of EDT was carried out. The
verification of the results of the calculation with the use of welded plates of AMg6 alloy of 2 mm thickness was carried out. 
Thermal action was carried out with the help of the accompanying EDT preheating of the weld metal. To evaluate the effect of 
the thermal potential of EDT on residual stresses, TIG welding of butt joint specimens was performed. EDT of specimens at 
the temperature TEDT = 20 and 100 °C was performed. Applying the method of electron speckle-interferometry, the values of 
the longitudinal component (along the longitudinal axis of the weld) of residual welding stresses in the central cross-section of 
the specimens before and after EDT were measured. The thermal impact on EDT was provided with the use of a heat gun, and 
the heating temperature was controlled by an infrared thermometer. It was revealed that heating of the weld in the process of 
its EDT along the longitudinal axis of a butt joint provides greater values of residual compressive stresses in the weld centre as 
compared to the treatment at T = 20 °C.

KEYWORDS: electrodynamic treatment, welded joints, accompanying heating, residual welding stresses, aluminium alloys

INTRODUCTION
The use of energy of pulsed electromagnetic fields 
(PEMF) for regulating residual stresses in the technol-
ogies for treatment of structural materials is relevant for 
the modern industry. One of such methods, characterized 
by energy efficiency and ease of reali]ation, is electrody-
namic treatment (EDT) of welded joints [1].

The modern trend in engineering practice is the study 
of measures aimed at improving the efficiency of EDT. 
One of them is the combination of the EDT process with 
preheating of the treatment ]one. Scientific principles 
of using thermal potential at EDT are based on the re-
sults of the work [2], where it is shown that heating of 
preliminary tensioned thin rods of low-carbon steel fa-
cilitates an increase in the efficiency of their treatment 
by PEMF to reduce the level of residual stresses. Con-
sidering that EDT efficiency is determined by an elec-
tric pulsed component of electrodynamic action [3], the 
thermal action can intensify mechanisms of relaxation 
of residual welding stresses. This should have a positive 
effect on regulation of stress-strain states of metals, al-
loys and welded joints during their EDT.

The aim of the work is to study the effect of preheat-
ing the weld metal in the process of EDT on residual 
stresses of welded joints of aluminium AMg6 alloy.

According to the results of studies with the use of 
EDT of preliminary loaded plane specimens of alumin-
ium AMg6 alloy applying longitudinal tension ıx, it 
was found that the maximum indices of treatment effi-
ciency were achieved at a value of ıx, which is close to 
the yield strength ı0.2 of the metal [4]. As an efficiency 
criterion, a discrete decrease in the tensile stresses ıx
of the specimen as a result of EDT was taken. Under 
the conditions, where the stresses ıx did not reach or 
exceeded the level ı0.2, a decrease in EDT efficiency 
as compared to the treatment of the specimen at ıx = 
= ı0.2 was determined. The presence of residual tensile 
stresses in the active zone of the welded joint of AMg6 
alloy, which is close to ı0.2, creates the preconditions 
for effective use of EDT to relax the latter [1]. Investi-
gations of stress states of welded joints of AMg6 alloy 
after EDT at different TEDT allowed evaluating thermal 
potential as an increase in treatment efficiency factor.

MODELING OF STRESS STATES 
IN THE PLATES OF AMg6 ALLOY FROM 
THE IMPACT ACTION OF THE ELECTRODE-
INDENTER AT EDT IN THE CONDITIONS 
OF THEIR HEATING
Taken into account the abovementioned, it should be 
noted that EDT with a compatible heating of the treat-
ment zone can be effective as compared to EDT with-
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out heating to reduce residual welding stresses. The 
search for the optimal EDT mode is associated with an 
experimental evaluation of a large number of process 
parameters. An alternative solution is the mathematical 
modeling of the EDT process, which allows evaluating 
the change in the stress-strain state of welded joints af-
ter the treatment in the conditions of elevated tempera-
tures that have not been conducted so far.

On the basis of the work [5], mathematical mod-
eling of the effect of temperature TEDT was carried 
out on the stress states of welded plates of alumini-
um AMg6 alloy as a result of the impact action of the 
electrode-indenter. The creation of dynamic pressure 
on the surfaces of EDT-treated plates was carried out 
according to the scheme (Figure 1). The EDT-treated 
specimen 4 in the form of a welded plate is located 
on the working table 5. After starting the contactor 
K of the discharge cycle of the capacitance C on the 
inductor 1, the latter generates a magnetic field of ap-
propriate power, under the action of which the disc 2
of nonferromagnetic material together with the elec-
trode-indenter 3 obtain different values of the initial 
speed V0 in the direction of the working table 5. The 
values V0 were found on the basis of previous studies. 
The impact interaction of the EDT electrode-indenter 
with the surface of the plates leads to the formation of 

different levels of residual stresses and strains in them 
depending on the value V0.

Creation of a mathematical model of the dynamic 
component of EDT in the conditions of elevated tem-
peratures was carried out using a simplified two-di-
mensional (2D) plane production. The design scheme 
of the problem of the process of impact interaction 
of the electrode-indenter with the plates [5, 6] is pre-
sented in Figure 2. The presence of the abovemen-
tioned geometric symmetry of the bodies being in im-
pact interaction allows considering only half of their 
cross-section with the simultaneous imposition of ap-
propriate boundary conditions on it. These conditions 
include the imposition of a ban on the movement of 
nodes of a finite element mesh (FEM) of the bodies, 
located on the axis of the symmetry, in the horizontal 
direction “X”. The presence of the plates of the work-
ing table 5 in the scheme of electrodynamic treatment 
(Figure 1) is advisable to be replaced with resting on 
an absolutely rigid base 3 (Figure 2), which in the 
mathematical definition will be eTuivalent to the im-
position of a ban on moving in the vertical direction 
“Y” of the FEM nodes, belonging to the lower surface 
of the plate contacting the working table.

For numerical modeling, a continuum model of the 
environment was used. This made it possible to record 
the laws of conservation of mass, Tuantity of movement 
and energy in the form of differential eTuations in partial 
derivatives [5]. In the mathematical definition, the be-
haviour of materials of the plate (aluminium AMg6 al-
loy) and electrode-indenter (copper M1) under the action 
of external pulse load was described using the ideal elas-
tic-plastic rheological model of the material, which in 
the library of materials of the program ANSYS/LS-DY-
NA is called “PLASTIC-KINEMATIC”. The effect of 
elevated (above the room) temperatures TEDT was set by 
the values of the modulus of elasticity E and the yield 
strength ı0.2 at TEDT = 20 and 100 °C.

Residual welding stresses were modeled by set-
ting the longitudinal (along the axis X in Figure 2) 
component of tensile stresses ıx, the values of which 
were taken eTual to ı0.2 of AMg6 alloy at appropri-
ate temperatures. The normal contact interaction of 
the hemispherical cylindrical electrode-indenter of 
15 mm diameter (diameter of the sphere is 30 mm) 
weighing 102.5 g of copper M1 alloy with a plate of 
AMg6 alloy of 250×250×2 mm was modelled. The
mechanical characteristics of the plate and indenter, 
being in a contact interaction, are given in Table 1. 
The electrode-indenter receives the value V0 = 5 m/s, 
which was determined on the basis of the previous 
studies [5]. The final calculated distribution of residu-
al stresses ıx component in the plates was determined 
along the impact line (direction V0 in Figure 2).

Figure 1. Scheme of EDT of plates: 1 — inductor; 2 — disc; 
3 — movable electrode-indenter; 4 — specimen being treated; 
5 — working table; q ² load fixing the specimen [5]

Figure 2. Design scheme of the process of dynamic loading of 
EDT-treated plates: 1 — electrode-indenter; 2 — specimen being 
treated; 3 — absolutely rigid base; A is the point on the outer sur-
face of the electrode-indenter; B is the point on the outer surface 
of the plate; C is the point on the back surface of the plate [5]



5

ELECTRODYNAMIC TREATMENT OF WELDED JOINTS OF ALUMINIUM AMG6 ALLOY

Figure 3 shows the results of modeling the resid-
ual distributions of a longitudinal (along the weld) 
component of stresses ıx along the impact line in the 
plates į = 2 mm. It can be seen that the compressive 
stresses ıx along the impact line on the contact and re-
verse surfaces of the plates reach 0.3 ıy of AMg6 alloy 
at T = 20 °C (α) and are close to ıy at T = 100 °C (b).

EQUIPMENT AND PROCEDURE
OF EXPERIMENTAL INVESTIGATIONS
In order to verify the results of mathematical model-
ing, EDT of the specimens of butt welded joints the 
size of 250×250×2 mm with a central weld was car-
ried out. Before welding, the specimens were rigidly 
fixed on the assembly table by clamping straps along 
the longitudinal welded edges at a distance of 20 mm 
from them according to the scheme in Figure 1. Weld-
ed joints were produced by automatic TIG welding at 
the values of voltage, current and speed of the process, 
respectively, Ua = 20.1 V, Ia = 115 A and vw = 5 mm/s. 
As an additive, the wire of grade ER5356 ESAB with 
a diameter of 1.6 mm, fed into the arc zone at a rate 
vwf = 33 mm/s was used.

After welding and complete cooling of the speci-
mens by the method of electron speckle-interferome-
try [7] before and after EDT, the values ıx of residual 
welding stresses in the weld centre, along the fusion 
line and at a distance of 10 mm from the weld centre 
were determined.

EDT of specimens in manual mode at the charge 
voltage and capacitance of the capacitor, respectively 
Uw = 500 V and C = 5140 μF, was carried out along 
the longitudinal axis of the weld (Figure 4).

At the first stage of the studies, the evaluation of 
the initial residual stress state of the welded plate 
No. 1 was performed, which was subseTuently sub-
jected to EDT at TEDT = 20 °C. At the second stage af-
ter evaluation of the initial residual stress state of the 
plate No. 2, it was subjected to EDT at TEDT = 100 °C.

The thermal effect on the specimens was per-
formed by the technological heat gun BOSCH 660 

LCD and the temperature TEDT was controlled by the 
infrared thermometer GT-810. The EDT scheme in 
the conditions of accompanying heating is shown in 
Figure 4, a, the process of EDT and the treatment 
zone of welded joints at TEDT = 100 °C are respective-
ly in Figure 4, b, c.

DISCUSSION OF THE EXPERIMENTAL 
RESULTS
The distribution of ıx in the central cross-section of 
the specimens of butt joints without EDT and after 
its application at TEDT = 20 and 100 °C is shown in 
Figure 5. It can be seen that EDT has a positive effect 
on the distribution of stresses ıx in the experimental 
specimens, changing them from tensile to compres-
sive stresses in the weld centre and along the fusion 
line. Therefore, the peak values of tensile stresses ıx in 
the initial state (before EDT) in the weld centre, along 
the fusion line and at a distance of 10 mm from the 
weld centre reached 60, 90 and 50 MPa (Figure 5, a).

After EDT at TEDT = 20 °C (Figure 5, b), the stress-
es ıx were transformed into compressive stresses, and 
their peak values in the weld centre, along the fusion 
line and at a distance of 10 mm from the weld centre 
reached –35, –25 and –5 MPa, respectively.

After EDT at TEDT = 100 °C (Figure 5, c), the com-
pressive stresses ıx in the weld centre and along the fu-
sion line did not exceed –80 and –1 MPa. At a distance 
of 10 mm from the weld centre, the tensile stresses ıx
reached 40 M3a, i.e., they did not change significantly 
as compared to the initial state, which can be seen when 
comparing columns 3, respectively in Figure 5, a, c.

Table 1. Mechanical characteristics of plate of AMg6 alloy and 
indenter of M1 alloy

Number Material Ɍ, °С
Density ρ, 

kg/m3

Modu-
lus of 

elasticity
E, GPa

Poisson’s 
ratio μ

Yield 
strength
ı0.2, MPa

1 ȺɆg6 20 2640 71 0,34 150
2 ȺɆg6 100 2640 65 0,34 130
3 Ɇ1 20 8940 128 0,35 300

Figure 3. Final calculated distribution of residual stresses ıx, M3a along the impact line in the plate from AMg6 alloy į = 2 mm after 
EDT at different values of TEDT: a — 20; b — 100 °C
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Based on the abovementioned, it can be noted that 
preheating of the weld metal in the process of EDT 
contributes to an increase in the gradient of ıx dis-
tribution in the cross-section of the specimen and a 
growth in values of the compressive stresses ıx in the 
weld centre (column 1 in Figure 5, a௅c).

Heating of the weld to the temperature TEDT = 
= 100 °C provides thermoelastic deformation İɬ of the 
elongation of AMg6 alloy in the weld zone, at which 
the metal reaches the yield strength ı0.2, the value of 

which is lower than ı0.2 at TEDT = 20 °C. A decrease 
in ı0.2 at TEDT = 100 °C, causes a decrease in resid-
ual stresses due to an increase in plastic tensile de-
formation of the weld metal, which is the result of 
electroplastic deformation of the latter according to 
the mechanism shown in [1, 3, 4]. Also an increase 
in ductility of AMg6 alloy occurs during heating, 
which is characterized by an increase in the value of 
relative elongation į respectively from 22 % at TEDT = 
= 20 °C to 34 % at TEDT = 100 °C [8]. This facilitates 
an increase in the density of electric contact of the pair 
“indenter-metal” at their interaction at T = 100 °C as 
compared to EDT at TEDT = 20 °C. This results in a 
more intensive (as compared to EDT at TEDT = 20 °C)
plastic deformation of the metal in the contact zone 
due to the electroplastic effect [9]. This contributes 
to the formation of local plastic tensile deformations, 
resulting in an increase in the compressive stresses in 
the treatment zone.

The higher gradient of ıx distribution under the 
heating conditions is confirmed by the comparison of 
Δı values at TEDT = 150 and 20 °C. The value of Δı 
was determined as the absolute difference of stress-
es between the values of ıx in the weld centre and 

Figure 4. 3rocedure of verification of the effect of accompanying heating on the efficiency of EDT of welded joints: a — scheme of 
investigations; b — EDT process of welded joints in the conditions of elevated temperature (1 — temperature sensor; 2 — electrode 
device for EDT; 3 — EDT power supply; 4 — industrial heat gun; 5 — welded joint specimen); c — location of the electrode device 2
relative to the treatment zone 1, where the arrow indicates the direction of treatment along the weld line

Figure 5. Distribution of ıx in the central cross-section of the 
specimens of butt joints: a — without using EDT; b — after EDT 
at TEDT = 20 °C; c — after EDT at TEDT = 100 °C (1 — weld centre; 
2 — fusion line; 3 — at a distance of 10 mm from the weld centre)
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along the fusion line of the specimens in the initial 
state (without EDT) and after the treatment at differ-
ent TEDT. The obtained values of Δı in different areas 
of the weld at a variation of TEDT are given in Table 2.

From the data in Table 2, it can be seen that EDT 
at TEDT = 100 °C is more effective (as compared to 
EDT at TEDT = 20 °C) to increase the level of com-
pressive stresses in the weld centre. But for the fu-
sion line, the opposite is true. Thus, EDT at elevated 
temperatures promotes an increase in the gradient of 
distribution of electrodynamic effect on the residual 
stress states of welded joints. Let us note that under 
cyclic loading, where the effect of residual stresses is 
more significant than under static one, the fracture of 
welded joints mostly takes place along the fusion line. 
Therefore, as the optimal scheme of EDT, the treat-
ment along the fusion line at TEDT = 150 °C should 
be considered, but this reTuires further investigations.

Taken into account the abovementioned, it should 
be noted that the thermal potential is one of the im-
portant factors in optimizing the stress states of weld-
ed joints of AMg6 alloy at EDT, but the optimization 
of the scheme and parameters of electrodynamic ac-
tions reTuires further investigations.

CONCLUSIONS
1. The rationality of using accompanying heating of a 
welded joint of AMg6 alloy during its electrodynamic 
treatment is substantiated. It is shown that thermal ac-
tion in general has a positive effect on the efficiency of 
EDT of welded joints as compared to their treatment 
at a room temperature.

2. An experimental procedure was developed, on the 
basis of which investigations were conducted to evaluate 
the effect of EDT-compatible preheating of the treatment 
zone on the stress state of welded plates at EDT.

3. It was found that EDT of the welded joint centre 
in the conditions of its accompanying heating is more 
effective for regulating residual stresses in the weld 
centre and less effective along the fusion line as com-
pared to EDT without preheating.
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Table 2. 9alues of Δı in the weld centre and along the fusion line 
of specimens of welded joints from AMg6 alloy

Number TEDT, °C
Δı, M3a

Weld centre Fusion line

1 20 95 115
2 100 140 91
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FEATURES OF THE STRUCTURE AND PROPERTIES
OF METAL LAYERS DEPOSITED WITH PRE-APPLICATION 
OF TITANIUM AND BORON CARBIDES
V.V. Peremitko, I.V. Kolomoyets, V.I. Sukhomlyn

Dnipro State Technical University 
2 Dniprobudivska Str., 51900, Kamianske, 2, Ukraine

ABSTRACT
Uneven wearing of working surfaces of parts, operating under friction, is a common cause for beginning of renovation and 
replacement times. One of the methods to avoid this problem is formation of surfaces of a variable composition and properties 
by arc surfacing. The work presents comparative analysis of the hardness and structure of the metal, deposited with pre-appli-
cation of titanium and boron carbides on the processed surfaces. These materials were selected, proceeding from their impact 
on the deposited metal mechanical properties. The hardness, structure and composition of the deposited metal were studied. 
Hardness dependence on the heat input and material consumption in individual zones of the bead cross-section was analyzed. 
Regularities were established between accumulation in the formed beads of material pre-applied on the processed surface 
and the significance of structural transformations. A similar influence of both the carbides on the deposited metal structure 
was found. Bead metal hardness is 1.5 times higher at B4C application, than when TiC is used. X-Ray spectral microanalysis 
revealed the influence of free carbon, formed as a result of compound decomposition, on structural transformation in the depos-
ited metal. It was found that the largest accumulations of bainite are characteristic for zones with the highest carbon content. 
It was determined that pre-application of carbides, using the most common surfacing materials, allows producing deposited 
metal, matching by its properties the metal deposited with PP-Np-152 wire.

KEYWORDS: arc surfacing, solid wire, fused flux, titanium carbide, boron carbide, pre-application, local fixation, hardness, 
structure

INTRODUCTION
A common method to eliminate the nonuniformity of 
wear of contact surfaces, operating under the condi-
tions of loads unevenly distributed over the area, is 
formation of surface layers of variable composition 
and properties, in compliance with the degree of loss 
of the initial weld geometry in different sections [1௅5]. 
Such parts, in particular, are ball rolling mill rolls, 
roller conveyor rolls, supercharger blades, shafts, etc.

The positive effect from pre-deposition or addi-
tion of different alloying components during surfac-
ing is known from published data [6௅10]. Studying 
the possibilities of metal microalloying at surfacing 
with different materials [11] showed that addition of 
hardening elements or their compounds with carbon 
and nitrogen in the Tuantities of up to 0.2 % leads to 
producing a fine-grained, uniform structure of metal 
and more uniform distribution of alloying elements. 
The latter has a positive effect on the metal mechani-
cal characteristics.

In particular, the positive effect of carbide com-
pounds on wear resistance of the deposited layers 
should be noted, considering the direct dependence be-
tween carbide hardness and wear resistance [11௅13].

One of the successful examples of realization of 
surfacing with an essential influence of carbide com-
pounds in the deposited layers is the technology of 

producing metal by arc surfacing with formation of 
carbides of the elements, included into the flux-cored 
wire charge [12]. The above-mentioned method, how-
ever, envisages deposition of metal with the same car-
bide content over the entire surface, and the process 
of surface layer formation in such a way will be essen-
tially more complicated. In work [12] metal deposi-
tion was performed by PP-AN 192 wire. The structure 
of such a metal consists of martensite with residual 
austenite and fine carbide inclusions. The hardness of 
such a metal is eTual to at least HB 555.

More over, confirmation of the positive influence 
of carbide addition on the mechanical properties of 
the welded joints was obtained [14]. In this work, 
welding was performed by Sv-08 wire with addi-
tion of different modifiers, in particular, also TiC. 
As a result, weld metal with the continuous bainitic 
structure was obtained, without preservation of the 
carbide particles. It was established that titanium 
carbide increases the endurance limit of the layers 
by 35 MPa (in 1.08). Also known is application of 
tungsten carbide as the hardening component [13]. 
In particular, positive effect of this material on the 
properties of surface layers, operating under the 
conditions of gas-abrasive wear was found [14]. In 
the above-mentioned case, carbides formed from ti-
tanium, which is present in the composition of the 
flux-cored wire charge.
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Considering the high degree of preservation of 
the components, which can be further added, as well 
as the possibility of fixation of such materials selec-
tively, in compliance with the real wear pattern, their 
pre-deposition on the treated surface looks promising 
[6–8]. Such a scheme also allows performing surfac-
ing with application of widely used electrode wires 
and fluxes.

Earlier performed investigations showed the pos-
itive influence of prior fixation of layers of TiC mix-
ture by GF-021 primer in the form of 2 mm wide 
bands along the edges of the planned beads [15]. Lay-
ers of a variable composition and properties form, and 
addition of the hardener by the above method allows 
reaching mechanical inhomogeneity of formation 
within each bead of zones, differing by their structure 
and properties from the surfaced base. During perfor-
mance of the above studies, surface layers were ob-
tained, within which zones of higher and lower hard-
ness alternate with 1.6 times difference of its values. 
The latter led to a change of the nature of wear and at 
local increase of hardness the losses surface layer ma-
terial can be even smaller, than in the case of continu-
ous formation of the deposited layer of homogeneous 
composition and properties.

The objective of the work was to reveal the sig-
nificance of the changes in the structure and strength 
characteristics of individual zones of the deposited 
layers by their comparative analysis, formed with pri-
or local fixation of the hardeners in the form of car-
bides.

CONDITIONS OF RESEARCH 
PERFORMANCE
In view of the above-mentioned influence of carbides 
on the deposited metal properties, titanium (TiC) and 
boron carbides (B4C) were selected for the laboratory 
study, the hardness of which is eTual to 32000 and 
36000 MPa, respectively. 

Materials were deposited similar to work [15]. 
Plates from steel 20 of 10 mm thick, 100 mm wide 
and 100 mm long were used as experimental samples. 
Deposition was performed by 3 mm Sv-08A wire us-
ing AN-348A flux in ADC-1000 welding unit in the 
following mode: surfacing current — 500±1 A, arc 
voltage ² 30�1 9, surfacing speed ² 25௅35 m/h, 

eccentricity of material layer deposition ² 5௅8 mm. 
The scheme of additional material deposition is given 
in Figure 1.

Deposition was performed in one layer, overlap-
ping of single beads was eTual to 7 mm, deposited 
layer thickness was 2.5௅3.0 mm, overlapping beads 
were deposited in pairs. Each pair of the beads was 
applied at a fixed value of heat input.

During experiment preparation a central compo-
sitional plan of the second order for two factors was 
used. Heat input qh, -/mm and specific material con-
sumption (ms), g/run. mm were chosen as the influ-
ence factors. Hardness in three different areas was 
selected as the experiment response: along the de-
posited bead edges, in their lower part and in bead 
overlapping point. To measure the hardness the sam-
ples were cut across into 20 mm wide templates. Mea-
surements were conducted in TK-2 hardness meter in 
seven points (Figure 2). Metallographic analysis was 
performed using photomicroscope Neophot 21 and 
scanning microscope REM-106i. X-ray microspectral 
analysis was conducted, using electron probe micro-
analyzer EPMA-1720. The size of the material area, 
from which the spectral component of X-ray radiation 
was obtained for chemical element identification, was 
eTual on average to 70௅�0 nm on the bead edges and 
50–70 nm in bead overlapping zone.

Treatment of experimental results was performed 
in STATISTICA 7.0 program. Results of metal hard-
ness measurement with addition of TiC and B4C are 
given in Table 1.

One can see from the Table that at B4C addition 
metal hardness in overlapping area is 1.7 times higher, 
than in the same area at TiC addition (HB 506 at B4C
addition against HB 302 at TiC addition) under the 
condition of constant heat input, 1314 J/mm. This is 
attributable to higher stability of B4C under the con-
ditions of moderate thermal impact, higher intrinsic 
hardness and, conseTuently, greater presence of car-
bide particles in the metal.

Figure 3 gives the dependence of hardness change 
in overlap zone (area of adding different carbides).

One can see from Figure 3 that maximum increase 
of hardness in the bead overlap zone at TiC addi-

Figure 1. Scheme of additional material application: 1 — sam-
ple; 2 — deposited bead; 3 ² points of prior fixation of boron or 
titanium carbides

Figure 2. Sample for hardness measurement
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tion, is observed at heat input values in the range of 
1600௅1800 -/mm and at specific hardener consump-
tion of 3.2Â10௅2 g/mm. At B4C application hardness in-
crease is recorded at somewhat smaller heat input val-
ues ² 1400௅1700 -/mm, and at the same losses of the 
hardener. When 1700 J/mm is exceeded, a lowering 
of hardness is observed. At the same time, addition 
of titanium carbide allows increasing the heat input 
to a maximum, assigned for the experiment (1848 J/
mm) without causing any lowering of hardness. This
is attributable to a higher melting temperature of TiC 
(3100 °C), as well as carbon saturation due to carbide 
decomposition. The influence of heat input on hard-
ness is characterized by that the heat input is reduced 
at reduction of energy input, and, conseTuently, mate-
rial burnout becomes smaller that promotes hardness 
increase.

3roceeding from the conducted studies, the influ-
ence of local addition of carbides on metal proper-
ties directly in the points of their addition, does exist. 
Owing to a short time of liTuid pool existence and 
imperfect mixing of the melt, the hardener particles 
are predominantly preserved in the points of their pre-
vious fixation, causing 2.7 times increase of hardness 
there in case of boron carbide addition, compared to 
the central zone of the beads (HB 506 against HB 187) 
and 1.5 times on the edge, at a similar comparison 
(HB 432 against HB 293). At TiC addition in the 

overlapping area the difference is 1.6 times (HB 302 
against HB 187), and 1.5 times on the edges (HB 293 
against HB 192).

Thus, local addition of TiC to the periphery of the 
beads at maximum distance from the arc, allowed in-
creasing the hardness in the area of addition by HB 115, 
whereas in work [13] hardness increased by HB 7.

Maximum value of hardness obtained in the over-
lap zone at B4C addition (HB 506) is close to that of 
metal deposited with PP-AN 192 wire (HB 555) [12]. 
It confirms the possibility of formation of a high-
strength metal with local addition of carbides without 
application of costly surfacing materials and poten-
tially with smaller consumption of the hardener.

Metallographic analysis of the deposited metal re-
vealed a structure in the overlap zones and on bead 
edges, which is characteristic for the case of higher 
carbon content (Figure 4). Maximum changes are 
observed in overlap zones, that is accounted for by 
the fact of the greatest presence of the hardener. In
case of TiC addition the structure consists of bainite, 
martensite and ferrite. Considering the fact that ferrite 
forms the deposited metal base, presence of bainite, 
most probably, points to ferrite saturation by carbon 
from added carbide, as a result of thermodynamic de-
composition of the latter. Now martensite, in its turn, 
may be the conseTuence of carbon decomposition in 
iron and additional alloying with manganese from 

Table 1. Results of hardness measurement in bead deposition zones

Sample
number

Heat input 
qrun, J/mm

Specific
consumption
m, g/run, mm

HBon bead periphery
(TiC)

HBin overlap zone
(TiC)

HBlower part 
(TiC)

HBon bead periphery
(B4C)

HBin overlap zone
(B4C)

HBlower part 
(B4C)

1 1848 0.032 255 293 241 298 333 269
2 1848 0 192 187 187 192 187 187
3 1314 0.032 293 302 262 432 506 403
4 1314 0 192 187 187 192 187 187
5 1536 0.032 248 255 277 325 354 373
6 1536 0 192 187 187 192 187 187
7 1848 0.016 293 302 262 285 306 255
8 1314 0.016 241 262 241 432 420 255
9 1536 0.016 192 269 255 246 373 246

Figure 3. Dependence of metal hardness in bead overlap area on the heat input and specific consumption: a — at TiC addition; b — at 
B4C addition
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AN-348A flux that enhances the overall stabili]ation 
of austenite. Bainite is presented by compact in size 
and densely located areas within the austenite grains 
(Figure 4). This way, local TiC addition promotes less 
decomposition of the compound that is confirmed by 
single unsaturated areas of ferrite, while the structure 
produced in work [13] is continuous bainite.

The structure in the point of bead overlapping 
at B4C addition (Figure 4) also is a combination of 
ferrite and bainite with carbide particle clusters, pre-
dominantly in ferrite areas. Bainite areas, in their turn, 
are much less in Tuantity in the case of %4C addition, 
compared to a similar case with TiC. This observa-
tion, as well as an accumulation of boron carbides, 
is attributable to a different kinetics of formation of 
morphological features of the final structures, com-
pared to TiC addition.

An increase of the number of ferrite areas with 
reduction of bainite presence is observed at the edge 
of the bead, deposited with TiC addition (Figure 5, 
a) without overlapping (where there is less hardener 

than in the overlap zones). This may be an indication 
of less significant saturation of ferrite by carbon. In a 
similar area, at B4C addition (Figure 5, b), much less 
carbide particles, compared to the overlap zone, in-
crease in bainite areas, and reduction of ferrite, are 
found. The latter, apparently, is attributable to greater 
decomposition of added material in this zone.

X-ray microspectral analysis of samples with TiC 
deposition was performed for a more detailed study 
of the influence of titanium carbide on the deposited 
metal structure and properties.

All the three variants of deposition of layers with 
hardener are given in Figure 6. One can see that on 
side beads the area of ferrite sections is greater than 
that of ferrite sections in the bead overlap zone. Bain-
ite structures in bead overlap zone have a greater dis-
persion and signs of rapid crystallization: compact 
zones with uniform orientation of the bainite compo-
nents are recorded. On side beads the bainite structure 
corresponds to longer time and lower rate of the so-
lidification process.

Figure 4. Metal microstructure in areas of separate bead overlapping: a — with TiC addition; b — with B4C addition

Figure 5. Metal microstructure on bead edge: a — with TiC addition; b — with B4C addition

Figure 6. Metal microstructure in the cross-section of the beads, deposited with TiC addition: a — bead left edge; b — bead overlap 
zone; c — bead right edge
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Figure 7 shows titanium distribution in the metal, 
deposited using titanium carbide. Arrangement of distri-
bution patterns corresponds to structure patterns in Fig-
ure 6. One can see that in all the studied zones titanium 
distribution is relatively uniform. On bead edges, how-
ever, the overall Tuantity of titanium is smaller, and the 
dimensions of individual particles are larger.

Considering that titanium has a higher affinity to 
carbon, compared to iron (and other metals from the 
melt composition), as well as a high temperature of 
carbide formation in the surfacing pool, we can as-
sume that the titanium carbide nuclei are exactly the 
centers of austenite crystallization, and later on, at 
austenite decomposition they are the centers of bain-
ite and ferrite crystallization. Thus, titanium is exactly 
the main element of structure formation in different 
locations in the beads. 

Distribution of the main chemical elements in the 
deposited metal composition is shown in Table 2.

Si and Mn concentration is rather high due to their 
presence in the base metal of the samples, in the sur-
facing wire and in the composition of AN-348A flux. 
Manganese improves austenite stability, and, thus, 
also the probability of shear structure formation. Sili-
con in the composition of ferrite and bainite enhances 
the hardness of these structural components. An al-
most the same Mn and Si concentration in ferrite and 
bainite structure is attributable to a feature of bainite 
transformation. During the latter, just carbon redistri-
bution occurs and no redistribution of alloying ele-
ments takes place.

Thus, from the two considered carbides B4C can 
be regarded more efficient in terms of metal hardness 
increase. This is due to the fact that despite the low-
er thermodynamic stability of the compound, B4C

ensures hardness values on average 1.4 times higher 
than TiC does.

CONCLUSIONS
1. A greater effectiveness of local pre-deposition of B4C
on the surface for arc surfacing, compared to TiC, was 
experimentally established: at 1314 J/mm heat input and 
B4C specific consumption of 3.2Â10௅2 g/mm, 2.7 times 
higher metal hardness is recorded. For metal with B4C
addition at heat input increase up to 1848 J/mm, the 
hardness is on average 1.4 times higher than with TiC 
participation.

2. Under the same heat input conditions and Tuan-
tity of added hardener, the structure of metal of the 
deposited layers does not essentially differ. In layers 
with different hardeners, a ferrite structure with bain-
ite areas is observed, that develops due to saturation 
with carbon, which forms as a result of carbide de-
composition. In the case of B4C hardening, a carbide 
cluster is recorded, predominantly in ferrite areas. 
Under the conditions of moderate heat input, boron 
carbide is more stable, than titanium carbide.

3. X-ray microspectral analysis of metal, depos-
ited with TiC addition, confirmed an essential influ-
ence of free carbon on structural transformations in 
the deposited metal. In particular, it was found that in 
the bead overlapping zone TiC carbides of the size of 
several tens of nanometers serve as nuclei for crystal-
lization and growth of a more dispersed bainite, com-
pared with other zones of the beads.

4. Hardness of metal deposited with Sv-08A solid 
wire with further addition of boron carbide, is close to 
the values, characteristic for the case of application of 
33-AN 1�2 flux-cored wire (HB 506 against HB 555) 
that confirms the good prospects for application of the 

Figure 7. Ti distribution over the deposited bead cross-section: a — bead left edge; b — bead overlap zone; c — bead right edge

Table 2. :eight fraction of elements in the metal of different ]ones of surfacing with titanium carbide, %

Chemical 
element

Left bead Overlap zone Right bead

Ferrite Bainite Ferrite Bainite Ferrite Bainite

Si 0.81௅0.�3 0.75௅0.�0 0.60௅0.7� 0.72௅0.75 0.77௅0.85 0.�1௅0.�4
Mn 1.48௅1.75 1.2�௅1.56 1.66௅1.75 1.61௅1.72 1.63௅1.�0 1.50௅1.�1
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proposed scheme of further addition of carbides into 
the deposited metal layer.
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CENTRIFUGAL PLASMA SURFACING 
OF DRILL PUMP BUSHINGS
O.I. Som

Plasma-Master Co. Ltd. 
3 Akademik Krzhizhanovskii Str., 03142, Kyiv, Ukraine

ABSTRACT
Features of centrifugal plasma surfacing using powders of three different alloying systems based on iron and nickel were stud-
ied. It is found that at centrifugal plasma surfacing the iron-based test powder has the best welding-technological properties. 
It allows producing deposited metal of 200Kh15D2MS2R type. The layer deposited with this powder, has a microstructure of 
uniform height and ensures increase of the sleeve wear resistance 5–6 times, compared to batch-produced ones, which are made 
from steel 70 and Tuenched by HFC. A design of the bushing component is proposed with replaceable surfaced sleeve, which 
is more adaptable to fabrication and allows repairing it by simple replacement of the worn sleeve.

KEYWORDS: centrifugal plasma surfacing, surfacing alloys, deposited metal, metal structure, wear resistance, carbides, 
hardness, layer thickness

INTRODUCTION
Drilling pumps are used in oil and gas industry for 
well washing during drilling [1]. Maintaining the 
high pressure and reTuired flow rate of the solution 
for washing in the well depends predominantly on re-
liable operation of the cylindrical bushing-piston pair. 
Unfortunately, because of the high content of abra-
sive particles in the solution, the cylindrical bushings 
Tuickly wear and fail.

Bushings are made from 70, 95Kh18, Kh12MF
tool steels. Steel 70 is the most common as the most 
accessible and inexpensive. However, bushings made 
from this steel only last 150௅200 h before they go out 
of service, which is obviously not enough. Different 
methods are used to strengthen the bushing working 
surface, in order to increase the bushing wear resis-
tance. Hardening with high freTuency currents (HFC) 
is the most widely used in practice [2, 3].

Bimetal bushings are also used, which were pro-
duced by centrifugal casting. The working layer from 
high-chromium cast iron ChKh28 15–20 mm thick, 
which is formed at pouring, is hardened by HFC to 

hardness HRC 62௅65. The service life of such bush-
ings reaches 600௅800 h that is Tuite acceptable in 
most cases [4].

Also known is application of bushings with a ce-
ramic insert, which ensures the operating time of up 
to 3000 h. They, however, are very expensive and are 
very seldom applied [5].

PWI proposed application of the method of cen-
trifugal plasma surfacing (CPS) to increase the bush-
ing wear resistance [6, 7]. The essence of this method 
consists in surface melting of a layer of filler pow-
der, which is predeposited on the surface of the pro-
cessed part by the direct plasma arc, burning in argon 
between the nonconsumable tungsten electrode and 
the item. During surfacing the part rotates at a certain 
speed in the upgraded lathe chuck (Figure 1).

The main advantage of CPS is the possibility of 
deposition of relatively thin (2.5௅3.0 mm) layers of 
wear- and corrosion-resistant material with a high 
productivity and smooth surface that allows mini-
mizing the machining. However, at CPS a structural 
heterogeneity by height (thickness) of the deposited 
layer can develop as a result of the possible different 
specific density of the structural components of the 
deposited metal. Such a structural heterogeneity can 
have a negative effect on the deposited metal service 
properties.

The objective of the work consists in selection of 
wear-resistant powders, suitable for centrifugal plasma 
surfacing of the bushings, studying their welding-tech-
nological properties, microstructure and wear resistance 
of the deposited layers. It was also necessary to develop 
the design of the bimetal bushings, perform their surfac-
ing and subseTuent experimental-industrial testing under 
different climatic conditions.

Figure 1. CPS diagram: 1 — power source; 2 — plasmatron; 3 — 
circular weld pool; 4 ² filler powder; 5 — part; 6 — lathe chuck
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MATERIALS AND PROCEDURES
FOR CONDUCTING EXPERIMENTS 
AND INVESTIGATIONS
Selection of powders for surfacing was based on the 
technological features of C3S method, and reTuire-
ments made of the deposited layer of the bushings. 
The deposited metal meeting these reTuirements, 
should be resistant to abrasive and hydroabrasive 
wear, cavitation, and should have high enough corro-
sion resistance and casting properties.

Three powders were selected for studying and surfac-
ing the test bushings, which ensure producing wear-re-
sistant nickel- and iron-based alloys (see Table).

Alloy No. 1 is a well-known self-fluxing nick-
el-based alloy. It has a high wear-resistance, low melt-
ing temperature (1050௅1100 °C) and excellent casting 
properties.

Alloy No. 2 is a high-chromium cast iron, which 
is additionally alloyed by boron to improve the wear 
resistance and casting properties. 

Alloy No. 3 is an iron-based experimental alloy, 
specially developed for CPS, taking into account the 
technological features of this surfacing method. It is 
additionally alloyed by 0.5 % alumocerium for refin-
ing its structure.

The welding-technological properties of the pow-
ders were studied at surfacing samples in the form of 
thick-walled bushings, which simulate the real parts. 

Bushing dimensions are as follows: inner diameter 
of 100 mm, outer diameter of 160 mm and length of 
200 mm. Surfacing modes were selected, taking into 
account the investigation results [6, 9]. The evaluation 
criterion was the number of cracks in the deposited 
layer, presence of unevenness, slagging and pores on 
its surface, as well as a metallurgical bond between 
the main and deposited metal. The samples cut out 
of these bushings were used for investigation of the 
microstructure, hardness and wear resistance of the 
deposited metal.

INVESTIGATION RESULTS 
AND THEIR DISCUSSION
Investigations of the surfaced samples showed that 
all the three powders ensure good formation of the 
deposited metal. The deposited layer surface is Tuite 
smooth with a slight oxide film build-up which can be 
easily removed. Pores and slagging are absent.

However, longitudinal cracks were detected in the 
deposited metal of all the three types. Their greatest 
number (3) of them was in deposited metal No. 2. 
They could not be avoided, either by increase of sur-
facing heat input, or preheating application. Appear-
ance of cracks could be completely avoided only due 
to reduction of the bushing wall thickness to 15 mm. 
In this case they are more uniformly preheated and 
become less rigid.

Chemical composition of the studied types of the deposited metal

Number
Type of deposited metal 

(powder grade)

:eight fraction of elements, %

C Si ȼ Cr Ni Fe Mo Others

1 N75Kh15S4R4(PG-SR4)* 0.74 3.25 3.74 16.2
Base

2.1 – –
2 250Kh30S2R(PG-AN1)* 2.21 2.15 1.61 29.6

Base
Base 2.08 Ɇn

3 200Kh15D2MS2R (test) 2.24 2.43 1.31 14.9 1.15 2.12 Cu0, 0.48 Al–Ce
*Made to GOST 21448௅75 [8].

Figure 2. Microstructure (×320) of metal deposited by centrifugal plasma method: a — deposited metal N75Kh15S4R4; b — deposited
metal 250Kh30S2R; c — test deposited metal 200Kh15D2MS2R
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At CPS, formation of the deposited metal structure 
has its features. The deposited metal layer forms at 
slow cooling and under the conditions of the action 
of considerable centrifugal forces (up to 50 g), which 
may lead to structural heterogeneity by deposited lay-
er thickness, as a result phases liTuation, because of 
their different density.

Microstructural studies of deposited metal No. 1 
and No. 2 showed that two zones can be distinguished 
in them: a eutectic one of 0.3௅0.4 mm length at the 
fusion line and hypereutectic one with large primary 
carbides and chromium carboborides in the middle 
and upper zones of the deposited layer (Figure 2, a,
b). These carbides as lighter ones, are driven upwards 
and are located in the direction of heat removal. No
noticeable structural heterogeneity was revealed in 
deposited metal No. 3 (Figure 2, c). The microstruc-
ture is of a eutectic nature along the entire thickness of 
the layer without any large primary carbides or chro-
mium carboborides.

The eutectic and hypereutectic zones of deposited 
metals No. 1 and No. 2 differ also by their hardness. 
In deposited metal No. 1 it increases in the direction 
towards the surface, and in the deposited metal No. 2, 
it, contrarily, decreases (Figure 3, a, curve 1 and 2).
Unlike that, hardness across the thickness of depos-
ited layer No. 3 is stable (Figure 3, a, curve 3). It is 
eTual to HV5 700௅720.

Considering the structural heterogeneity of the 
deposited metal across the deposited metal thick-
ness, the wear resistance of each of its zones was 
studied separately. For this purpose the layer was 
ground to different depth with a step of 0.5 mm. 
Testing conditions were selected so that linear wear 
of the sample in the studied zone did not exceed 
the above-given value. Testing was conducted in 
NK-M machine [10]. Testing parameters were as 
follows: sliding speed of samples of 0.6 m/s; mean 
specific pressure per sample of 0.5 M3a, friction 
path of 400 m. Quartz sand was used as abrasive. 
Test results are given in Figure 3, b.

As we can see, wear resistance of deposited metal 
Nos 1 and 2 differs in different zones, although insig-
nificantly (15௅20 %). It is in a certain correlation with 
hardness, i.e. with hardness increase in the hypereu-
tectic zone for alloy No.1 the wear resistance becomes 
higher, and with its decrease for (alloy No. 2) it also 
decreases.

Wear resistance of the studied deposited metal 
No. 3, similar to its hardness, is at a very high level 
across the layer thickness, and changes only slightly, 
making this type of deposited metal a highly promis-
ing material for CPS of bushings.

EXPERIMENTAL-INDUSTRIAL 
VERIFICATION OF INVESTIGATION 
RESULTS
Proceeding from the conducted studies, powders 
Nos 1 and 3 were selected for surfacing the test parts, 
which showed the best results as to wear resistance. 
When manufacturing the bushings, the design of a 
composite bushing was realized, which consists of 
a thick-walled case and thin-walled surfaced sleeve, 
which is put into it by a hot fit (Figure 4).

The case and sleeve material is steel 20. The bush-
ing components, despite the higher labour content of 
their manufacturing, have several advantages, com-
pared to monolithic ones:

Figure 3. Hardness (a) and wear resistance (b) distribution by the thickness of the layer deposited by the centrifugal method by PG-SR4
(1), PG-AN1 (2) powders and test powder (3)

Figure 4. Design of the composite bushing of U8-6MA2 drill 
pump with the surfaced sleeve: 1 — surfaced thin-walled sleeve; 
2 — case
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Ɣ surfacing a thin-walled sleeve (10௅12 mm) is less 
energy-consuming, simpler in terms of prevention of 
cracks in the deposited layer and more efficient;

Ɣ compressive stresses, developing in the deposit-
ed metal at sleeve pressing, are favourable for its ser-
viceability, as they lower the tensile stresses, arising 
at bushing operation under the impact of inner work-
ing pressure;

Ɣ composite bushings are repairable due to the 
possibility of replacement of the worn bimetal sleeve 
by a new one, while preserving the old thick-walled 
case that allows saving a lot of metal and lowers the 
labour cost.

Surfacing the test sleeve billets was performed in 
UD-251 machine, which is based on a lathe, with two 
plasmatrons simultaneously (Figure 5).

The deposited layer thickness was selected, pro-
ceeding from the extent of admissible wear, machin-
ing allowance and billet shrinkage, resulting from 
their heating at surfacing. Average thickness of the 
deposited layer was in the range of 2.5௅3.0 mm, after 
grinding it was 1.5௅2.0 mm.

At the first stage 10 bushings for U8-6MA2 pump 
were made, of which 4 bushings of 180 mm diam-
eter were surfaced by powder of alloy No. 1, and 6 
bushings of 160 mm diameter — by powder of alloy 
No. 3. A sample of the surfaced bushing with partial 
grinding is shown in Figure 6.

Trials of the test bushings were conducted in West 
Ukraine at turbine drilling. Testing conditions were 
as follows: drilling depth — up to 2500 m, pres-
sure in the pump ² 11௅14 M3a, solution density of 
1.11௅1.18 t/cm3, static shear stress (SSS)-5/10, abra-
sive content in the solution ² 3௅5 %. Test procedure 
envisaged test bushing operation in the same pump in 
a pair with batch-produced one, which was made from 
steel 70 and strengthened by HFC hardening. In those 
cases, when batch-produced bushings failed earlier 
than the test ones, they were replaced by new ones. 
Pistons with rubber collars of “Neftemashremont”
3lant, %aku, TU 26-02-105�௅87 were used at testing.

Comparative testing of the surfaced and batch-pro-
duced bushings showed that the nickel-based deposit-
ed metal No.1 (N75Kh15S4R4), despite its rather high 
hardness HRC 59, has low resistance, particularly at 
higher pressure of the washing solution. After 100 h 
of operation at turbine drilling the bushing wear was 
0.6 mm per side. Deep longitudinal scratches were de-
tected on the deposited layer surface (Figure 7, a), as 
well as cavitation damage centers.

More over, the piston rubber collars failed very 
Tuickly at operation in a pair with this alloy (Figure 8).

The pistons had to be replaced every 20 h of oper-
ation, whereas in a pair with batch-produced bushings 
they last 70௅80 h. The cause for such a phenomenon 

Figure 5. UD-251 experimental unit for CPS

Figure 6. Appearance of a surfaced bushing of 160 mm diameter

Figure 7. 3rofilograms of worn surfaces of drill pump bushings, sur-
faced by powders of N75Kh15S4R4 (1) and 200Kh15D2MS2R (2)

Figure 8. Appearance of the piston with rubber collars after study-
ing a bushing deposited with powder of N75Kh15S4R4 alloy
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can be the low heat conductivity of the nickel alloy, 
causing poor heat removal from the friction zone of 
the rubber collar and deposited working layer of the 
bushing. Under these conditions, the rubber has enough 
time to heat up to destruction temperature and fail.

Bushings, which were surfaced by powder of iron-
based test alloy (200.h15D2MS25) showed Tuite 
high resistance. Average operating life is eTual to 
1150௅1200 h that is 5௅6 times higher that the resis-
tance of batch-produced parts under these conditions. 
Some of the parts after 1200 h of operation did not 
exhaust their expected useful life and were removed 
from testing, due to completion of drilling operations.

Investigation of working surfaces of the bushings 
after testing showed that they also have longitudinal 
scratches. However, the microroughness height is 
much smaller than in the two previous cases (Fig-
ure 7, b). No ³flushing´, characteristic for batch-pro-
duced bushings, was observed on any of the surfaced 
bushings. It should be also noted that the service life 
of the pistons in a pair with bushings, surfaced by 
powder of test alloy No. 3, is 1.5௅2.0 times higher, 
compared to batch-produced bushings, that is, proba-
bly, attributable to more favourable microrelief of the 
working surface and higher heat conductivity of the 
working layer.

Several more batches of the bushings surfaced by 
the test alloy powder, were manufactured and tested 
which also confirmed their high serviceability.

CONCLUSIONS
1. Centrifugal plasma surfacing is an efficient method 
to improve the pump bushing wear resistance. Op-
timum thickness of the deposited layer, proceeding 
from the service conditions and machining allowanc-
es, is 2.5–3. 0 mm.

2. Test powder 200Kh15D2MS2R was proposed, 
which completely meets the needs of centrifugal plas-
ma surfacing and ensures high wear resistance of the 
metal deposited with this powder. Drill pump bush-
ings, surfaced with this powder, during performance 
of work in West Ukraine, demonstrated 5–6 times 
higher resistance, than batch-produced ones, made of 
steel 70 and strengthened by HFC hardening. Increase

of resistance of pistons with rubber collars 1.5–2.0 
times was also noted here.

3. The developed design of a composite bushing 
with a replaceable sleeve is Tuite efficient techno-
logically and ensures a high performance of the drill 
pump. Owing to repair possibilities it allows saving a 
considerable Tuantity of the deficit metal.
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ABSTRACT
The paper deals with the features of laser welding with incomplete (nonthrough thickness) penetration of high-strength alumin-
ium alloys of 7ɯɯɯ series. It was found that at joining of 1.5 mm sheets by fibre laser welding to the depth of 0.5௅0.7 mm there 
arises the risk of formation of pores, in particular, in the root ]one, streaks of oxide film in the weld lower part, as well as hot 
cracks. The latter can be eliminated by reducing the welding heat input below 25–30 J/mm. The weld metal is characterized 
by an eTuiaxed finely dispersed structure with grain si]e of 10௅15 μm for 7005 alloy and 15௅25 μm for 7075 alloy. In the fu-
sion ]one, the grains are of an elongated shape with 2.5௅3.0 coefficient for 7005 alloy and 2௅5 for 7075 alloy. In the HA= the 
grain length is reduced, the shape coefficient becomes 3௅5 and 3.0௅3.5 for 7005 and 7075 alloys, respectively. At performance 
of laser welding with small (~5 J/mm) values of the heat input, microhardness of the welds and HAZ is rather uniform, and 
close to that of the base metal. For 7075 alloy microhardness drop to 20 % was observed in the fusion ]one region that is due 
to formation of grains of an elongated shape with shape coefficient of 2௅5. The found drawbacks can be eliminated through 
reduction of pulsations of the vapour-gas channel with simultaneous increase of the stability of its existence and introduction 
of cathode breaking of the oxide film.

KEYWORDS: aluminium alloys of 7ɯɯɯ series, laser welding, weld formation, graininess, defects, ways to eliminate

INTRODUCTION
Alloys of 7xxx series (Al௅=n௅Mg௅Cu system) have 
the highest strength among aluminium alloys. After
heat treatment this value is more than 500 MPa [1]. 
Owing to a combination of high strength with low 
density, they are Tuite attractive for application in 
manufacture of modern transportation systems [2]. 
However, the weldability of such alloys is poor, be-
cause of the high susceptibility to hot cracking, high 
coefficient of thermal expansion and low temperature 
of evaporation of some alloying elements, in particu-
lar Zn and Mg [3]. The above drawbacks promote for-
mation of some welding defects, such as cracks and 
pores, particularly, in the case of laser welding with 
incomplete (or partial) penetration [4].

Incomplete penetration welds are used for sealing 
the flanges or some structures with voids, where elec-
tronic eTuipment is located. The welding operation is 
here performed as an element of finish mounting, and 

in the case of full penetration, there is the danger of 
complete damage of the interior fittings. Here, laser 
welding is used to minimize or completely eliminate 
residual deformations. Such structures are used, in 
particular, in rocket engineering. Their welded joints 
should ensure tightness and certain strength, but be-
cause of relatively short life, the Tuestion of cyclic 
load resistance is not considered. Therefore, consid-
eration of the features of formation of welded joints 
of aluminium alloys of 7xxx series, in particular, with 
incomplete penetration, is urgent.

In modern industry, laser welding is ever wider 
applied. It is used not only in the aerospace industry, 
but also in car building, in automotive industry and in 
many other areas of activity [5]. However, this process 
is still being studied, and it is applied predominantly 
to produce nondetachable structures from aluminium 
alloys of 2xxx, 5xxx and 6xxx series [6]. The Tuestion 
of the features of laser welding application to produce 
a nondetachable structure from 7xxx series alloys has 
already been considered to some extent in works [6, 
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7]. So, the basic physical processes of laser radiation 
interaction with aluminium alloys were considered in 
work [6], and in work [7] laser welding of 7075 alloy 
was compared with microplasma and laser-microplas-
ma. It was determined that in laser welding there is 
the risk of formation of inner pores and hot cracks, 
in particular those associated with internal inclusions 
and weld defects.

In work [8] the influence of heat input in laser 
welding of 7075 alloy on the change of element con-
centration in the weld and, conseTuently, on their hot 
cracking susceptibility was considered. It is rational 
to consider investigations in this direction, in partic-
ular, for the case of making welds with incomplete 
penetration of the butt. Available research results do 
not completely disclose a range of important issues, 
concerning formation of particular structures at appli-
cation of certain parameters of laser welding mode, 
formation of characteristic defects (primarily pores 
and cracks), and determination of the ways to elim-
inate them.

The objective of this work is formation of char-
acteristic structures of the joints and the risk of ap-
pearance of defects of the type of pores and cracks 
at laser welding of aluminium alloys of 7xxx series, 
made with partial (nonthrough thickness) penetration.

The following problems were solved to achieve 
this goal:

Ɣ performance of laser welding of samples of 7xxx 
series alloys, determination of mode parameters by 
the criteria of sound formation of the upper bead at 
fixed penetration depth;

Ɣ making sections, studying the structural features 
of the produced welded joints;

Ɣ determination of characteristic defects and pos-
sible causes for their formation;

Ɣ checking the possibility of elimination of the 
defined defects by using a hybrid laser-microplasma 
welding process. 

Samples from high-strength 7005 and 7075 alloys 
were prepared to conduct experiments on determina-
tion of laser welding mode parameters. Sample size 
was 50î50îį, where į = 1.5 and 3.0 mm. During the 
experiments laser welding of fillet joints was per-
formed, focusing on penetration depth of approxi-
mately 0.5–0.7 mm. Table 1 gives both the published 
data on chemical composition of these alloys, and our 
own. The latter are individual element measurements, 
made by the method of analytical-scanning microsco-
py. This method was used to determine both the inte-
gral content of individual selected elements of the al-
loy, and their content in the bulk of individual grains. 
The size of the latter was as follows: for 7005 alloy 
Dg = h×l = (4௅7)î(20௅35) μm, for 7075 alloy Dg = 
= h×l = (5௅15)î(30௅70) μm, where h is the height, 
and l is the length of the grain (Figure 1). The grain 
shape coefficient was: for 7005 alloy l/h = 5, for 7075 
l/h = 4.5௅6.0. HV microhardness at 100 g load was: 
for 7075 alloy 624௅636 M3a, and for 7075 alloy it 
was 1050௅1240 M3a.

Experiments were performed using fiberoptic laser 
of up to 2000 W power (MFSC-2000W model, Max
Photonics Company, PRC), as well as a set of plasma 
welding eTuipment, which consisted of CE%O5A TIG 

Table 1. Element content (wt.%) in high-strength 7005 and 7075 aluminium alloys

Alloy Definition type Al Si Fe Cu Mn

7005

Alloy grader Base Up to 0.35 Up to 0.40 Up to 0.10 0.2௅0.7
General analysis �3.12௅�3.37 0.43௅0.72 – 0.18௅0.1� 0.25௅0.33

Analysis in the grain volume 88.�3௅�2.78 0.51௅0.6� – 0.16 0.62௅0.64
Inclusions in the grain volume – 0.86௅1.60 10.81௅28.74 0.2௅0.3 2.41௅3.0�

7075

Alloy grader Base Up to 0.40 Up to 0.50 1.2௅2.0 Up to 0.30
General analysis 8�.84௅�0.66 0.45௅0.62 – 1.53௅1.86 0.13௅0.27

Analysis in the grain volume 8�.�7௅�0.41 0.55௅0.56 – 1.46௅1.63 0.12௅0.23
Inclusions in the grain volume – 0.32௅3�.51 6.75௅2�.86 0.�4௅7.18 0.08௅2.83

Table 1 (cont.)

Alloy Definition type Mg Cr Zn Ti Other

7005

Alloy grader 1.0௅1.8 0.06௅0.20 4௅5 0.01௅0.06 =r 0.08௅0.20
Other up to 0.15

General analysis 0.56௅0.75 – 5.01௅5.37 – –
Analysis in the grain volume 0.76௅0.80 – 5.1௅8.8� – –

Inclusions in the grain volume 0.24௅0.54 – 2.02௅3.57 – –

7075

Alloy grader 2.1௅2.� 0.18௅0.28 5.1௅6.1 Up to 0.20 Up to 0.15
General analysis 0.�1௅1.10 – 6.02௅6.45 – –

Analysis in the grain volume 1.04௅1.12 – 6.41௅6.74 – –
Inclusions in the grain volume 0.17௅30.64 5.32௅6.23 1.03௅6.�1 – –
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AC-DC EVO 450T Robot source and PW30 plasma 
module (Cebore Company, Italy). A proprietary labo-
ratory stand with replaceable burners was used for la-
ser and laser-microplasma welding (Figure 2). Weld-
ing mode parameters were selected by such criteria 
of sound formation, as absence of caverns and pores, 
cracks, undercuts on the weld surface that can be re-
corded visually. The main parameters of the mode are 
given in Table 2.

To conduct metallographic analysis transverse 
templates were cut out of the produced joints and mi-
crosections were prepared. Here, ion-vacuum etching 
was used to reveal the microstructure. Results on the 
made joints were investigated by the methods of opti-
cal (Versamet-2 and Neohpot-31 microscopes) and an-

alytical scanning (SEM-515 microscope of PHILIPS
Company, Holland) microscopy. Investigations were 
conducted seTuentially in the following sections of 
the samples: remelted weld metal → fusion line → 
HA= → base metal. Optical microscopy was used to 
study the structural changes in these sections at up to 
500î magnifications. Microhardness was measured, 
using LM-400 microhardness meter (LECO) series). 
Analytical scanning electron microscopy was used to 
determine the chemical composition of weld sections 
(general and local point analysis).

Laser welding by nonthrough thickness welds 
can be used to produce tight joints, for instance, to 
weld flanges. Therefore, technological studies were 
performed by welding simulators in the form of fil-

Figure 1. Base metal microstructure (×500): a — 7005 alloy; b — 7075

Figure 2. Appearance of a laboratory stand for welding: a — laser; b — laser- microplasma

Table 2. Main welding mode parameters of 7005 and 7075 alloy samples

Welding Laser radiation 
power, W

Microplasma power, W Welding speed V,
mm/s

Gas flow rate (Ar), l/min

Straight polarity Reverse polarity Plasma gas Shielding gas

Laser 400 – – 66.7 – 8
Microplasma – 900 500 5 0.3 18

Laser-microplasma 200 1300 600 66.7 10 30
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let joints. Preliminary studies on selection of welding 
mode parameters showed that in order to satisfy the 
condition of weld formation without caverns (pores), 
cracks or undercuts on the surface, greater power at 
lower speed can be used (Figure 3, a). This, howev-
er, leads to noncompliance with the penetration depth 
criterion. To meet this criterion, the mode was cor-
rected in combination with the above-mentioned con-
ditions (Figure 3, b).

At laser welding of 7005 alloy samples welds of 
about 0.6 mm (Figure 4, a) width and depth were pro-
duced. Individual pores of 10–15 μm si]e were detect-
ed in the weld (Figure 4, b). The total volume fraction 
of the defects (VD) in the weld metal is eTual to about 
2 %. In the center of weld metal the structure consists 
of grains of an eTuiaxed shape of si]e Dg = 10௅15 μm. 
Closer to the fusion line elongated grains of size Dg =
= (5௅10)î(15௅25) μm (shape coefficient of 2.5–3.0) 

are observed. Metal stringer precipitates of oxide type 
of size lAl2O3

 = 15௅20 μm were detected in the root part 
of the weld (Figure 4, c). The size of the HAZ is of 
the order of 225 μm. The si]e of grains in the HA= is 
eTual to Dg = (5௅10)î(15௅50) μm (shape coefficient 
of 3௅5). %elow the weld in the welded plate material 
the graininess is eTual to Dg = (4௅5)î(10௅12) μm on 
the one side and Dg = (5௅6)î(15௅20) μm on the other 
side (shape coefficient of 2.5௅3).

HV microhardness in the weld center is eTual to 
613௅624 M3a, in the fusion ]one it is a602 M3a, in 
the HA= it rises up to 631௅648 M3a (Figure 5).

Results of chemical element distribution in the 
joint zones are given in Table 3. It is found that a cer-
tain redistribution of elements took place in the weld 
and HAZ metal within the grain volume and in the 
overall volume of these zones. No alloying element 
loss was recorded.

Figure 3. Transverse sections of fillet joints of 7075 alloy, made by laser welding: a — at 800 W power and 41.7 ms/s speed; b — at 
400 W power and 66.7 mm/s speed

Figure 4. Microstructures of 7005 alloy joints produced by laser welding: a — general view of penetration, ×50; b — fusion zone; 
×250; c — stringer precipitates of oxide type in the root zone, ×500

Figure 5. Distribution of HV microhardness (100 g load) from the weld axis towards the base metal in 7005 alloy
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Welds approximately 0.64 mm wide and approx-
imately 0.74 mm deep were produced at laser weld-
ing of 7075 alloy samples (Figure 6, a). Individual 
pores of size dp = 10௅30 μm were detected in the 
weld. The overall total volume fraction of defects (Vd)
in the weld metal is close to 3 %. The structure in 
the weld metal center is characteri]ed by eTuiaxed 
grains of size Dg = 15௅25 μm. Closer to the fusion 
line in the weld metal elongated grains of size Dg = 
= (5௅10)î(20௅50) μm (shape coefficient of 2௅5) are 
observed. In the root part of the weld metal, string-
er precipitates of oxide type of size lAl2O3

 = 5௅15 μm 
were detected, the arrangement of which follow the 
shape of the root part (Figure 6, c). The width of the 
HA= in this joint is eTual to 200௅240 μm (Figure 6, 
a). Grain size in the HAZ is Dg = (10௅15)î(30௅50) μm 
(shape coefficient of 3௅3.5). %elow the weld in the 
welded plate material, the graininess is eTual to Dg = 
= (10௅25)î(45௅50) μm (shape coefficient of 3௅3.5). 
Below the weld in the welded plate material the grain-

iness is Dg = (10௅25)î(45–50) μm on the one side and 
Dg = (5௅25)î(20௅75) μm on the other.

HV microhardness of the weld metal is eTual to 
�58௅�80 M3a, in the fusion ]one it is 82�௅�36 M3a, 
in the HA= it rises on average by 20 % relative to 
the weld metal and is eTual to 1030௅1070 M3a (Fig-
ure 7).

Results of chemical element distribution in the 
joint zones are given in Table 4. It was established 
that a certain redistribution of elements in the grain 
volume and in the overall volume of these zones oc-
curred in the weld and HAZ metal. No alloying ele-
ment loss was recorded.

In case of welding 7005 alloy, liTuid metal flowing 
into the slot of the butt being welded is observed in 
the root part of the weld (Figure 4, a). It is attributable 
to the high fluidity of this alloy, as well as the known 
effect of formation of spiked structure in the root zone 
(see, for instance, work [�]). 3resence of fine pores 
in the root part of the weld (Figure 6, b) in the case 

Table 3. Results of determination of the content of the main elements by the method of analytical scanning electron microscopy in 
laser-welded joints of 7005 alloy 

Investigation 
zone

Analysis type
Element content, wt.%

Al Mg Si Mn Cu Zn

Weld metal
General analysis �2.4௅�6.22 0.5௅0.64 0.13௅0.52 0.51௅0.88 0.01௅0.13 2.4௅4.38

Analysis in the grain volume �1.�8௅�5.�1 0.02௅0.47 0.4௅0.7 0.55௅0.87 0.17௅0.23 3.02௅6.53

HAZ
General analysis �4.0௅�4.72 0.55௅0.74 0.53௅0.61 0.41௅0.54 0.43 3.55௅4.81

Analysis in the grain volume �3.01௅�3.17 0.6�௅0.7 0.45௅0.48 0.58௅0.63 0.07௅0.23 4.85௅5.13

Base metal General analysis �4.66௅�5.02 0.63௅0.66 0.43௅0.72 0.27௅0.35 0.18௅0.2� 4.05௅4.36
Analysis in the grain volume �0.41௅�4.7� 0.56௅0.�2 0.51௅0.6� 0.4�௅0.�5 0.16 3.38௅4.17

Figure 6. Microstructure of 7075 alloy joints produced by laser welding: a — general view of penetration, ×20; b — pores in the root 
zone, ×250; c — stringer precipitates of oxide type in the root zone, ×500

Figure 7. HV microhardness distribution (100 g load) from weld axis towards base metal in the joint of 7075 alloy
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of welding 7075 alloy is explained by penetration of 
air from the butt. Stringer precipitates of oxide film, 
which are observed in welding both the alloys, are at-
tributable to penetration of fragments of this film into 
the weld pool, which were left or formed on the edges 
being welded. 

Absence of hot cracks in the samples analyzed 
above, is attributable to the selected high-speed weld-
ing mode, where the heat input was eTual to the order 
of E = 5 J/mm (Figure 3, b). In case of increase of 
the heat input up to values E = 5௅30 -/mm the crack-
ing susceptibility becomes higher. In this value range, 
variants of producing welds without cracks, for in-
stance at E § 20 -/mm (Figure 3, a), or with crack 
initiation in the weld root at E § 25 -/mm (Figure 8, 
a). At heat input above ~ 30 J/mm in case of welding 
7075 alloy, there is the risk of hot crack formation 
(Figure 8, b). Such cracks initiate in the weld root 
zone, also on root defects of pore type, and can extend 
for its entire height.

In order to remove the defects in the weld root part, 
it is rational to reduce and stabilize the vapour-gas 
channel pulsations, which lead to formation of the 
spike structure. In order to eliminate the risk of forma-
tion of stringer precipitates of oxide film, it is rational 
to break it up in the weld pool, for instance, using an 
electric arc of reverse polarity. It is known from work 
[10] that hybrid laser-arc processes promote stabili-

zation of the spike structure of the weld root, and the 
cathodic cleaning effect at application of laser-plas-
ma welding is known from work [11]. The laborato-
ry stand, shown in Figure 2, b, was used to conduct 
preliminary studies on laser-microplasma welding of 
7005 and 7075 alloys. No presence of stringer pre-
cipitates of oxide type (oxide film inclusions) in the 
remelted metal was revealed here. The proneness to 
porosity in the weld root part decreased. Thus, re-
placement of laser welding by hybrid laser-micro-
plasma process can be regarded as one of the rather 
effective ways to eliminate the detected characteristic 
defects.

CONCLUSIONS
1. It was established that when producing welded joints 
of aluminium alloys of 7xxx series of 1.5 mm thick 
sheets by fiber laser welding with partial (nonthrough 
thickness) penetration to the depth of 0.5௅0.7 mm, 
there is the risk of formation of pores, in particular, in 
the root ]one, stringer precipitates of oxide film in the 
weld lower part, as well as hot cracks. Elimination of 
the latter is possible due to decrease of welding heat 
input below 25௅30 -/mm.

2. :eld metal is characteri]ed by an eTuiaxed fine 
structure with grain si]e of 10௅15 μm for 7005 alloy 
and 15௅25 μm for 7075 alloy. In the fusion ]one the 
grains have an elongated shape with the coefficient 
from 2.5 to 3 for 7005 alloy and 2௅5 for 7075 alloy. In 

Figure 8. Transverse sections of laser-welded joints of 7075 alloy: a — E § 25 -/mm; b — 35

Table 4. Results of determination of the main element content by the method of scanning electron microscopy in laser-welded joint of 
7075 alloy

Examined 
zone

Analysis type
Element content, wt.%

Al Mg Si Mn Cu Zn

Weld metal
General analysis 8�.7�௅�0.17 1.04௅1.11 0.47௅0.4� 0.08௅0.14 1.83௅2.02 6.05௅6.61

Analysis in the grain volume 8�.33௅�0.27 0.�7௅1.01 0.42௅0.65 0.12௅0.17 1.74௅2.04 6.17௅7.11

HAZ
General analysis 88.7�௅8�.�1 1.05௅1.16 0.27 0.12 1.2௅2.2� 6.78௅7.38

Analysis in the grain volume 8�.53௅8�.54 1.13௅1.24 0.5௅0.71 0.05௅0.16 1.72௅1.84 6.73௅6.84

Base metal General analysis 8�.84௅�0.66 0.�1௅1.1 0.45௅0.62 0.13௅0.27 1.53௅1.86 6.02௅6.45
Analysis in the grain volume 8�.84௅�0.41 1.04௅1.12 0.55௅0.56 0.12௅0.17 1.46௅1.63 6.41௅6.74
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the HA= the grain length is reduced, shape coefficient 
becomes 3௅5 and 3.0௅3.5 for 7005 and 7075 alloys, 
respectively. 

3. During performance of laser welding with small 
(~5 J/mm) values of heat input the microhardness of 
the welds and HAZ become rather uniform, and close 
to that of base metal microhardness. For 7075 alloy 
in the region of the fusion zone a reduction of mi-
crohardness to 20 % was observed, which is due to 
formation of grains of an elongated shape with shape 
coefficient of 2௅5.

4. Elimination of the found drawbacks can be 
achieved by reducing the vapour-gas channel pulsa-
tions with simultaneous improvement of the stability 
of its existence and introduction of cathode breaking 
of oxide film.
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FORMATION OF A JOINT BETWEEN DEPOSITED 
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ABSTRACT
/aser cladding is an alternative method to other cladding techniTues such as 3lasma Transfer Arc (3TA) or blowtorch for sur-
face treatment in the glass industry. It aims to produce dense, high-Tuality coatings on a non-planar surface without affecting its 
thermal and mechanical properties. In this study, Ni-based coatings were coated onto Cu௅Ni௅Al substrate using a 3 -ET no]]le 
techniTue. During laser cladding, good metallurgical bonding is necessary to ensure the further surfacing process techniTue. 
A microstructural analysis was conducted, and the mechanical properties were then evaluated with microhardness analysis to 
link process parameters to coating bonding Tuality. A calculation of the power attenuation attempts to explain the impact of 
the powder distribution on the bonding. This work revealed that a chemical dilution zone exists between coating and substrate 
and is necessary for perfect metallurgical bonding. The heterogeneous bonding, observed through the section, along the curved 
interface coating/substrate, has been linked to the Gaussian distribution of the powder that attenuates the input power. The
attenuated power was measured all along the interface.

KEYWORDS: laser cladding, power attenuation, powder distribution, dilution zone

INTRODUCTION
During glass bottle production, viscous glass is 
poured into Cupro–Nickel–Aluminum (Cu–Ni–Al)
molds at temperatures ranging from 700 to 1200 °C. 
Cu–Ni–Al or cast-iron glass molds must absorb the 
high glass temperature to cool it homogeneously, 
playing the role of thermal exchangers [1]. How-
ever, during this process, corrosion or abrasion can 
appear on the molds’ sensitive parts (neck ring and 
match). Also, thermal fatigue can be observed during 
the molding cycle. Therefore, it is important to mod-
ify the mold surface properties before the production 
to extend its lifespan. In order to do that, Ni-based
or Co-based powder is cladded on those parts. The
most famous cladding methods for glass industry are 
Plasma Transferred Arc (PTA) [2] and blowtorch [1]. 
%ut with these techniTues, a high Heat Affected =one 
(HAZ) is present. It corresponds to a zone belonging 
to the substrate that has not reached its fusion tem-
perature but underwent a change in its structure due 
to the process. To avoid that, a pre-heating is operat-
ed with those techniTues. In mold industry, the aim is 
to limit this Affected Zone to prevent changes in the 
substrate thermal properties. To be able to do that, la-
ser cladding is operated instead of former techniTues 
without mold pre-heating.

Laser cladding is an innovative surfacing tech-
niTue, developed in the �0¶s [3,4]. It is used to obtain 
well-bonded high-Tuality materials, free of pores and 
cracks without affecting the substrate thermal proper-
ties (so, a low HAZ).

Some researchers have investigated the impact 
of laser cladding on the substrate microstructural 
change. In most of the studies, the HAZ is observed 
during laser cladding on cast iron substrates with the 
appearance of metastable phases like martensite or 
ledeburite [5, 6].

Balu et al. [7] have operated laser cladding with 
two kinds of Ni-based powder on Cu substrate with 
and without pre-heating. They observed that the grain 
size in the HAZ is high distanced from the interface. 
It has also been seen that this size increases at low 
laser scanning speed. Hardness is lower in the HAZ
than distanced from the interface. They found that a 
substrate pre-heating leads to a better bonding due to 
a larger melting pool and HAZ.

Despite the limited HAZ, laser cladding often in-
duces an area of local chemical dilution between the 
powder and the substrate. Authors explained that di-
lution is obtained at the interface when a fusion be-
tween the substrate and the coating occur [7–9]. This
dilution, dependent on the input laser power [10], 
has to be restricted in order to avoid a large HAZ but 
seems necessary to ensure good metallurgical bond-
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ing. Many researches have observed that according 
to the powder nature, a high power attenuation can 
appear [11, 12]. There are two ways of describing the 
dilution (rate) [13]: in geometrical terms, it in calcu-
lating the ratio between the melted area (including the 
HAZ) and the coating area. The second is in metal-
lurgical terms, which consists in measuring the depth 
of the chemical mixture between the coating and the 
substrate. Liu et al. [14] present a dilution rate by 
using the geometrical method during laser cladding 
of magnesium alloys. According to them, a very low 
dilution rate prevents from good metallurgical bond-
ing. Using the same definition of the dilution rate, /uo 
et al. [15] present the same observation during laser 
cladding of NiCrBSi. Balu et al. [7] used the metallur-
gical method to measure the dilution rate during laser 
cladding of Ni-based powder on a Cu substrate. They
found that a high dilution can lead to a high HAZ.
Pereira et al. [16] observed that during laser cladding 
of NiCoCrBSi on stainless steel, a very low dilution 
]one (metallurgical method) at about 2 μm is enough 
to obtain a perfect bonding without affecting the sub-
strate mechanical properties (no cracking behavior 
observed). Many authors [17, 18] presented an EDS
analysis to measure the dilution between two materi-
als and its components’ chemical evolution.

The main challenge in laser cladding on a cop-
per-based substrate is to obtain good bonding despite 
the low absorptivity of the substrate [19]. Zhang et al. 
[20] explained that it was impossible to obtain bonding 
without preheating, so they pre-heated the substrate to 
300 °C. It appears that a compromise must be found to 
respect both the restricted HAZ and the dilution zone 
needed to guarantee the cohesion between the coating 
and the substrate. We should bear in mind that this 
cohesion is crucial to allow further machining of the 
repaired mold. Moreover, the coating has to be free of 
cracks and pores to retain a perfect glass surface.

The aim of this study is to obtain a perfect bonding 
with a limited or non-existent HAZ after cladding of 
nickel-based material on a Cu–Ni–Al substrate. The

novelty in this process is the laser cladding performed 
without preheating on a curved surface. Also, the high 
thermal conductivity of the copper-based material is 
challenging because it can prevent from obtaining the 
perfect bonding. This can be achieved by identifying 
the relationship between the dilution zone (existence 
and thickness) and the bonding Tuality with regards 
to the laser process parameters. A microstructural and 
chemical analysis of the coating/substrate interface 
will be conducted. Also, microhardness measurements 
will be presented. The influence of the Gaussian dis-
tribution of Ni powder on the laser power attenuation, 
and thus on the bonding, will be discussed.

MATERIALS AND EXPERIMENTAL
TECHNIQUES
Laser cladding consists in melting an injected powder 
with a very thin surface layer on the substrate by a la-
ser beam to produce a metallurgical bonding. During
this study, a 4KW Nd:YAG laser with a wavelength 
of 1030 nm was used. An optical fiber with a diameter 
of 600 µm was used for guiding the beam. Ni pow-
der was injected coaxially into the laser beam [21]. 
A cross-section of the Cu–Ni–Al mold of the bottle 
ring is shown in Figure 1, a after cladding. Figure 1 b
describes the typical cross-section that has been met-
allurgically studied.

During the process, the interaction distance, fs, be-
tween the laser and the powder is considered (Figure 2).

At the focal plane (position %), the powder flow fol-
lows a Gaussian distribution. This has been proved by 
many research studies [22–24]. In the present study, the 
Gaussian distribution has been centered at the midpoint 
of the mold curved surfaces of the samples.

The chemical compositions of the powder and the 
substrate are listed in Table 1.

The process parameters used during this study are 
presented in Table 2. These samples are extracted us-
ing Taguchi design of experiment. Only samples with 
a partial or perfect bonding have been selected.

To be characterized, samples were mechanically 
polished using SiC papers and then diamond polished 

Figure 1. Half of the mold ring after Ni-laser cladding (a) and studied cross section (b)
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to 1 µm for Optical Microscopy (OM), Scanning 
Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) analyses. To operate Electron 
Backscatter Diffraction (EBSD), an extra OPS polish-
ing was done. Vickers hardness tests were performed 
on the cross-section, along a line perpendicular to the 
coating surface with a 10-gf load for 15 seconds. The
measurements were taken from either side of the in-
terface for all the 6 samples.

RESULTS AND DISCUSSION

MICROSTRUCTURE FEATURES 
AND ASSOCIATED CHEMICAL
AND MECHANICAL PROPERTIES
Figure 3 describes the three different kinds of bond-
ing behavior that can be observed after laser cladding 
of Ni-based powder on a Cu–Ni–Al substrate: perfect 

bonding (Figure 3, a), partial bonding (Figure 3, b)
where the bonding is partially present at the interface 
and no bonding (Figure 3, c). A bonding is considered 
partial when 15 % bonding default is observed in the 
coating/substrate interface.

Figure 4 shows the SEM-BSE (Back-Scattered
Electrons) analysis of the CNC 5 and CNC 6 samples 
(see Table 2). Figure 4a shows that CNC 5 presents 
perfect bonding (case of Figure 3, c) whereas Figure
4b shows a sample (CNC 6) with a discontinuous 
bonding (Figure 3, b). Indeed, in the curved center, 
there is a lack of bonding. No analyses have been 
performed on samples with no bonding (Figure 3, a)
since the clad is easily separated from the substrate.

For both samples, the substrate is composed of a 
dendritic matrix. No heat affected zone (HAZ) seems 
to be present in the substrate because no microstruc-
ture modification is noticeable close to the interface. 
Concerning the Ni deposit, elongated grains are ob-
served along solidification direction for both cases. 
Small grains can be seen in the coating close to the 
interface and at the extreme surface.

Figure 5 shows an EBSD analysis of the micro-
structure and texture around the interface (black 
sTuares in Figure 4, a, b) for both samples (perfect 
or partial bonding) in order to observe the differences 
according to the bonding Tuality.

It can be observed that microstructure is very sim-
ilar in both cases (Figure 5, a, b).The solidification 
features are in accordance with the literature [25–28]. 

Figure 2. Powder distribution according to the focal position fs [19]

Table 1. Chemical compositions of the substrate and powder

Elements (wt.%) Fe Mn Al Ni Zn Pb Sn Si Cu B Cr C

Cu–Ni–Al <1 0.5 8.5 15 8 <0.1 0.15 1 Bal – – –
Ni powder 1 0.1 – Bal – – – 2.5 – 1.7 0.3 0.5

Table 2. Process parameters

Sample Power, W Speed, mm/s Powder feeding rate, g/min Spot diameter, mm

CNC 1 2400 6.5 26.5 4
CNC 2 2600 10 24.5 3
CNC 3 2800 6.5 32.5 3
CNC 4 2800 8.5 24.5 4
CNC 5 3200 8.5 28.5 3
CNC 6 3200 10 30.5 4

Figure 3. Three kinds of bonding behavior: a — no bonding; b — partial bonding; c — perfect bonding
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A nucleation phase, characteri]ed by small eTuiaxed 
grains, is evidenced at the interface, then a columnar 
growth directed mainly parallel to the <001> direc-
tion of the dendrites is observed (Figure 5, a). So, the 
bonding Tuality does not change the solidification be-
havior during laser cladding.

A SEM-EDS analysis is presented (Figure 6) to 
observe the chemical impact of the laser cladding at 
the interface nucleation/substrate.

In the Figure 6, a, b, deconstruct dendrites from 
the substrate are observed in a mixed zone at the coat-
ing/substrate interface delimited by white lines. Also,
the Figure 6, c clearly shows a local chemical mixture 
where copper seems to be replaced by nickel over a 
thin layer of the substrate. This can be the conseTuence 
of a local fusion of the substrate and correspond to the 

dilution zone that has been reported in the literature 
[17, 26]. Apart from this area, there are no discernible 
chemical changes in the substrate or the Ni coating. 
So, no HAZ can be chemically observed in this study.

A measurement of the dilution zone thickness was 
made by chemical analysis from the coating to the 
substrate (Figure 7).

A diminution of the Ni element from the coating to 
the substrate can be observed. At the same time, the 
Cu composition progressively increases. Overall, Ni 
is at around �6 % in the coating, then decreases down 
to 40 % close to the interface and stays below 10 % in 
the substrate matrix except inside the dendrites where 
the Ni increases to 3� %. The dendrites also present a 
higher level of Al (the high concentration of Ni and Al
inside the dendrites is in accordance with Figure 6). 

Figure 4. Typical microstructure of the cross-section of the samples: a — CNC 5 with good bonding; b — CNC 6 with partial bonding 
obtained by SEM-BSE

Figure 5. Crystallographic axes parallel to the solidification direction (black arrows): a ² E%SD analysis of the black sTuare area in 
Figure 4, a, b

Figure 6. EDS maps of the principal chemical elements composing the deposit and the substrate of sample CNC6: a — Al; b — Cu;
c — Ni
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The dilution zone exhibits a chemical mixture over 
about 35 µm for this sample.

Figure 8 shows the hardness measurements 
through the interface for four typical features of the 
microstructure: the columnar zone of the coating, the 
nucleation zone, the dilution zone, and the substrate.

It can be observed from Figure 8 that the mi-
cro-hardness of the dilution zone increased to 618 HV.
The similar results was observed by Pan et al. [27] 
when cladding Fe-based powder on a stainless steel 
substrate in their dilution zone. This high hardness in 
the dilution zone could be explained by the formation 
of an eutectic of Ni௅Ni3B due to the low ratio of Si/B
(§1.3) in this area as described by Hemmatie et al. 
[28]. Indeed, they mention that this compound is of 
high hardness. In the coating and the substrate, the 
values are not higher than 317 HV. This hardness does 
not indicate the presence of the HAZ in the substrate. 
No increase of the hardness is noticed in the nucle-
ation area despite the presence of small grains. In fact, 
the Hall and Petch law which describes that the hard-

ness is higher when the grain size is lower [29]. But 
this couldn¶t be verified is the present work.

Since the dilution ]one can be Tuantified using 
the EDS analysis it could be interesting to observe its 
evolution along the curved interface in order to cor-
roborate its existence/thickness with the metallurgical 
bonding Tuality.

DILUTION ZONE THICKNESS ALONG 
THE CURVED INTERFACE
To state if the discontinuous bonding along the inter-
face in the studied section is linked to the chemical 
dilution presence or thickness, a protocol of system-
atic D= Tuantification has been implemented across 
the section of all samples and is presented in Figure 9. 
Five lines separated from each other by an angle of 
22.5° along which the chemical composition have 
been measured from the coating to the substrate with-
in 400 μm, and where the D= depth has been deter-
mined. This method allows to plot the DZ evolution 
along the curved interface (Figure 9).

Figure 9 reveals that the DZ evolution is the same 
across the section for all the samples studied. On the 
zones a and e (the edges), the DZ depth is maximum 
(from 25 to 175 µm according to the cladding param-
eters). It decreases at lower levels (b and d zones) to 
between 3 and 21 µm. Then at the center of the curve 
(c zone) this DZ is minimum (zero in the case of no 
bonding). Moreover, for all the studied samples, the 
bonding is lower at the center of the curved section. 
Therefore, it is possible to draw a direct connection 
between D= depth and bonding Tuality. Indeed, the 
deeper the DZ, the better the bonding will be. The
discontinuous bonding is well highlighted by the DZ
evolution along the curve of the cross-section. It is 
important to understand what phenomenon leads sys-
tematically to a weaker chemical dilution at the sec-
tion curve center during laser cladding, as a function 
of process parameters.

Figure 7. Chemical composition of the dilution zone from the 
coating to the substrate (sample CNC 6)

Figure 8. Hardness measurements corresponding to the character-
istic features encountered from the coating to the substrate (black 
points)

Figure 9. Measurement of the DZ depth over the entire cross-sec-
tion and D= depth along the five black lines for all the samples
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POWER ATTENUATION
It is well known in the laser cladding process that 
powder particles contribute to attenuate the incident 
laser power. Obviously for full consideration it is 
necessary to calculate the total heat balance of laser 
surfacing using filler powder, the total amount of heat 
released by the laser is spent on heating and melting 
the filler powder, heating the base metal before melt-
ing and maintaining the weld pool in a liTuid state (the 
useful part of the heat), as well as radiation into the 
surrounding space (including as a result of reflection 
from powder particles, depending on its reflectivity) 
and heat removal to the base metal (heat loss). The
thermal efficiency of the laser surfacing process and 
the parameters of its regime depend on these indica-
tors: laser power, the amount of powder supplied per 
unit time, its granulometric composition, etc. [30, 31]. 
This is complex calculation and for simplification of 
the description in current research we have consid-
ered only the effect of the powder particles (i.e. filler 
powder). Tabernero et al. [32] have described the im-
pact of a shadow of particles during the interaction of 
the laser and the powder while cladding is in prog-
ress. They have assessed the attenuation undergone by 
the beam and characterized the density of energy that 
reaches the surface of the substrate. They were able 
to perform this calculation with a computational fluid 
dynamics (CFD) model, which has been experimen-
tally validated. Moreover, the present authors used the 
calculation of the attenuated power to determine the 
minimum power necessary to ensure an accurate clad/
substrate bonding [26]. Nevertheless, the local attenu-
ation due to the Gaussian powder distribution has not 
been studied along the curve section.

El Cheikh et al. [23] have discovered that at the 
focal position, fs, presented in Figure 2, a Gaussian
distribution of powder can be observed. Qi et al. [33] 
have proposed an eTuation of the powder distribution 
N (x, y) depending on the radial distance x and the ax-
ial distance z in the case of a coaxial nozzle as shown:

( ) ( ) ( )2 2
max, exp 2 / ,N x z N z x R= −  (1)

where Nmax, m
–3 the peak concentration at the center of 

powder flow (x = 0); x, mm the radial distance; R, mm 
the powder stream.

To understand how the power is impacted, the 
Beer Lambert Law can be applied [33, 34]:

( ) ( ) ( ), exp ,z zP x z P x SNz′ = −α  (2)

where zP′  W the power attenuated by the powder 
flow, zP′  W the initial input power during laser clad-
ding; S mm2 the particle section and α a factor which 
considers phenomena like the scattering effect, plas-

ma generation. α was obtained from an experiment of 
the attenuated power during laser cladding. A power 
meter is placed under an optically neutral glass to pro-
tect it from the powder injected. During the test, an air 
flow was injected hori]ontally in order to deflect the 
projected powder. As an example, for an incident mea-
sured power of 1916 W, the measured attenuated power 
was 1498 W for a PFR of 28.5 g/min. This led to adjust-
ing the α coefficient at a value of 6 (this result is in 
accordance with literature [32]). If α is eTual to 1, the 
attenuation is only due to particle shadow. The present 
value of 6 indicates that other phenomena (scattering 
effect, plasma generation) also contribute to the pow-
er attenuation.

By inputting the powder distribution on each posi-
tion of x it is possible to observe the power attenuation 
on the radial distance for an incident power of 2800 W 
as an example (Figure 10).

Figure 10 indicates that, at the center of the pow-
der flow (the focal point fs, Figure 2), the power is 
attenuated from 2800 to 1200 W. At the center of the 
powder flow (x = 0), 57 % of the power is lost due 
to the powder flow (absorbed or reflected). So, only 
43 % is available for the fusion. Moreover, given that 
the absorptivity of Cu-based materials is about 0.06, 
only 72 W remains to reach the substrate (and proba-
bly melt it). Since the focal plane of the powder flow 
corresponds to the center of the mold curved surface, 
it can be assumed that this shadow effect explains the 
lack of dilution DZ observed at this position. There-
fore, this phenomenon may be at the origin of the ab-
sence of bonding for some cladding conditions with 
too weak incident laser power.

A LINK BETWEEN POWER ATTENUATION, 
DILUTION AND HAZ
No HAZ was observed here when laser cladding on a 
Cu-based substrate. But the heterogeneous dilution in 
the mold’s curved section can lead to a lack of bond-

Figure 10. Distribution of the power attenuation on the substrate 
(x = 0 is the focal point) for an input laser power of 2800 W
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ing at the curved center and induce the coating fall out 
during machining [1]. In the meantime, on the edges 
(according to the input laser power), less powder gen-
erates more power available for the interface fusion. 
According to the substrate composition, a high HAZ
can be generated and induces a cracking behavior due 
to the high hardness as it was observed in previous 
researches conducted by the authors during laser clad-
ding on cast iron [35].

CONCLUSION
Ni-based powder was deposited by laser cladding 
on a Cu-based substrate with a curved surface. The
cladding process parameters were widely explored 
in order to verify the bonding Tuality of the clad to 
the substrate. Three kinds of metallurgical bonding 
have been noted: lack of bonding, partial bonding or 
perfect bonding. In addition, a constant lack of bond-
ing is observed in the center of the substrate curved 
surface. Moreover, the chemical dilution depth be-
tween Ni and Cu was measured at the interface clad/
substrate depending on process parameters. It appears 
that the dilution depth is also lower at the same loca-
tion of the curved surface. This could be explained by 
the Gaussian distribution of the powder flow around 
this point. Indeed, at the curved center the powder 
density is at maximum, so the input laser power is 
significantly attenuated. /ess energy is then available 
for the substrate to melt and to ensure a perfect met-
allurgical bonding. The attenuated power evolution 
moving away from this central point would explain 
the discontinuous bonding along the interface in the 
cross-section. As it was mentioned above, a com-
promise was found in the present work to ensure a 
minimal dilution (DZ) in the curved center without af-
fecting the based material properties (limit the HAZ). 
This optimization can correspond for example to a la-
ser power of 3200 W with a PFR of 28.5 g/min and a 
scanning speed of 8.5 mm/s.
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OF SEALING COATINGS FOR PARTS 
OF GAS TURBINE ENGINES (REVIEW)
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ABSTRACT
In the work, the experience in development of sealing thermal coatings for parts of gas turbine engines was analyzed. It was 
found that the tasks of developing compositions and technologies of thermal spraying of sealing coatings intended to provide 
the optimal radial clearance between components of stator and rotor in order to reduce the consumption of technological fuel 
and improve the efficiency coefficient of engines, are relevant. The principles of optimi]ing the composition of sealing coating 
material were described. They consist mainly in the combination of ease of plunging a blade into coating with resistance to 
erosion wear, which provides the operation efficiency of coating with its fatigue life. The temperature modes of operation of 
sealing coatings in different sections of gas turbine engine were determined. For spraying of sealing coatings applying thermal 
methods, composite powders are used, the composition of which corresponds to the concept of metal solid lubricant. As a metal 
component, Ni, AlSi, Ni- and Co-alloys are used and as a solid lubricant, graphite, hexagonal boron nitride, betonite and poly-
ester are used. For high-temperature sections of turbines, a combination of a stabilized zirconium oxide with hexagonal boron 
nitride and polyester is used. The composition of these combinations determines the temperature zone of their use, related to 
the working conditions of compressor or turbine.

KEYWORDS: sealing coating, thermal spraying, matrix, solid lubricant, abrasion, erosion resistance, compressor, turbine

INTRODUCTION
Gas turbine engines (GTE) are the main primary en-
gines of powerful compressor and pumping units, 
the reliability and efficiency of which is paid special 
attention. Increasing the efficiency of modern GTE 
is one of the important tasks of modern engine con-
struction. During their manufacture, special attention 
has always been paid to increasing the efficiency and, 
accordingly, reduction in fuel consumption. One of 
the basic parameters of an engine affecting its effi-
ciency, are radial clearances between working blades 
of turbine (compressor) and stator parts (super rotor 
inserts) [1]. According to the carried out studies, an 
increase in relative radial clearance by 1 % leads to 
a decrease in engine efficiency by about 3 % and fuel 
consumption by almost 10 % [2]. Since the si]e of 
radial clearance between rotor and stator significantly 
affects the efficiency of turbine, its reduction allows 
solving this problem in the least expensive way.

This can be achieved by creating a minimal, close 
to zero radial clearance between the ends of blades 
and the engine casing and keeping it at a set level 
throughout the whole engine operating life. However, 
during operation as a result of the action of gas flow 
temperatures, deformation of the casing and blades, 
vibrations of rotor and casing during operation under 
off-design conditions, twisting of rotor, etc., often 
a contact of the end part of blades with the engine 

casing arises. As a result, a significant wear of blades 
appears, which results in an increase in a radial clear-
ance of the flow tract during operation of the engine, 
which leads to a decrease in efficiency, reduction in 
the operating life of blades and sometimes to fracture 
of parts being in contact [3].

One of the ways of solving the problems of reduc-
ing the radial clearance between rotor and stator and 
increasing the efficiency of GTE turbine are measures 
based on the modernization of designs of turboma-
chines, blades, preliminary planned creation of an ini-
tial radial clearance, which allows avoiding touching 
the ends of blades and turbine casing in the operation 
process. At the same time, the problem of minimizing 
gas leakage is solved by reducing the residual rotor 
imbalance, the use of brush seals and compensators. 
Such measures allow increasing the efficiency of en-
gines, but reTuire new design and technological stud-
ies. This leads to a change in GTE design, increasing 
its cost and cannot be implemented in already de-
signed engines in operation [4].

The most rational method of reducing the size of 
radial clearance is to use various kinds of sealing run-
in coatings, which are easily abrased in the course 
of operation when interacting with the tips of blades 
or crests of labyrinths without their further fracture. 
Sealing or abradable coatings are used in GTE in air-
craft, power engineering and gas-pumping units.

Thermal spraying methods allow depositing seal-
ing coatings (instead of inserts from sealing mate-
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rials), that are so pliable that the edge of a blade or 
a labyrinth can easily cut into their layer, but at the 
same time strong enough to withstand the pressure of 
the gas flow, including at high temperatures.

The aim of the work is to analyze literature data on 
the conditions of the work, the reTuirements for the 
properties of materials, experience in development of 
compositions of sealing thermal coatings on GTE parts.

FUNCTIONAL PURPOSE 
OF SEALING COATINGS
The need in creating new sealing materials for GTE is 
caused by the reTuirements to reduce the specific fuel 
consumption. One of the most important tasks set be-
fore the developers of challenging GTE, is providing 
minimum admissible clearances between blades and 
casings of compressor and turbine to reduce working 
gas leaks. However, reducing the size of a radial clear-
ance is associated with an increase in wear of blades 
at the ends and the risk of their breakage as a result of 
contact with stator.

To avoid breakage and wear of blades, special 
sealing coatings are developed, which have a number 
of physical-mechanical and tribotechnical character-
istics. The scheme of using sealing coating to adjust 
clearances in GTE is shown in Figure 1 [5].

The efficiency of using sealing coatings is char-
acterized by contact interaction of rotor and stator of 
GTE. Ideally, when as a result of interaction of rotor 
parts with an abradable coating, only the latter is worn, 
when rotor is shifted, a clearance with an area that is 
3 times smaller than in the case of using wear-resistant 
coating is formed. Since gas consumption is directly 
proportional to the leakage area, it is obvious that the 
leakage of gas in the case of using abradable sealing 
coatings will be approximately 3 times lower than in 
the case of non-abradable (wear-resistant) coatings [6].

REQUIREMENTS FOR SEALING COATINGS
Based on the functional purpose of run-in sealing 
coatings, abradability is one of the basic reTuirements 
for sealing materials. To satisfy this reTuirement, it 
is necessary that the strength of the sealing material 
was much lower than the strength of the material of 
blades or crests of a labyrinth. However, the strength 
of the sealing material determines its erosion resis-
tance, which should be high enough to guarantee op-
eration of the engine during a set life. Since there are 
two such contradictory reTuirements set forth to the 
strength of the sealing material, the choice of its value 
is the most responsible moment in the development 
and application of coating.

The effect of the strength of the sealing material 
on its abrasion and erosion resistance is shown in Fig-

ure 2 [7]. The nature of these dependencies is similar 
for different materials, but Tuantitative ratios are dif-
ferent. When constructing these curves, it is implied 
that the composition of the coating material is main-
tained and the strength is regulated by changing the 
structure of the material.

Sealing coatings are used in different areas of 
GTE, as is shown in Figure 3, and the main criterion 
for choosing coating material is the operating tem-
perature of the area, on which it is deposited [8].

General reTuirements (ideally) that abradable seal-
ing coatings should meet, depending on working con-
ditions, are the following [8, 9]:

Ɣ running-in of components being in contact;
Ɣ sufficient strength but significantly lower than 

the strength of rotor parts (blades);
Ɣ low friction coefficient, which reduces wear in 

the contact process;
Ɣ providing the minimum wear of compressor ro-

tor parts (due to a high abrasion);
Ɣ absence of overheating and ignition of parts of 

titanium alloys as a result of friction (cutting) of rotor 
with stator;

Ɣ high erosion resistance of sealing in the condi-
tions of gas flow with solid particles;

Ɣ resistance to cyclic temperature drops;

Figure 1. Scheme of application of sealing coating in GTE

Figure 2. Impact of strength of sealing material on its abrasion 
and erosion resistance
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Ɣ the coefficient of thermal expansion that pro-
vides a reliable joining of abradable material (coat-
ing), with stator;

Ɣ stability of properties for a long time at operat-
ing temperatures;

Ɣ chemical resistance to salty water (corrosion), 
engine fuel, lubricant for hydraulic systems, engine 
flushing liTuids;

Ɣ low plunging or contact friction energy;
Ɣ lack of transition of material from the surface 

of abradable seal on the end of blades and vice versa;
Ɣ lack of gas leaks due to open porosity in the material;
Ɣ low cost and repairability.
Since abradable material is cut by the ends of 

blades, it is also important that the formed products 
of wear do not exceed a certain size (0.2–0.3 mm). 
Larger particles getting into clearances between a ro-
tating part and a sealing material can cause its addi-
tional fracture.

An effective operation of sealing coating is provided 
at the ratio of wear of coating to wear of blade, which 
is eTual to 10:1. %ut at the ratio of 5:1, the operation of 
sealing coating is considered Tuite satisfactory.

MATERIALS AND METHODS
OF DEPOSITION OF SEALING COATINGS
Development and selection of sealing material consists 
in providing strength characteristics at which abrasion 
and erosion resistance of material meet the reTuirements 
specified under the set working conditions throughout 
the whole life. As strengthening coatings for GTE parts 
mostly composite coatings are used, consisting of ma-
trix and fillers (solid lubricants).

The matrix in the coating provides its strength 
and resistance without leading to excessive wear of 
blades. As a matrix material in sealing coatings, the 
following materials are usually used:

Ɣ aluminum-silicon materials for low-temperature 
sections;

Ɣ MCrAl< (M = cobalt, nickel or cobalt/nickel) 
for medium temperatures of compressor sections;

Ɣ yttrium-stabili]ed ]irconium (high-temperature 
ceramic material) for high-temperature turbine sections.

All of them have a strength, lower than in tradi-
tional materials (stainless steel, titanium, nickel al-
loys, etc.) used for the manufacture of GTE blades 
(Figure 4 [10]).

Depending on the hardness of the matrix material, 
the mechanism of coatings abrasion during plunging of 
blades can be of two types: wear with shear and wear 
with chipping of coating particles (Figure 5) [5]. The 
first type of wear is typical for coatings, where rela-
tively soft alloys are used as the matrix material, that 
are subject to shear, such as Al-alloys (Figure 5, a).
The second type of wear is characteristic of coatings, 
where, harder alloys are used as a matrix and to remove 
particles during a contact with a blade, the presence of 
porosity in the coating is reTuired (Figure 5, b).

Solid lubricant or dislocation phase serves as a 
source of crack formation and propagation, providing 
the coating with the necessary brittleness, while en-
suring that wear products are small enough and can 
not block cooling channels or provoke further wear of 
parts [11]. Graphite and hexagonal boron nitride are 
the materials, that are the most freTuently used as a 
solid lubricant.

Figure 3. Model of modern turbine with temperature mode of operation of sealing coatings (LP — low pressure; HP — high pressure)

Figure 4. Types of materials for manufacture of seals and blades 
of GTE, depending on operating temperature: 1 — polymer; 
2 — AlSi-polymer; 3 — metal matrix with solid lubricant; 4 — 
ɆСrȺl<-materials; 5 ² ceramics (a ² fibrous polymer compos-
ites; b —titanium; c — stainless steel; d — super alloys; e — 
blades produced by directed crystallization; f —monocrystalline 
blades; g — heat-resistant alloys)
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Sealing coatings should also have a certain level 
of porosity to achieve the desired abrasion. The con-
trolled level of porosity can be achieved by adding 
the optimal amount of polyester to the sprayed mate-
rial [12]. During further heat treatment, the polyester 
evaporates and the desired level of porosity is formed 
in the coating. Heat treatment of coating is carried out 
by heating to a temperature of 453௅500 °C in air [11, 
12]. The number and size of pores determine the abra-
sion and erosion resistance of coatings. Erosion resis-
tance decreases with increasing porosity, and abrasion 
increases [12]. Pores and voids are microcrack nuclei 
between the particles of coating when touching the 
end of a blade. Due to these microcracks, a clean cut 
of coating with a minimal transfer of the coating ma-
terial to the end of a blade occurs [11].

In some cases, sealing coatings reTuire a prelimi-
nary spraying of the intermediate layer (sublayer) on 
the base to increase the adhesion strength. As the sub-
layer material, � 5 % Ni௅5 % Al is mainly used [8].

As the ranges of operating temperatures and pres-
sures in GTE are very large, different materials and 
types of abradable coatings are used in them, depend-
ing on operating conditions of engine parts, on which 
they are deposited. The choice of a particular type of 
abradable coating primarily depends on the operating 
temperature of the section in which it will be used. 
Coating systems which are used depending on the op-
erating temperature are shown in Figure 6 [5].

To form sealing coatings on GTE parts, thermal 
spraying technologies are the most promising and in 
demand today [13]. For this purpose, compositions of 
composite powders and flux-cored wires are devel-
oped. Coatings of composite powders are sprayed by 
oxyfuel and plasma spraying methods. The process of 
plasma spraying is a process with higher temperatures 
than that of oxyfuel spraying, which means that mate-
rials with higher melting temperatures can be depos-
ited using the plasma spraying process. Flux-cored
wire coatings are sprayed by oxyfuel and electric arc 
spraying methods.

By adjusting the thermal spraying modes, it is 
possbile to control the structure and, accordingly, the 
properties of produced coatings. Due to this, it is pos-
sible to produce sealing coatings with the following 
types of structures [14]:

Ɣ very porous, with many unmelted particles, pro-
duced by very careful selection of spraying parame-
ters to achieve the desired degree of abrasion. An ac-
curate reproduction of such coatings can be difficult, 
and they reTuire a strict control;

Ɣ dense and homogeneous coating structures with 
such additives as polymers, graphite, bentonite and 
boron nitride (hBN). Abrasion is regulated mainly by 
the concentration of additives, not by changing spray-
ing parameters, which helps to produce denser coat-
ings with the desired properties.

SEALING COATINGS 
FOR COMPRESSOR SECTION
AlSi-polyester is a typical sealing coating that is 
widely used in GTE due to its good abrasion, self-lu-
brication and thermal conductivity and is the most 
common coating used in low pressure compressors at 
low temperatures [15]. The coatings are deposited by 
the method of plasma spraying of a mixture of pow-
ders of aluminum-silicon alloy (Al௅12Si) and poly-
ester. The content of aluminum-silicon alloy, which 
provides structural strength and resistance of the coat-
ing to erosion, amounts to about 52 %, and polyester 

Figure 5. Schemes of wear mechanisms of coatings in contact with blades: a — wear with shear and cutting; b — wear with chipping

Figure 6. Systems of sealing coatings used for GTE parts depend-
ing on the operating temperature
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with self-lubricating characteristics amounts to about 
40 %, the rest is a binder. AlSi-polyester sealing coat-
ing is mainly used for sealing the casing in the lower 
and middle parts of compressor with a temperature of 
up to 350 °C (as a result of temperature limitation of 
polymer in the coating) [16]. The desired level of po-
rosity of coatings amounts to 2 % with a corresponding 
Rockwell surface hardness HR15Y 40-50. According
to Sul]er Metco [17], coatings of 60Al௅12Si–40 poly-
ester, deposited by plasma method, have a hardness 
H515< 65௅80 and porosity of 3௅5 %.

As fillers, hexagonal boron nitride and graphite are 
also used. Coatings of Al௅8Si-h%N (20 %) + organ-
ic binder (8 %) and Al5Si (Al6Si, Al7Si) ² graphite 
(22, 24, 45 %) + organic binder (7, �, 8 %) are upplied 
at operating temperatures up to 450௅480 °C (due to 
the temperature limitation of aluminum in the materi-
al). The desired level of porosity amounts to 15௅20 % 
with the corresponding Rockwell surface hardness 
H515< 40௅50 (40௅70 according to Sul]er Metco) 
[15]. The content of hexagonal boron nitride in the 
coatings can amount to 40௅50 % [�].

Al-bronze alloy is also used [18] as a matrix instead 
of AlSi alloy. The operating temperature of the coating, 
taking into account Al (7.5௅8.5 %)–Cu (75௅85 %) al-
loy with the addition of polymer (5.0௅14.5 %) is up to 
650 °C. At operating temperatures above 350 °C, it is 
necessary to carry out heat treatment of the coating to 
remove polyester in order to prevent an uncontrolled 
flash. The coatings are deposited by plasma method. 

Hardness of coatings amounts to H515< 60௅70 and 
the porosity is 6௅10 %.

The microstructure of coatings based on AlSi al-
loy with the addition of polyester, hexagonal boron 
nitride and graphite is shown in Figure 7 [5].

When using metal matrices with higher melting 
point and shear strength than in aluminum or its alloys, 
the coating structure is usually porous to provide its 
abrasion. Such coatings include coatings of the nick-
el-graphite system, the structure of which represents 
a nickel matrix in which lamellar graphite is random-
ly distributed (Figure 8) [19]. Due to the content of 
graphite, nickel-graphite composite coatings are also 
limited in temperature to about 450 °C. The hardness 
of the nickel-graphite coating varies depending on the 
ratio of nickel and graphite in it. The content of graph-
ite in the coatings can vary from 15 to 40 %.

For higher operating temperatures, it is advisable 
to use alloyed Ni in combination with ceramic fillers. 
An example of coating used in compressor at operat-
ing temperatures up to 700 °C is shown in Figure 9 
[20]. The structure of the coating consists of NiCrAl
matrix, thermostable ceramic dislocation particles 
and porosity.

NiCrAl-bentonite coatings (Ni–4Cr–4Al–21 % 
bentonite) have higher heat resistance than AlSi-poly-
ester, AlSi-hBN, AlSi-graphite or Ni-graphite coat-
ings and are successfully used in the high-temperature 
section of high-pressure compressors at a temperature 
higher than 500 °C [21]. HR15Y hardness of coatings 
is 30௅60.

Figure 7. Microstructure of AlSi alloy based coatings with solid lubricant additives: a — graphite; b — hexagonal boron nitride; c — 
polyester

Figure 8. Microstructure of Ni-graphite coating Figure 9. Microstructure of NɿСrȺl-ceramics coating
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During operation of coatings at higher temperatures, 
it is necessary that the coatings have resistance to ero-
sion and high-temperature oxidation at corresponding 
operating temperatures. As a metal matrix, in these cases 
MCrAlY (M = Ni and/or Co) materials are used.

As far as solid lubricant/dislocator should withstand 
high temperatures hexagonal boron nitride (hBN) is 
used as a solid lubricant. Coatings are usually produced 
by the method of plasma spraying. The porosity in the 
coatings is formed by introducing polyester particles, 
which are removed from the coating by heat treatment, 
resulting in formation of porosity in the coating. Fig-
ure 10 shows a typical microstructure of plasma coating 
CoNiCrAlY-hBN-polyester [12].

The content of the components in the coat-
ings is Co(2�௅30 %)௅Ni(24௅25 %)௅Cr(16 %)௅
Al(6 %)௅<(0.3 %)-h%N(4, 7 %) + polyester 
(14௅15 %) + organic binder (3 %).

It is strongly recommended that these coatings are 
subjected to heat treatment after spraying to remove 
the polymer component and create porosity in the 
coating structure, improving abrasion. Usually, such 
coatings have a porosity from 35 to 60 % and a hard-
ness from 65 to 75 when measuring on the Rockwell
HR15Y scale. The coating is recommended to be used 
at temperatures up to 850 °С.

SEALING COATINGS 
FOR TURBINE SECTION
Similarly to СɨNiСrȺl<-based coatings described 
above, modern ceramic sealing coatings consist of 

three phases: the phase of ceramic matrix, usually 
zirconium oxide, stabilized by yttrium oxide or dys-
prosium, polymer and solid lubricant [5, 20, 22]. The
polymer can be removed from the coating in the pro-
cess of heat treatment to create porosity in the coating. 
As a solid lubricant, hexagonal boron nitride is used. 
Typical thermal protection coatings have the follow-
ing composition: �4.5 % <S= (or DyS=) ² 4.7 % 
polyester ² 0.8 % h%N. To protect the metal base 
from high-temperature corrosion and oxidation, as 
well as to reduce the difference of the coefficients of 
thermal expansion between the base and the ceramic 
layer, a metal ɆСrȺl< sublayer is used. Microstruc-
ture of typical sealing coatings based on ceramics with 
different level of porosity is shown in Figure 11 [5].

Today, at aircraft engineering enterprises of 
Ukraine, KNA-82 nickel-based coatings with satisfac-
tory service properties at temperatures of �00௅�50 °С 
are widely used. A further increase in the temperature 
of gases to 1100௅1200 °С can lead to catastroph-
ic development of gas corrosion and destruction of 
coating. In this connection, to solve the problem of 
increasing the resistance of sealing coatings, it was 
suggested to perform an additional alloying of KNA-
82 coating with different kinds of yttrium-contained 
master alloys: with monocomponent yttrium (Y),
Ni௅< composition and multi-component composition 
of Сɨ௅Nɿ௅Сr௅Ⱥl௅< [23௅25]. Figure 12 shows the mi-
crostructure of the developed coatings deposited by 
oxyfuel method [25].

METHODS OF STUDYING THE PROPERTIES 
OF SEALING COATINGS
As was mentioned earlier, the basic properties of seal-
ing coatings are abrasion and erosion resistance.

The mechanisms of coatings abrasion are very 
complex, as during contact of the coating with the 
blade, a combination of cutting, heating, plastic de-
formation and wear occurs. Therefore, it is extreme-
ly difficult to model the service conditions of sealing 
coating in the laboratory. There are a number of high-
ly specialized installations to determine abrasion used 
by engine manufacturers and developers of coatings. 

Figure 10. Microstructure of plasma СɨNɿСrȺl<-hȼN-polyester 
coating

Figure 11. Microstructure (×50) of coatings based on ZrO2௅<2O2 (a, b) and ZrO2–Dɭ2O3 (c) with different level of porosity, %: ɚ — 24; 
b — 43; c —30
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In particular, Sulzer Metco company has one of the 
installations for testing materials for abrasion (Fig-
ure 13), which has proven itself well and is constantly 
used by manufacturers of engines and companies pro-
ducing coatings around the world [9].

There are also many self-made testing installa-
tions to test coatings abrasion. However, there is still 
no standardized method to test coatings abrasion and 
therefore, the results obtained during testing in differ-
ent installations cannot be compared.

HR15Y hardness tests are to some extent an alter-
native to a bench test abrasion [26]. To determine the 
hardness of high-porosity coatings, the used method 
should have an averaging effect and allow measuring 
very low hardness. The Rockwell resistance hardness 
test (HR15Y) is suitable for taking into account these 

two conditions and is used to measure the hardness of 
sealing abradable coatings.

Erosion tests are carried out according to the stan-
dard procedure of Tuantitative evaluation of the sur-
face of coatings to erosion with the use of a shot blast-
ing machine. The specimen is located 100 mm from 
the nozzle of the shot blasting machine at an angle of 
20°; aluminum oxide with 50 μm particles is used as 
abrasive [9].

The properties of abradable sealing coatings are 
determined by their chemical composition, as well 
as their microstructure. Two coatings with the same 
chemical composition, but with a very different mi-
crostructure, will not behave eTually under the same 
operating conditions. Several studies emphasize the 
influence of the microstructure of the coating on the 
effective thermomechanical properties and general 
characteristics [27, 28]. For example, it is reported 
that pores and cracks reduce the thermal conductivity 
of coatings. Determination of the volume content of 
different structural components of the coating is per-
formed by using the method of image analysis.

The adhesion strength of sealing coatings with 
the base is determined by the method of tear (ASTM
C633) or bending (ASTM B571).

In addition to a good abrasion, heat impact and 
thermal cycling resistance is another important re-
Tuirement for sealing coating of compressors and 
turbines. For strengthening the parts of compressor, 
the coatings are subjected to tests on thermal cycling

Figure 12. Microstructure of sealing coatings produced by oxyfuel method of spraying: a ² .NA-82 + master alloy; b ² .NA-82 + 
pure yttrium; c ² .NA-82 + master alloy Сɨ௅Nɿ௅Сr௅Ⱥl௅<; d ² .NȺ-82: .NȺ+9ɄNȺ powder (serial technology)

Figure 13. Scheme of installation for high-temperature tests of 
sealing materials and coatings for abrasion
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by heating to 470 °C with subseTuent water cooling. 
Thermal resistance of the coating under these condi-
tions is resistance determined by the change in the ad-
hesion strength of coatings with the base. As a refer-
ence, the adhesion strength of sprayed coating before 
thermocycling is taken [29].

For ceramic coatings, thermal cycling is carried 
out in the conditions of furnace heating up to 1150 °C
with the subseTuent air cooling to 50 °C. The test tem-
perature and the period of coatings exposure during 
heating may vary depending on the desired condi-
tion of application. Thermal resistance of coating can 
also be determined relative to the change in adhesion 
strength of coating, but the most common approach is 
visual inspection of coating for cracking or delamina-
tion from the base.

The tests of sealing coatings for corrosion resis-
tance are performed by immersing the specimens in 
a saturated saline solution in the furnace at a set tem-
perature, which is higher than the room temperature 
and lower than 100 °С. The specimens are maintained 
in these conditions for several hours and then visual 
inspection for the presence of corrosion traces is car-
ried out [9]. After tests in this case, the results are only 
Tualitative, so it is difficult to compare the results of 
different tests.

CONCLUSIONS
1. Based on the analysis of literature data on operat-
ing conditions of GTE, it was established that one of 
the methods to increase the efficiency of engines is 
to create an effective system of sealing the flow path 
of compressor and turbine by thermal deposition of 
abradable coatings on the stator surface.

2. The basic reTuirements for the properties of 
sealing coatings, which include a tendency to abra-
sion and erosion resistance, were identified.

3. It was established that the main materials for 
deposition of sealing coatings on the casing of a com-
pressor part of GTE, where temperature mode does 
not exceed 500 °С, are materials based on aluminum; 
for sections of compressor with an operating tempera-
ture of up to 800 °C — McrAlY-based materials (M = 
= Co, Ni or Co/Ni); for high-temperature sections of 
turbines ceramic materials based on zirconium oxide 
are used. As a dislocation phase in thermal sealing 
coatings, solid lubricants and polymers are used.
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INFLUENCE OF MICROSTRUCTURE OF MULTILAYER Al/Ni FOILS 
ON PHASE TRANSFORMATIONS INITIATED BY HEATING
A.I. Ustinov, S.O. Demchenkov

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

ABSTRACT
At heating of multilayer Al/Ni foil the component interdiffusion is accompanied by phase transformations, which can occur 
by a two-channel multistage or single-channel one-stage schemes. It is shown that the type of the scheme by which the phase 
transformations develop in the studied multilayer foils, is related to the process of formation of a metastable Al9Ni2-phase
on the layer interfaces. The work is a study of the influence of multilayer foil microstructure on formation of a metastable 
Al9Ni2-phase. It is found that the thickness of Al9Ni2-phase layers is determined by the thickness of aluminium layers in the 
initial multilayer foil. At the thickness of Al layers of 70–80 nm and greater, the thickness of Al9Ni2-phase layers practically 
does not change, and is equal to approximately 30–35 nm; at reduction of Al layer thickness, the thickness of Al9Ni2-phase
layers decreases abruptly, and at A1 thickness less than 10–12 nm, the layers of a metastable Al9Ni2-phase do not form. The 
process of formation of metastable Al9Ni2-phase layers is characterized by a high rate and incubation time. Proceeding from the 
obtained results, a structural-kinetic diagram was proposed, which allows determination of the conditions for prevention of the 
multistage process of achievement of the foil equilibrium state during its heating.

KEYWORDS: multilayer foils; electron beam deposition; phase transformations; intermetallics; SHS reaction

INTRODUCTION
It is known that multilayer foils (MF) consisting of Al 
and Ni layers can be used as intermediate layers when 
producing permanent joints. The process of joining 
materials with the use of MF is realized either by ini-
tiating the reaction of self-propagating high-tempera-
ture synthesis (SHS), which provides local heating 
of the joint zone, or due to the development of sol-
id-phase reactions in MF initiated by continuous heat-
ing, which activate diffusion processes in the joint 
zone [1, 2]. Therefore, the possibility of predicting the 
kinetics of the development of phase transformations 
in MF, depending on their chemical composition and 
modulation period both in the process of continuous 
heating and also as a result of SHS reaction is a neces-
sary condition for their effective practical use.

The phenomenological models, describing the 
propagation of the SHS reaction front in MF are 
based on the assumption that on the interface of the 
layers, a thin intermediate layer with the intermetal-
lic structure exists, which forms in the process of MF 
preparation. Calculations based on these models show 
that the thickness of the layer of several nanometers 
can significantly affect the characteristics of the SHS 
reaction [3]. Based on this fact, it is assumed that it 
predetermines a high sensitivity of the SHS reaction 
characteristics to the method of MF preparation.

On the other hand, a number of works show that 
the method of MF preparation affects the initial stages 
of phase transformations initiated by continuous heat-
ing. For example, during heating of MF produced by 

the methods of magnetron [4] or electron beam depo-
sition, instead of a stable Al3Ni phase, first a metasta-
ble Al9Ni2-phase is formed [5], whereas during heat-
ing of MF produced by the methods of cold rolling 
of laminates [6], first, the formation of a stable Al3Ni
phase is observed intermetallic formation. A number 
of authors [4] associate this difference in phase for-
mation during continuous heating of MF with a dif-
ferent structure of interfaces between the layers of 
the components, which depends on the method of foil 
preparation.

In [5], on the example of Al/Ni MF produced by 
the method of electron beam deposition with different 
ratios of original components and modulation periods 
from 50 to 500 nm, it was shown that initial stages 
of phase transformations with continuous heating are 
characterized by the formation of Al9Ni2-phase in the 
range of temperatures of 200–250 °C. At a further in-
crease in temperature, phase transformations in MF 
are realized according to the two-channel scheme:

.
(1)

In addition, the formation of a metastable Al9Ni2
phase can also be significantly affected by the mod-
ulation period of layers [7]. Thus, at a continuous 
heating of Al/Ni foils produced by the methods of 
magnetron deposition, the formation of Al9Ni2-phase
was observed only in the case of foils with a modula-
tion period of more than 20–25 nm, and in MF with a 
modulation period of less than 20–25 nm intermetal-
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lic formation, that corresponds to the foil steichiome-
try without the formation of intermediate phases:

Al + Ni → AlnNim. (2)

A similar single-channel scheme of transforma-
tions in MF, as the authors of the work [8] assume, 
is also realized during initiation in the SHS reaction.

Thus, the results of the conducted studies show 
that the sequence of phase transformations in MF de-
pends on a number of factors that can be conditionally 
divided into three groups: method of MF manufactur-
ing, characteristics of MF microstructure (chemical 
composition, period of layers alternation, etc.), mode 
of the synthesis reaction development (heating rate).

However, there are still no works in the literature 
aimed at establishing parameters that determine the 
change in the modes of the synthesis reaction depend-
ing on the characteristics of the MF microstructure 
and the nature of this phenomenon.

In connection with the above-mentioned, the study 
of the effects of Al/Ni MF microstructure on the reg-
ularities of phase transformations initiated in them by 
heating was conducted in order to establish the fac-
tors that determine the change in the scheme of phase 
transformations from the two-channel multi-stage 
into a single-channel one-stage.

EXPERIMENTAL STUDIES
Multilayer foils were produced by the method of elec-
tron beam evaporation of elements in vacuum with 
their layer-by-layer deposition on the substrate, which 
is described in detail in [9]. The source components 
were ingots of Al (99.95 %) and Ni (99.98 %). The 

substrate temperature in the process of deposition was 
150–170 °C, the deposition rate was about 2–5 nm/s. 
The choice of a certain ratio between the density of 
the vapor flow and the rotation speed of the substrate 
allowed producing foils with different ratios of ele-
ments and different thicknesses of Al and Ni layers. 
The total thickness of foils ranged from 30 to 150 μm, 
and the period of alternation (λ) of layers of Al and Ni 
was from 25 to 600 nm. The chemical composition of 
foils varied from Al25Ni75 to Al75Ni25 (at.%).

The temperature intervals of phase transforma-
tions during heating of MF were studied by the DTA 
method in the VDTA-8 installation at a heating rate 
of foils of 0.8 degrees/s. To quantify thermal effects, 
differential scanning calorimeter (DSC) DuPont 1090 
Thermal Analyser was used in the work. X-ray mea-
surements were carried out in 0–2θ geometry in the 
Dron-4-07 diffractometer in the Cu–Kα radiation.
The microstructure of the samples was investigated 
using the Camscan-4 scanning electron microscope 
equipped with the energy dispersive spectrometer En-
ergy200 to determine the chemical composition.

RESEARCH RESULTS 
AND THEIR DISCUSSION
The study of the process of formation of a metasta-
ble Al9Ni2-phase was carried out by X-ray structural 
analysis after isothermal annealing of MF (Al50Ni50,
λ = 110 nm) depending on time. It was established 
that the formation of Al9Ni2-phase occurs during heat-
ing of MF to the temperature of 250 °С (Figure 1). 
Exposure at a set temperature in the first moments of 
time leads to a slight increase in the volume fraction 

Figure 1. Diffractograms of Al/Ni MF in the initial state (a), after heating to the temperature, °C: 250 (b), 250 and exposure for 30 min 
(c), 300 (d):  — Al;  — Ni;  — Al9Ni2;  — Al3Ni
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of Al9Ni2-phase. With the further increase in anneal-
ing time, the formation of Al3Ni phase is observed, 
accompanied by a decrease in the intensity of dif-
fraction peaks of Al and Ni. In this case, the forma-
tion of Al3Ni-phase does not reduce the intensity of 
diffraction peaks (volume fraction) of Al9Ni2-phase.
An increase in the annealing temperature of MF to 
300 °C also does not lead to a further increase in the 
volume fraction of Al9Ni2-phase.

The time interval of the process of Al9Ni2-phase
formation was evaluated by the method of in-situ 
X-ray diffractometry at a continuous heating of MF 
at 20 degrees/min. From the data of diffractograms in 
Figure 2, one can see that the characteristic diffraction 
peaks of Al9Ni2-phase appear for about 1 min after 
reaching the temperature of 250 °С, and at a further 
increase in temperature, their intensity remains almost 
unchanged. This indicates a high rate of Al9Ni2-phase
formation and a discrete nature of transformation.

The similar results were obtained earlier in [10] 
while studying the kinetics of forming Al9Ni2-phase
in the process of isothermal annealing of MF at a tem-
perature of 200 °C, which was manufactured by mag-
netron deposition (Figure 3). It was found, that forma-
tion of Al9Ni2-phase is preceded by some delay period 
(incubation time). At the end of the incubation time, 
the formation of Al9Ni2-phase begins, but this process 
occurs only in some limited interval of time, the du-
ration of which depends on the annealing temperature 
(with an increase in annealing temperature, the time 
of Al9Ni2-phase formation is reduced). According to 
the diagram presented in Figure 3, at annealing tem-
peratures of about 250 °C, the transformation time 
should be about 1 min, which is satisfactory consis-
tent with the obtained results. The dashed lines indi-
cate the temperature and time interval of Al9Ni2-phase
formation, found in this work in Al/Ni MF produced 
by the method of electron beam deposition (dashed 
lines, applied above on the diagram).

The authors of [10] believe that the presence of an 
incubation period in the formation of Al9Ni2-phase in 
the process of isothermal annealing of MF, the low 
energy of activation of the transformation process 
and a high rate of its developing are predetermined 
by the fact that Al9Ni2-phase formation is preceded 
by the process of forming of Al(Ni) solid solution on 
the interphase boundaries. To confirm this, the au-
thors provide DSC data, according to which, before 
a low-temperature peak of the heat removal appears, 
characteristic of Al9Ni2-phase formation, a blurred 
peak is observed, which may be associated with the 
heat removal caused by the formation of a solid solu-
tion of nickel in aluminum.

It can be assumed that the formation of a solid 
solution of nickel in aluminum is possible if thermo-
dynamic factors exist that prevent the nucleation of 
Al9Ni2-phase in the initial stages of annealing, and 
diffusion mobility of nickel atoms is high enough at 
so low temperatures.

Delay in the nucleation of Al9Ni2-phase may be 
predetermined by the presence of a significant con-
centration gradient on the interfaces between the lay-
ers of nickel and aluminum in MF in its original state. 
According to [11] in such conditions, the formation 
of phase nuclei becomes thermodynamically disad-
vantageous. On the example of a layered Al/Co sys-
tem, it was shown that the nucleation of A19Co2-phase
occurs only at the moment, when the concentration 
profile on the elements interface becomes more gentle 
(after annealing at 300 °C for 5 min).

Thus, the presence of a significant concentration 
gradient on the elements interface can interfere with 

Figure 2. Fragments of diffractograms obtained directly in the 
process of heating Al/Ni MF (3Al:1 Ni, λ = 120 nm) at a rate of 
20 °C/min (shooting frequency is 1 min–1)

Figure 3. Temperature and time diagram of Al9Ni2 phase forma-
tion (solid lines and experimental points) at isothermal exposure 
of Al/Ni MF (the period of layers alternation λ = 80 nm) produced 
by magnetron deposition [10]
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the formation of nuclei of the new phase at the initial 
stages of annealing and will promote a diffusion redis-
tribution of elements, provided that diffusion mobility 
of atoms will be quite high at such low temperatures.

Taking into account that such phenomena are 
observed only in MF produced by the methods of 
physical deposition of elements at relatively low tem-
peratures, it was suggested that their abnormally high 
diffusion mobility may be predetermined by the pres-
ence of a large number of non-equilibrium (excessive) 
vacancies. According to numerical modeling carried 
out in [12], the concentration of excessive vacancies 
in metal condensates depends on the temperature and 
rate of their deposition and may exceed their equilib-
rium value by 5–10 orders of magnitude. Considering 
that the concentration of vacancies significantly af-
fects the coefficient of atoms diffusion [13], it can be 
assumed that the presence of a significant number of 
excessive vacancies in MF produced by the mehods 
of physical deposition, provides the process of form-
ing of a layer of a solid solution of nickel in alumini-
um at the interfaces of these elements in a short time 
and at relatively low temperatures.

The work [5] shows the possibility of realizing 
the process of Al9Ni2-phase formation from the sol-
id solution of Al(Ni) by the shear mechanism. Such 
a transformation mechanism provides the orientation 
ratios between the crystallographic lattices of alumi-
num and Al9Ni2-phase, whereas the transformation 
proper does not require a high energy of activation 
and can be carried out at relatively low temperatures.

From the comparison of crystalline lattices of alu-
minum and Al9Ni2-phase, it follows that during reali-
zation of this type of phase transformation, in addition 
to the presence of a shear component of deformation 
in the transformed volume, there will also be a com-
ponent of deformation associated with a change in the 
volume, which with an increase in the thickness of 
Al9Ni2-phase layer will be accumulated. Considering 
that the diffusion of Al–Ni pair is characterized by the 
presence of significant asymmetry of diffusion flows 
with the predominance of nickel atoms movement 

into aluminum layers [14], the growth of the thick-
ness of Al9Ni2-phase layer will cause significant elas-
tic distortions in the areas of aluminum that do not 
participate in the transformation. As a result, when 
a certain value of Al9Ni2-phase layer is achieved, its 
further growth can be energetically disadvantageous. 
This can explain the found discrete nature of the pro-
cess of Al9Ni2-phase formation and growth.

In addition, from the abovementioned assump-
tions, it follows that the growth of the thickness of 
Al9Ni2-phase layer can be influenced by both the elas-
tic fields created by it in the matrix (aluminum), as 
well as by the elastic fields of adjacent Al9Ni2-phase
layers, as when the thickness of the aluminum lay-
ers is decreased, the distance between the adjacent 
Al9Ni2-phase layers will also decrease.

While studying the microstructure of the hardened 
Al–Ni melt, it was found that as a result of decompo-
sition of the oversaturated solid solution of nickel in 
aluminum, Al9Ni2-phases may precipitate in the form 
of plates, which are less than 30 nm thick and about 
100–150 nm long [15]. Electron microscopic exam-
inations of the morphology of Al9Ni2-phase, which is 
formed in MF in the process of its annealing, showed 
that in this case Al9Ni2-phase has a shape close to lam-
inar one and is located mainly along the interface of 
the aluminum and nickel layers [7].

If we assume that Al9Ni2-phase is formed in MF on 
the boundaries between aluminum and nickel layers 
(Figure 4) and has a shape of plates, we can calculate 
the total amount of heat (Qteor), which is formed by 
this phase transformation, proceeding from the vol-
ume of Al9Ni2-phase and the specific heat of its for-
mation ΔH as:

9 2

2 ,
Al Nitheor

dQ Sd H= ρ ∆
λ (3)

where S and d are the surface area and the thickness of 
MF, respectively; λ is the period of alternation of MF 
layers; ρAl9Ni2

is the density of Al9Ni2-phase.
Figure 5 shows a characteristic diagram of heat 

release, obtained by the DSC method at a continious 

Figure 4. Scheme of microstructure of MF cross-section with the period of layers alternation λ in the initial state (a) and after the for-
mation of layers of Al9Ni2-phase of d thickness (b)
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heating of Al/Ni MF with the period of layers alterna-
tion of 110 nm and an equitatomical ratio of compo-
nents. According to previously conducted studies, the 
first peak of heat release in the DSC diagram corre-
sponds to the formation of Al9Ni2-phase. The area un-
der the first peak (described, for example, using Gauss 
function) corresponds to the heat of the formation of 
Al9Ni2-phase layers.

Then the total amount of heat, released in MF at 
the first stage of phase transformation (Qexp) during 
its heating, is possible to be evaluated according to 
DSC as:

Qexp = ESdρMF, (4)

where E is the specific heat, that falls on the 1st peak 
of the DSC diagram (Al9Ni2-phase formation) during 
heating of MF; ρMF is the densityof MF.

Neglecting the temperature dependence of the val-
ue ΔH, which is the heat of Al9Ni2-phase formation 
in [7], let us suppose that Qtheor = Qexp and evaluate 
the thickness of the layer of Al9Ni2-phase, which is 
formed in the process of continuous heating of MF as:

9 2

.2
Al Ni

MFE
d H

ρ λ
=

ρ ∆ (5)

The results of the calculation of the specific value 
of the heat release, which falls for the 1st peak of the 
DSC curve, and the values of the thickness of the lay-
er of this phase, calculated for the foils with a close 
chemical composition and different modulation peri-
ods, are presented in Table 1.

It is necessary to draw attention to the fact, that 
the thickness of Al9Ni2-phase layers decreases with 
a decrease in the thickness of aluminum layers (Fig-
ure 6). Moreover, this dependence has a significant-
ly nonlinear nature. Thus, reducing the thickness of 
Al layers to 70–80 nm has almost no effect on the 
thickness of Al9Ni2-phase layers, which is about 30–
35 nm, whereas at the thicknesses of the aluminum 
layers smaller than 70 nm, a sharp decrease in the 

thickness of Al9Ni2-phase layers is observed, which 
at the values of the thickness of the aluminum lay-
ers of about 12 nm reaches the value of the order of 
2 nm. Obviously, when the thickness of aluminum 
layers is reduced, the distance between the adjacent 
Al9Ni2-phase layers will also decrease. In view of this, 
it can be assumed that when some critical value of the 
thicknesses of aluminum layers is reached (of the or-
der of 10–12 nm), elastic distortions that will occur in 
the aluminum matrix as a result of Al9Ni2-phase layers 
formation will suppress their further growth. In the 
case of equatomic composition of MF, these condi-
tions are reached during a modulation period of about 
20–25 nm.

Previously, a number of studies showed that in 
MF with a modulation period of less than 25 nm, 
Al9Ni2-phase is not formed [7], and transformations 
occur under a single-channel one-stage scheme (2).

Therefore, it can be assumed that the thickness 
of aluminum layers can affect the sequence of phase 
transformations in MF during their continuous heat-
ing. If the thickness of the aluminum layer of MF is 
larger than some critical value, then the phase trans-
formation will develop according to a two-channel 
multistage scheme (1), and if the thickness of the alu-

Figure 5. DSC diagram obtained during continuous heating of 
Al/Ni MF of equatomic composition with a period of 110 nm

Table 1. Characteristics of MF microstructure and thickness of layers of Al9Ni2 phase formed in it during heating

Number
Chemical composition 

of MF, at.%

Specific heat release 
which falls on the 
1st peak (E), J/g

Period of layers 
alteration, nm

Thickness, nm

of Al layers of Al9Ni2 phase layers

1 Al86.5–Ni13.5 +261 266 230 37.5

2 Al51–Ni49 +208 200 137 34.5

3 Al61.2–Ni38.8 +192 135 95 27.5

4 Al67–Ni32 +294 140 93 33.0

5 Al63–Ni37 +332 110 69 29.0

6 Al86.5–Ni13.5 +445 63 55 14.8

7 Al42–Ni58 +107 106 44 10.4

8 Al49–Ni51 +103 26 13 2.5
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minum layer is less than this value, it will develop 
according to a one-stage scheme (2).

To study the sequence of structural changes in the 
foils of this type, MF with the ratio of components 
2Al:3Ni were produced, in which the thickness of alu-
minum layers was about 10 nm, which, according to 
the evaluation, is commesurable with a critical value. 
From X-ray studies it is seen (Figure 7) that during 
heating of MF to the temperature of 240 °C, a diffrac-
tion peak (111) from aluminum disappears. However, 
the diffraction peaks inherent in Al9Ni2-phase do not 
appear. Moreover, even heating to a higher tempera-
ture (300 °C) also does not lead to the appearance of 
diffraction signs of forming of either Al9Ni2-phase nor 

other intermetallides inherent in the mentioned system. 
Only heating above 300 °C is accompanied by the ap-
pearance of enlarged diffraction peaks in the positions, 
characteristic of AlNi phase (reaction product).

Thus, within the framework of the abovemen-
tioned model of phase transformations in MF, initiat-
ed by heating, in the case of MF with the thickness of 
the aluminum layer which is less than a critical one, 
the phase transformations develop by a single-chan-
nel one-stage scheme (1).

From the comparison of the results of X-ray-structur-
al studies obtained in the process of continuous (slow) 
heating of MF with a thickness of the aluminum layer, 
which is less than a critical value (this work), with the 
results obtained in-situ at a high-rate heating of MF with 
the thickness of the aluminum layers greater than the 
critical value (in the process of developing SHS reac-
tion front) in [8], it is possible to note the similarity of 
changes in diffraction patterns for both cases. Thus, in 
MF where the thickness of the aluminum layer is larger 
than a critical one (λ = 100 nm) due to a high heating 
rate during the SHS reaction (of the order of 105 °/s), the 
formation of Al9Ni2-phase is not observed, but the for-
mation of AlNi intermetallic occurs by a single-channel 
one-stage scheme. Moreover, in both cases, the disap-
pearance of diffraction peaks from aluminum is accom-
panied by the appearance of a wide diffuse peak (halo), 
which may indicate the formation of an oversaturated 
solid solution of nickel in aluminum, the appearance of 
which precedes the formation of the intermetallic phase.

Figure 6. Dependence of thickness of the plate of Al9Ni2-phase
formed in MF during its heating on the thickness of aluminum 
layers

Figure 7. Diffractograms of MF with the elements ratio of 2A1:3Ni and the period of layers alternation of 25 nm (a) and 140 nm (b)
in the initial state and after their heating to the temperature indicated in the pattern of temperatures: 1 — Al; 2 — Ni; 3 — Al9Ni2; 4 — 
Al3Ni; 5 — Al3Ni2; 6 — AlNi
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Thus, summarizing the obtained results, the pat-
terns of developing phase transformations in Al/Ni 
MF can be represented in the form of a scheme shown 
in Figure 8. According to this scheme, the factors that 
affect the change in the mode of developing phase 
transformations from a multi-stage into a one-stage 
character, in the case of MF of equiatomic composi-
tion, are the period of layers alternation (thickness of 
the aluminum layer) and heating rate. For MF with 
the period of alternation of components layers small-
er than 25 nm, regardless of heating rate, the phase 
transformation occurs by a single-channel one-stage 
scheme, whereas with an increase in the period of 
layers alternation, the realization of such a scheme is 
possible on the condition of high heating rates (at the 
level of SHS reaction or higher).

The latter is predetermined by the fact that alumi-
num in the initial stages is transformed into a solid 
solution of nickel in aluminum, which at a further 
increase in temperature will be transformed into an 
intermetallic phase inherent in this chemical compo-
sition of MF, bypassing the formation of intermediate 
intermetallics.

Indeed, from the kinetic diagram of Al9Ni2-phase
formation (Figure 3), it is seen that at heating rates 
higher than 104 °C/s, the temperature of the beginning 
of Al9Ni2-phase formation becomes commeasurable 
with the temperature at which this phase loses its sta-
bility because, as is shown in [5], during heating of 
Al/Ni MF of equiatomic composition to more than 
350 °C, Al9Ni2-phase decomposes. These model no-
tions about the effect of heating rate on the sequence 
of phase transformations in MF are consistent with 
the results of in-situ X-ray studies of phase transfor-
mations during the SHS reaction (the rate of heating 
MF of the order of 105 °C/s), which showed that the 
synthesis of interametallic (reaction product) occurs 
without the formation of intermetallic phases [8].

CONCLUSIONS
1. For Al/Ni MF produced by the method of physi-
cal deposition (magnetron spraying or electron beam 
evaporation of components), the scheme of develop-
ing phase transformations (two-channel multi-stage 
or single-channel one-stage) is determined by the 
possibility of formation of the foil of a metastable 
Al9Ni2-phase in the initial stages of heating.

2. The dependence of the sequence of phase 
transformations on the conditions of producing MF 
is associated with the oversaturation of the foil with 
non-equilibrium vacancies that accelerate the diffu-
sion of nickel into layers of aluminum at relatively 
low temperatures, which provides the formation of a 
solid solution of nickel in aluminum.

3. It is shown that transformation of a solid solu-
tion of nickel in aluminum into Al9Ni2-phase is only 
possible when the thickness of aluminum layers is 
larger than some critical value (about 10–12 nm) and 
the heating rate is less than 104 °C/s.

4. The scheme of influence of the period of lay-
ers alternation of MF and heating rate was proposed, 
which allows determining the scheme of realization 
of phase transformations initiated by heating.
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ABSTRACT
It is shown that fractal analysis, as an additional tool of technical diagnostics and nondestructive testing, allows determination 
of the most important features of the condition and behaviour of metal structure elements during their operation and failure. 
Examples of application of fractal dimension of the fractures are presented, in order to assess the critical dimension of brittle 
cracks and to determine its effect on impact toughness, yield limit, ultimate strength, and failure pressure at hydraulic testing, 
and to detect the interrelation of fractal dimension with fatigue life after low-cycle fatigue fracture of metal of pipeline welded 
joints. It is found that the nature of fractal dimensions of the fractures and diagrams of time dependence of the applied load at 
impact loading is due to the direction of cutting and temperature of testing the specimens. It is shown that the main component 
of {001} <110> texture of low-alloyed steel promotes an increase of fractal dimension of the fractures and development of 
brittle fracture at impact testing.

KEYWORDS: impact testing, fractal dimension, brittle crack, destruction

INTRODUCTION
Reliability of long-term application of metal structures 
largely depends on the approaches to determination 
of their technical condition, primarily, by nondestruc-
tive testing techniTues. However, premature failure of 
structures may be due to presence of invisible defects, 
which promote degradation of physico-mechanical 
properties of the materials proper. It reTuires conduct-
ing mechanical testing of the specimens, in particular, 
on the selected samples.

Fractal analysis of the structure of metal and parts 
of metal structures for prediction of their failure at 
this stage has the role of an additional method of ser-
vice life diagnostic. For instance, safe operation of oil 
and gas pipeline systems can be ensured, primarily, by 
studying the causes of pipeline failure, based on lab-
oratory studies of base metal (BM) and metal of the 
characteristic zones of the welded joints (WJ).

Steel fracture is associated with such characteristics 
of steels as crystallographic texture, macro- and micro-
structure, ferrite-pearlite banding, structural compo-
nent fraction, etc. [1, 2]. Experimental studies of the 
influence of the above structural characteristics on the 
regularities of elasto-plastic deformation, low-cycle 
fatigue fracture with involvement of physical methods 
of investigation (X-ray and fractographic analyses) are 

relevant. Therefore, the use of fractal analysis which 
shedying fracture surfaces is urgent [3].

The name ‘fractal’ comes from Latin “Fractus”,
which means “fractional”. “broken”. When measur-
ing the coast line length, it turned out that its length 
L depends on selection of measurement scale Ɛ by the 
following relationship (in logarithmic coordinates):

L � Ɛ1–D, (1)

where D is the fractal dimension (FD) [4], which does 
not coincide with topological dimension d, is the frac-
tional Tuantity and exceeds topological dimension di
(D > d). For instance, for British coast line D § 1.3,
and for Norwegian one D § 1.5. D value is the larger, 
the more rugged is the coast line [4]. It turned out that 
the structure of grain boundaries in metal polycrystals 
has a strong effect on the mechanical properties [5]. It
is known that brittleness of metallic materials is often 
accompanied by intergranular fracture [6]. Avoiding 
intergranular fracture reTuires strengthening the grain 
boundaries by increasing their waviness [7]. The frac-
tal dimension is the characteristic of grain boundary 
waviness.

EXPERIMENTAL PROCEDURE

DETERMINATION OF FRACTAL DIMENSION
One of the direct methods of determination of FD of 
two-dimensional images (microphotographs) of the 
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fracture surface is the method of covering a plane 
curve with sTuare grids, the dimensions of which 
are reduced a certain number of times (box-counting 
method) [8].

This method does not introduce distortions into the 
studied object. Here, fractal analysis of flat boundar-
ies of fracture surface fragments is performed. A wide 
application of this method is due to the fact that it can 
be applied to any flat configuration [�]. For a mathe-
matical fractal curve, FD coincides with Hausdorff di-
mension (HD). However, FD analytical calculation is 
rather labour-consuming and it is only possible in some 
cases. It is shown that fractal dimension, found using 
box-counting method in the case of dynamic systems, 
has the same values, as Hausdorff dimension [9].

In order to determine the fractal dimension, it is 
necessary to cover the image by elementary sTuare 
grids with sides Ɛɿ [9]. At each stage one and the 
same curve is covered by cells of a reduced scale. 
The smaller the sTuare si]e, the more accurately is 
the curve reproduced. At the same time, the number 
of sTuares N(Ɛɿ), crossed by the curve, is calculated. 
Then, the size of grid window Ɛɿ is changed. The num-
ber of sTuares, crossed by the curve N(Ɛ2), N(Ɛ3) … 
N(Ɛn). is calculated again. The number of sTuares 
N(Ɛɿ), crossed by the curve, is related to the size of 
grid window Ɛɿ by dependence [9]:

( ) ,DN −= α (2)

where lgN(Ɛɿ) = f(lgƐɿ), 0

lg ( )lim lg(1 / )
ND

→
=






 by definition 
is usually called fractal dimension or Hausdorff௅%e-
sicovich dimension [9]. Practically, D is determined 
by tangent of the angle of inclination of graphic de-

pendence lgN(Ɛɿ) = f(lgƐɿ) [9]. In order to determine 
the fractal dimension, it is convenient to apply HAr-
Fa software (Harmonic and Fractal Image Analysis), 
which is freely available [10]. Before determination of 
fractal dimension, fracture photos are usually cleared 
from the background, for instance, using ACDSee-
PhotoStudioSoftware [11], in order to obtain only the 
lines of fracture fragment boundaries (Figure 1).

FRACTAL ANALYSIS OF BRITTLE FRACTURES
Fractal dimension of specimens from controlled 
rolled steel (Fe, 0.11 % C, 1.58 % Mn, 0.38 % Si) 
20 mm thick after impact bend tests at temperatures 
from room to ௅110 °C was studied, and FD of wire 
from AD1 aluminium alloy after fatigue testing for 
symmetric bending was also determined at room tem-
perature and at ௅10 °C.

Fracture surfaces were studied at the microlevel by 
microfractograms, obtained in scanning electron mi-
croscope 5EM-200 at 20000 magnification, and at the 
mezolevel — by optical microphotographs (MIM-7,
350 magnification).

On steel specimen fractures the fraction of the sur-
face with brittle fracture was eTual to 35 % at room 
temperature and 55 % at ௅70 °C. In aluminium frac-
tures the ³brittle´ fraction increased up to 50 to 65 % 
at temperature lowering from 20 to ௅10 °C. Typical 
microphotograph of brittle fracture is shown in Fig-
ure 2. Fractal dimension of numbered section bound-
aries was determined.

It was found that the fractions after brittle fracture 
have average FD values of 1.20 ± 0.06 and 1.15 ± 0.06 
for steel and aluminium, respectively. Proceeding
from the assumption that in keeping with Griffit¶s cri-

Figure 1. Example of determination of FD of a specimen of 20K grade steel after Charpy impact testing, using HarFa and ACDSee-
PhotoStudioSoftware
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terion at crack si]e increase by ΔR elastic energy is re-
leased, which is eTual to increment of surface energy 
of the cut [13], the following dependence was derived 
for evaluation of critical dimensions of brittle cracks:

2
2

2 ,D DER − γ
≈

σ
(3)

where E is the material modulus of elasticity, and 
Ȗ § 1 is the specific surface energy [14].

Substitution into (3) of the data of studied steel 
testing at ௅70 °C (Dav = 1.2; E = 220 G3a [14], ı § 
§ 100 M3a) yielded the value of critical si]e of fractal 
crack R § 4.5 μm, that corresponds to average si]e of 
cellular dislocation structure of steel [1] and agrees 
well with layered-brittle fracture by the mechanism of 
brittle transcrystalline cleavage (Figure 2).

A similar evaluation for brittle fracture of alumini-
um at Dav § 1.15, E = 70 G3a [15] and ı § 20 M3a (by 
impact toughness) yielded R § 6.75 μm.

FRACTAL DIMENSION OF GRAIN BOUNDARIES 
AND MECHANICAL PROPERTIES 
OF OXYGEN CYLINDER METAL
40 l oxygen cylinders from Dc steel (GOST �4�௅73) 
with different service life were studied at working 
pressure of 14.7 MPa.

Fractal dimension of grain boundaries of Dc steel 
of oxygen cylinders with different service life from 
18 to 52 years varies from 1.10 to 1.14. Correlations
of fractal dimension of grain boundaries with impact 
toughness, bursting pressure and yield limit with cor-
relation coefficient R of not less than 0.80 were estab-
lished (Figure 3).

Curves in Figure 3 correspond to regression eTua-
tions with a high degree of correlation R:

KCV(–10 °C) = (–1.14ǜ104 +
 + 26.03 93.98

avD )/(32.14 + 93.98
avD ); R = 0.92; (4)

KCV(20 °C) = (–1.30ǜ105 +
 + 38.2� 164.73

avD )/(820.64 + 164.73
avD ); R = 0.96; (5)

P(20 °C) = (5.34ǜ10–3 +
 + 2.28ǜ104 184.77

avD )/(1.10ǜ10–4 + 184.77
avD ); R = 0.80; (6)

ı0.2 = (–1.53ǜ108 + 
 + 5.18ǜ102 152.92

avD )/(8.0�ǜ102 + 152.92
avD ); R = 0.80. (7)

Correlation analysis of ultimate strength ıt of cyl-
inder metal indicates the absence of its connection 
with FD of the grain boundaries. The regression eTua-
tion has the following form:

ıt = 710.28; R = 0.02. (8)

FRACTAL FEATURES OF LOW-CYCLE FATIGUE 
FRACTURE (LCF) OF METAL OF PIPELINE 
WELDED JOINTS
Laboratory specimens for experimental determination 
of the main regularities of cyclic elasto-plastic defor-
mation of base metal (BM) and metal of the charac-
teristic welded joint zones, namely heat-affected zone 
(HAZ) and weld metal (WM), were cut out in the 
transverse direction from 530×8 mm pipe of the main 
pipeline from 17G1S-U steel after prolonged service 

Figure 2. Electron microfractogram of layered-brittle fracture of 
steel after impact bend testing

Figure 3. Correlation ties of average FD Dav of the grain boundaries: a — with KCV impact toughness at ௅10 °C (curve 1) and 20 °C
(curve 2), bursting pressure (curve 3); b ² with yield limit ı0.2 (curve 1) and ultimate strength ıt (curve 2)
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[17]. Figure 4 presents a broken specimen after tensile 
testing, showing sections of the studied texture.

Figures 5௅7 show the photos of fractures of the 
samples, BM, WM and HAZ respectively, after LCF
tests. Conducted fractographic analysis revealed the 
differences in fracture mechanisms of the specimens 
cut out of BM (Figure 5) and of metal of the charac-
teristic WJ zones after LCF tests.

For specimens cut out of %M, Tuasibrittle fracture 
takes place with formation of secondary delamination 
cracks. This is promoted by BM {001} <110> crystal-
lographic texture. Delamination can occur along the 
cleavage planes {001}.

Specimens, cut out of WM (Figure 6), fail by the 
pitting mechanism (ductile fracture). This is promoted 
by WM shear texture of {110} <001> type, which is 
the main one. It is reflected in decrease of FD value, 
compared to BM fracture (Figure 5).

Quasibrittle fracture is observed for HAZ spec-
imens, but to a smaller extent, compared with BM,
as a tensile-compressive crystallographic texture 
�001!௅�110 ! forms, which is due to slip deforma-
tion by {110} <110> and {110} <111> systems [17]. 
Here, grooved sections are observed on the HAZ mi-
crofractograms. FD value is close to its values for BM
fracture specimen (Figure 5).

Figure 5 shows that the fractal dimension in differ-
ent BM fracture sections changes from 1.09 to 1.11, 
average value of fractal dimension of base metal frac-
ture surface was eTual to Dav = 1.10 ± 0.01. Similar
results were demonstrated by analysis of fractal di-
mension of HAZ metal specimen. One can see from 
Figure 7, c that the fractal dimension in different 
HAZ fracture sections changes from 1.07 to 1.15, so 
that the average value of fractal dimension of frac-
ture surface of the HA= metal specimen was eTual to 
Dav = 1.11 ± 0.01.

Figure 4. Studied texture sections: a — undeformed section (1 — 
BM in LT rolling plane; 2, 3 — BM in ST and SL planes; 4, 5 — 
WM crossing in ST and SL planes); b — after fracture (6, 7 —
bonded WM fracture surfaces; 8, 9 — WM crossing in SL plane 
under the fractures); c — scheme of fragment A from Figure 3, b;
L — longitudinal direction; T — transverse direction; S — direc-
tion, normal to L and T directions

Figure 5. Fracture of BM specimen after LCF testing; a, b — 
view of a fragment of a broken specimen in (L௅T) and (L௅S)
plane, respectively; c — fracture with typical macro- and microre-
lief (pp. 1–5) of fracture; HP — fracture direction; D — fractal 
dimension

Figure 6. Fracture of a specimen from WM section after LCF
testing: a, b — view of a fragment of the destroyed specimen 
in (L௅T) and (L௅S) plane, respectively; c — fracture with typical 
macro- (A) and microrelief (pp. 1–4) of fracture; HP — fracture 
direction; D — fractal dimension
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A more ductile fracture pattern of WM specimen 
follows from analysis of Figure 5 and texture. Here,
fractal dimension in different sections of WM spec-
imen fracture changed from 1.05 to 1.13 (Figure 6, 
c), and average value of WM fractal dimension was 
eTual to Dav = 1.08 ± 0.01.

It can be stated with 0.95 probability that the av-
erage value when taking a larger sample will not go 
beyond the above-mentioned ranges.

Thus, a tendency of fractal dimension increase 
during transition from the ductile (:M) to Tuasi-brit-
tle facture pattern (BM and HAZ) is observed, that 
corresponds to lowering of the respective values of 
strength and ductility at static testing and shorten-
ing of the fatigue life. Increase of fractal dimension 
at Tuasibrittle fracture may mean that at Tuasiductile 
fracture the surface is “stretched” more due to pres-
ence of wider and deeper micropores. At the micro-
scopic level the surface becomes smoother [18].

Increase of fractal dimension of the studied steel 
fractures at transition from the ductile to Tuasibrittle 
fracture agrees with the results of work [18] and oth-
er earlier studies. In [18] it is reported that the steel 
shows a decrease of fractal dimension at toughness 
increase. So, when studying [18] 24 series of speci-
mens of AISI 4340 steel, it was shown that the fractal 
dimension of fracture of a steel specimen with 36 % 
fraction of the surface with ductile fracture was eTual 

to D § 1.28. At increase of the ductile component frac-
tion in the fracture to 50 % D § 1.25. At 77 % fraction 
of the ductile component in the fracture D § 1.20. At 
100 % ductile fracture D § 1.10–1.0�.

Figure 7. Fracture of a specimen from HAZ section after LCF
testing: a, b — view of a fragment of broken specimen in (L௅T)
and (L௅S) plane, respectively; c — fracture with typical macro- 
(A) and microrelief (pp. 1௅5) of fracture; HP — fracture direction; 
D — fractal dimension

Figure 8. SEM photos of fractures after impact testing of specimens from 20 . grade steel. Scale bar length of 43 μm
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It should be noted that characterization of the frac-
ture surfaces, using the above-mentioned average 
values of BM, HAZ and WM fractal dimensions is 
simplified. 3resence of different values of fractal di-
mensions in different sections of corresponding frac-
tures shows that the studied surfaces are multifractals, 
which can be interpreted as inseparable mixtures of 
simple fractals [17]. Each of them is characterized by 
its fractal dimension, and the entire respective frac-

ture is described by an infinite set of fragments of de-
struction, associated with different probability of real-
ization of different fragments in the set. Probability Pi
of realization of each fragment is determined by the 
following relationship:

,i iP α=  (9)

where α is the scaling parameter, i = 1, 2, … , Nn is the 
number of fragments in the set [17].

Table 1. Chemical composition of metal of the studied cylinders, wt.%

Number
Service life, 

years
С Mn Si S P Cr Ni CeT

B1 45 0.513 1.01 0.319 0.023 0.023 0.14 0.11 0.72
B2 52 0.467 0.85 0.247 0.023 0.022 0.11 0.07 0.64
B3 18 0.490 0.88 0.255 0.019 0.026 0.23 0.10 0.69
B4 36 0.442 0.90 0.366 0.014 0.017 0.11 0.11 0.62
B5 49 0.482 0.72 0.257 0.026 0.019 0.10 0.08 0.63

Table 3. Fractal dimension (Dc) of P(t) diagrams (Figure 9)

T, °C LD TD DD Average Df

–50 1.27 ± 0.01 1.23 ± 0.01 1.31 ± 0.01 1.27 ± 0.01
20 1.23 ± 0.01 1.17 ± 0.01 1.26 ± 0.01 1.22 ± 0.01
50 1.12 ± 0.01 1.13 ± 0.01 1.16 ± 0.01 1.14 ± 0.01

Table 2. Fractal dimension (Df) of fractures (Figure 8)

T, °C LD TD DD Average Df

–50 1.59 ± 0.01 1.60 ± 0.01 1.64 ± 0.01 1.61 ± 0.01
20 1.55 ± 0.01 1.56 ± 0.01 1.59 ± 0.01 1.57 ± 0.01
50 1.52 ± 0.01 1.54 ± 0.01 1.55 ± 0.01 1.54 ± 0.01

Figure 9. Diagrams of dependence of applied load P on time t at impact bend testing
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A detailed description of such fracture surfaces re-
Tuires application of a multifractal approach [17, 1�, 
20] that may be the subject of future studies.

ANISOTROPY OF FRACTURE ENERGY 
AT IMPACT TESTING AND FRACTAL DIMENSION
Impact toughness parameters and fractal dimensions 
of load curves were determined, depending on testing 
time and respective fractures at impact bend testing 
of V-Charpy specimens, cut out in different directions 
from sheets of 20K steel in the temperature range 
from ௅50 to 50 °C [21]. Impact testing was conduct-
ed in a speciali]ed vertical impact tester, fitted with 
a high-speed system for recording the deformations 
and forces [22]. Standard specimens with a V-shaped 
notch were cut out in three directions: longitudinal, 
transverse and at 45° angle to the longitudinal direc-
tion. Testing was conducted for three temperatures: 
௅50 °C, 50 °C and room temperature, three specimens 
of each direction for each temperature. Test results 
were used to plot the diagrams of the change of the 
force in time P(t) and the value of impact toughness 
was calculated by the procedure given in ISO 14556–
2000 standard [23]. Figure 8 shows the microfracto-
grams of fractures obtained in scanning electron mi-
croscope REM-200. The results of determination of 
fractal dimension Df of the respective fractures are 
shown in Table 2. Figure 9 shows P(t) diagrams of the 
change of the force with the time of impact bending 
testing of the specimens. The results of determination 
of fractal dimension Dc of the respective diagrams are 
shown in Table 3.

As one can see from Tables 2, 3 the behaviours of 
fractal dimensions Df and Dc are similar. Both the FD
values are maximal in the diagonal direction. Minimal
values are observed at elevated testing temperature of 
+50 °C (Tables 2, 3).

At the same time, impact toughness at testing tem-
perature of +50 °C is maximal (Table 4).

This is indicative of the ductile fracture pattern. 
Maximal values of fractal dimensions are in place at 
low testing temperature of ௅50 °C (Tables 2, 3). Im-
pact toughness value is minimal at the same tempera-
ture (Table 1), which corresponds to brittle fracture 
pattern of the studied specimens at ௅50 °C.

Maximal values of fractal dimensions are observed 
for specimens, cut out in the diagonal direction (DD),
i.e. FD anisotropy is in place (Tables 2, 3). This an-
isotropy can be caused by texture. It is found that the 
main component of the studied steel texture is {001} 
<110>. This is a typical component of rolling tex-
ture of BCC-steels [24]. In this case, crystallograph-
ic planes {001}, which are brittle cleavage planes in 
BCC-metals [27], are located normal to the diagonal 
direction. Cleavage can take place along these crystal-
lographic planes that promotes a more brittle pattern 
of diagonal specimen fracture and is manifested in in-
crease of the fractal dimension.

CONCLUSIONS
1. Configurations of brittle cracks in controlled rolled 
steel and AD1 aluminium are fractal, and brittle frac-
ture shows a fractal pattern. Fractal model of the brit-
tle crack was used to assess its critical dimensions R.
For the studied steel, R § 4.5 μm, which corresponds 
to average size of cells of its dislocation structure. 
For AD1 aluminium critical size of brittle cracks is 
R § 6.75 μm.

2. At hydraulic testing of oxygen cylinders from 
Dc steel close correlation ties are in place between the 
fractal dimension of cylinder metal grains boundaries 
on the one hand, and impact toughness, bursting pres-
sure at hydraulic testing and conditional yield limit 
with not lower than 0.80 correlation coefficients on the 
other hand. Low fractal dimension of grain boundaries 
corresponds to larger grain size, low values of impact 
toughness and yield limit, but high bursting pressure 
at hydraulic testing. Increase of fractal dimension of 
grain boundaries is accompanied by increase of im-

Table 4. Specific fracture energy (-/m2) at impact testing

Specimen number –50 °С 20 °С 50 °С

Longitudinal direction LD
1 0.83 5.04 22.87
2 0.73 4.31 20.82

Average value 0.78 4.67 21.84
Transverse direction TD

1 0.97 9.88 47.95
2 0.95 10.91 57.95

Average value 0.96 10.39 52.95
Diagonal direction DD (/D + 45�)

1 0.85 13.33 47.24
2 0.91 17.70 54.65

Average value 0.88 15.51 50.94



58

V.V. Usov et al.

pact toughness, yield limit and lowering of bursting 
pressure. Respective correlation dependencies have 
the form of curves, reaching saturation with increase 
of fractal dimension of the boundaries. A transition 
from brittle transcrystalline cleavage to Tuasicleavage 
and ductile-brittle fracture pattern takes place with in-
crease of fractal dimension.

3. Increase of the fraction of plastic deformation of 
the metal in the HAZ in the overall deformation am-
plitude at low-cycle fatigue testing of specimens of 
the characteristic zones of welded joint of a pipeline 
from 17G1S-U steel after its prolonged service leads to 
an essential lowering of cyclic fatigue life of the base 
and weld metal. There are significant differences in the 
fracture mechanisms: weld metal specimens fail by the 
pitting mechanism (ductile fracture), unlike Tuasibrit-
tle fracture with formation of secondary delamination 
cracks, characteristic for base metal, and, to a small-
er extent, for the heat-affected zone. This is accom-
panied by increase of average fractal dimension from 
1.08 ± 0.01 for ductile fracture of the weld metal to 
1.10 ± 0.01 for the base metal and to 1.11 ± 0.01 for the 
HA= at Tuasibrittle fracture pattern. A connection can 
be traced between the fractal dimension of the fractures 
and fatigue life of the tested specimens. The fractal di-
mension value increases with fatigue life decrease.

4. Fractal dimensions of Dc diagram of P(t) test-
ing, which reflect the dependence of applied load P
on time t, and fractal dimensions of fractures Df af-
ter impact testing of specimens from 20K steel in the 
temperature range from ௅50 to 50 °C are of a similar 
nature. Maximum average values of both the fractal 
dimensions correspond to brittle fracture pattern and 
minimum impact toughness. Minimum average val-
ues of both the fractal dimensions correspond to duc-
tile nature of fracture, and maximum impact tough-
ness. The largest values of fractal dimension were 
found for specimens, cut out at 45° angle to the lon-
gitudinal direction, which are due to the influence of 
{001} <110> texture component, which is the main 
component of the low-alloyed texture of steel with 
BCC lattice. The presented results can be used for 
evaluation of the steel proneness to brittle fracture by 
analysis of fracture energy and fractal dimension of 
the diagrams of load dependence on time at impact 
toughness testing.
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