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Laser cladding is an alternative method to other cladding techniques such as Plasma Transfer Arc (PTA) or blowtorch for surface 
treatment in the glass industry. It aims to produce dense, high-quality 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 JET nozzle 
technique. During laser cladding, good metallurgical bonding is necessary to ensure the further surfacing process technique. 
A microstructural analysis was conducted, and the mechanical properties were then evaluated with microhardness analysis to 
link process parameters to coating bonding quality. 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. 35 Ref., 2 Tabl., 10 Fig.
Лазерне наплавлення є альтернативним методом наплавлення до таких, як плазмово-дугове або паяння. Воно спрямовано 
на отримання щільних високоякісних наплавлень  на неплоских поверхнях без впливу на їх механічні властивості. У цьо-
му дослідженні наплавлення матеріалу на основі Ni були нанесені на підкладку Cu-Ni-Al за допомогою 3-струменевого 
сопла. Під час лазерного наплавлення необхідне хороше металургійне зчеплення для забезпечення подальшої техніки 
процесу наплавлення. Було проведено мікроструктурний аналіз, а також оцінено механічні властивості за допомогою 
аналізу мікротвердості, щоб зв’язати параметри процесу з якістю зчеплення покриття. Розрахунок ослаблення потужності 
дає змогу пояснити вплив розподілу порошку на зчеплення. Ця робота показала, що між наплавленням і підкладкою існує 
зона хімічного розчинення, яка необхідна для ідеального металургійного з’єднання. Гетерогенне зчеплення, що спостері-
гається через ділянку, вздовж вигнутої поверхні розділу покриття/підкладка, пов’язане з Гауссовим розподілом порошку, 
який послаблює вхідну потужність. Ослаблену потужність вимірювали по всьому інтерфейсу. Бібліогр. 35, табл. 2, рис. 10.
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Introduction. During glass bottle production, vis-
cous 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 homoge-
neously, playing the role of thermal exchangers [1]. 
However, 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 modify the mold surface properties before the pro-
duction 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 indus-

try are Plasma Transferred Arc (PTA) [2] and blow-
torch [1]. But with these techniques, a high Heat Af-
fected Zone (HAZ) is present. It corresponds to a zone 
belonging to the substrate that has not reached its fu-
sion temperature but underwent a change in its struc-
ture due to the process. To avoid that, a pre-heating is 
operated with those techniques. 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, laser cladding is operated instead of former tech-
niques without mold pre-heating.

Laser cladding is an innovative surfacing tech-
nique, developed in the 90’s [3,4]. It is used to obtain 
well-bonded high-quality materials, free of pores and 
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cracks without affecting the substrate thermal proper-
ties (so, a low HAZ).

Some researchers have investigated the impact of la-
ser 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 dilu-
tion is obtained at the interface when a fusion between 
the substrate and the coating occur [7–9]. This dilution, 
dependent on the input laser power [10], has to be re-
stricted in order to avoid a large HAZ but seems nec-
essary to ensure good metallurgical bonding. Many re-
searches 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 calculating the ra-
tio between the melted area (including the HAZ) and 
the coating area. The second is in metallurgical 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. Ac-
cording to them, a very low dilution rate prevents from 
good metallurgical bonding. Using the same definition 
of the dilution rate, Luo et al. [15] present the same ob-
servation during laser cladding of NiCrBSi. Balu et al.  
[7] used the metallurgical method to measure the dilu-
tion 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 zone (metallurgical method) at about 2 μm 
is enough to obtain a perfect bonding without affecting 

the substrate mechanical properties (no cracking behav-
ior observed). Many authors [17, 18] presented an EDS 
analysis to measure the dilution between two materials 
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 co-
hesion is crucial to allow further machining of the re-
paired 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 bond-
ing 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 quality 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 laser 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 powder was inject-
ed coaxially into the laser beam [21]. A cross-section 
of the Cu–Ni–Al mold of the bottle ring is shown in 
Fig. 1a after cladding. Fig. 1b describes the typical 
cross-section that has been metallurgically studied.

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

Fig. 1. Half of the mold ring after Ni-laser cladding (a); studied cross section (b)
Рис. 1. Половина кільця форми після наплавлення Ni-лазером (а) і поперечний переріз (b)
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At the focal plane (position B), the powder flow 
follows 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 mid-
point of the mold curved surfaces of the samples.

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

The process parameters used during this study 
are presented in tabl. 2. These samples are extracted 
using Taguchi design of experiment. Only samples 

with a partial or perfect bonding have been selected.
To be characterized, samples were mechani-

cally polished using SiC papers and then diamond 
polished 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 polishing was done. Vickers hardness tests were 
performed on the cross-section, along a line perpen-
dicular to the coating surface with a 10-gf load for 
15 seconds. The measurements were taken from ei-
ther side of the interface for all the 6 samples.

Results and discussion. Microstructure features 
and associated chemical and mechanical properties. 
Fig. 3 describes the three different kinds of bonding 
behavior that can be observed after laser cladding of 
Ni-based powder on a Cu–Ni–Al substrate: perfect 
bonding (Fig. 3a), partial bonding (Fig. 3b) where 
the bonding is partially present at the interface and 
no bonding (Fig. 3c). A bonding is considered partial 
when 15 % bonding default is observed in the coat-
ing/substrate interface.

Fig. 4 shows the SEM-BSE (Back-Scattered Elec-
trons) analysis of the CNC 5 and CNC 6 samples 
(see tabl. 2). Fig. 4a shows that CNC 5 presents per-
fect bonding (case of fig. 3c) whereas fig. 4b shows 
a sample (CNC 6) with a discontinuous bonding 
(fig. 3b). Indeed, in the curved center, there is a lack 
of bonding. No analyses have been performed on 
samples with no bonding (fig. 3a) 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 
microstructure modification is noticeable close to 
the interface. Concerning the Ni deposit, elongat-
ed grains are observed along solidification direction 
for both cases. Small grains can be seen in the coat-
ing close to the interface and at the extreme surface.

Fig. 2. Powder distribution according to the focal position fs [19]
Рис. 2. Розподіл порошку відповідно до фокусного положен-
ня fs [19]

Table. 1. Chemical compositions of the substrate and powder
Табл. 1: Хімічний склад підложки та порошку

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
Табл. 2 : Параметри процесу

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

Fig. 3. Three kinds of bonding behavior: a – no bonding; b – partial bonding; c – perfect bonding
Рис. 3. Три типи з’єднання: а – відсутність з’єднання; b – часткове з’єднання; c – ідеальне з’єднання
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Fig. 5 shows an EBSD analysis of the microstruc-
ture and texture around the interface (black squares in 
4a and b) for both samples (perfect or partial bond-
ing) in order to observe the differences according to 
the bonding quality.

It can be observed that microstructure is very similar 
in both cases (fig. 5a and 5b).The solidification features 
are in accordance with the literature [25–28]. A nuclea-
tion phase, characterized by small equiaxed grains, is ev-
idenced at the interface, then a columnar growth directed 
mainly parallel to the <001> direction of the dendrites 
is observed (fig. 5a). So, the bonding quality does not 
change the solidification behavior during laser cladding.

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

In the fig. 6a and b, deconstruct dendrites from the 
substrate are observed in a mixed zone at the coating/
substrate interface delimited by white lines. Also, the 
fig. 6c clearly shows a local chemical mixture where 
copper seems to be replaced by nickel over a thin lay-
er of the substrate. This can be the consequence 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 (fig. 7).

A diminution of the Ni element from the coating 
to the substrate can be observed. At the same time, 

Fig. 5. Crystallographic axes parallel to the solidification direction (black arrows): a – EBSD analysis of the black square area in 
fig. 4a; b – in Fig. 4b
Рис. 5. Кристалографічні осі, паралельні напрямку затвердіння (чорні стрілки): а – Аналіз EBSD області чорного квадрата на 
рисунку 4a; b – на рисунку 4b

Fig. 6. EDS maps of the principal chemical elements composing the deposit and the substrate of sample CNC6: a – Al; b – Cu; c – Ni
Рис. 6. Карти EDS основних хімічних елементів, що складають наплавлення та підкладку зразка CNC6: a – Al; b – Cu; c – Ni

Fig. 4. Typical microstructure of the cross-section of the samples: a – CNC 5 with good bonding; b – CNC 6 with partial bonding ob-
tained by SEM-BSE
Рис. 4. Типова мікроструктура поперечного перерізу зразків: a – CNC 5 з хорошим з’єднанням; b – CNC 6 з частковим з’єд-
нанням, отриманий за допомогою SEM-BSE



30 ISSN 0005-111X   АВТОМАТИЧНЕ ЗВАРЮВАННЯ, №4, 2022

ПРОМЕНЕВІ ТЕХНОЛОГІЇ

the Cu composition progressively increases. Overall, 
Ni is at around 96 % in the coating, then decreases 
down to 40 % close to the interface and stays below 
10 % in the substrate matrix except inside the den-
drites where the Ni increases to 39 %. The dendrites 
also present a higher level of Al (the high concentra-
tion of Ni and Al inside the dendrites is in accordance 
with fig. 6). The dilution zone exhibits a chemical 
mixture over about 35 µm for this sample.

Fig. 8. Shows the hardness measurements through 
the interface for four typical features of the micro-
structure: the columnar zone of the coating, the nucle-
ation zone, the dilution zone, and the substrate.

It can be observed from Fig. 8 that the micro-hard-
ness 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 sub-
strate in their dilution zone. This high hardness in 
the dilution zone could be explained by the forma-
tion 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 sub-
strate. No increase of the hardness is noticed in the 
nucleation area despite the presence of small grains. 
In fact, the Hall and Petch law which describes that 
the hardness is higher when the grain size is lower 
[29]. But this couldn’t be verified is the present work.

Since the dilution zone can be quantified 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 quality.

Dilution zone thickness along the curved inter-
face. To state if the discontinuous bonding along the 
interface in the studied section is linked to the chem-
ical dilution presence or thickness, a protocol of sys-
tematic DZ quantification 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 
within 400 μm, and where the DZ depth has been de-
termined. This method allows to plot the DZ evolu-
tion along the curved interface (fig. 9).

Fig. 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 parame-
ters). It decreases at lower levels (b and d zones) to be-
tween 3 and 21 µm. Then at the center of the curve (c 
zone) this DZ is minimum (zero in the case of no bond-
ing). Moreover, for all the studied samples, the bond-
ing is lower at the center of the curved section. There-
fore, it is possible to draw a direct connection between 
DZ depth and bonding quality. 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 under-

Fig. 7. Chemical composition of the dilution zone from the coat-
ing to the substrate (sample CNC 6)
Рис. 7. Хімічний склад зони розчинення від покриття до під-
кладки (зразок CNC 6)

Fig. 8. Hardness measurements corresponding to the characteristic 
features encountered from the coating to the substrate (red points)
Рис. 8. Вимірювання твердості, що відповідають характерним оз-
накам, що зустрічаються від покриття до підложки (червоні точки)

Fig. 9. Measurement of the DZ depth over the entire cross-section 
and DZ depth along the five red lines for all the samples
Рис. 9. Вимірювання глибини зони розчинення по всьому по-
перечному перерізу та глибини зони розчинення уздовж п’я-
ти червоних ліній для всіх зразків
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stand what phenomenon leads systematically to a weak-
er chemical dilution at the section curve center during 
laser cladding, as a function of process parameters.

Power attenuation. It is well known in the la-
ser cladding process that powder particles contribute 
to attenuate the incident laser power. Obviously for 
full consideration it is necessary to calculate the to-
tal 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 melting and maintaining the weld 
pool in a liquid state (the useful part of the heat), as 
well as radiation into the surrounding space (includ-
ing as a result of reflection from powder particles, de-
pending 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 re-
gime depend on these indicators: laser power, the 
amount of powder supplied per unit time, its granu-
lometric composition, etc. [30, 31]. This is complex 
calculation and for simplification of the description in 
current research we have considered only the effect of 
the powder particles (i.e. filler powder). Tabernero et 
al. [32] have described the impact of a shadow of par-
ticles during the interaction of the laser and the pow-
der while cladding is in progress. They have assessed 
the attenuation undergone by the beam and character-
ized the density of energy that reaches the surface of 
the substrate. They were able to perform this calcula-
tion with a computational fluid dynamics (CFD) mod-
el, which has been experimentally validated. More-
over, the present authors used the calculation of the 
attenuated power to determine the minimum power 
necessary to ensure an accurate clad/substrate bond-
ing [26]. Nevertheless, the local attenuation 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 fig. 2, a Gaussian distribution 
of powder can be observed. Qi et al. [33] have proposed 
an equation of the powder distribution N (x, y) depend-

ing on the radial distance x and the axial distance z in 
the case of a coaxial nozzle as shown:

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

With Nmax[m
–3] the peak concentration at the 

center of powder flow (x=0), x[mm] the radial dis-
tance and R[mm] the powder stream. 

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

 ( ) ( ) ( ), expz zP x z P x SNz= −α′  (2)
With [ ]zP W′  the power attenuated by the powder 

flow, Pz[W] the initial input power during laser cladding, 
S [mm2] the particle section and α a factor which con-
siders phenomena like the scattering effect, plasma gen-
eration... α was obtained from an experiment of the at-
tenuated power during laser cladding. A power meter is 
placed under an optically neutral glass to protect it from 
the powder injected. During the test, an air flow was in-
jected horizontally in order to deflect the projected pow-
der. As an example, for an incident measured power of 
1916 W, the measured attenuated power was 1498 W for 
a PFR of 28.5 g/min. This led to adjusting the α coef-
ficient at a value of 6 (this result is in accordance with 
literature [32]). If α is equal to 1, the attenuation is only 
due to particle shadow. The present value of 6 indicates 
that other phenomena (scattering effect, plasma genera-
tion...) also contribute to the power attenuation.

By inputting the powder distribution on each po-
sition of x it is possible to observe the power attenu-
ation on the radial distance for an incident power of 
2800W as an example (Fig. 10).

Fig. 10 indicates that, at the center of the powder 
flow (the focal point fs, Fig. 2), the power is attenuat-
ed from 2800 to 1200W. 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 72W remains to 
reach the substrate (and probably melt it). Since the fo-
cal 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. Therefore, this phenomenon may be at 
the origin of the absence 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 clad-
ding on a Cu-based substrate. But the heterogeneous 
dilution in the mold’s curved section can lead to a 
lack of bonding at the curved center and induce the 
coating fall out during machining [1]. In the mean-
time, on the edges (according to the input laser pow-
er), less powder generates more power available for 
the interface fusion. According to the substrate com-
position, 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 au-
thors during laser cladding on cast iron [35].

Fig. 10. Distribution of the power attenuation on the substrate 
(x = 0 is the focal point) for an input laser power of 2800 W
Рис. 10. Розподіл загасання потужності на підкладці (x = 0 – 
фокусна точка) для вхідної потужності лазера 2800 Вт
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Conclusion. Ni-based powder was deposited by la-
ser cladding on a Cu-based substrate with a curved sur-
face. The cladding process parameters were widely ex-
plored in order to verify the bonding quality 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 den-
sity is at maximum, so the input laser power is signifi-
cantly attenuated. Less energy is then available for the 
substrate to melt and to ensure a perfect metallurgical 
bonding. The attenuated power evolution moving away 
from this central point would explain the discontinu-
ous bonding along the interface in the cross-section. As 
it was mentioned above, a compromise was found in 
the present work to ensure a minimal dilution (DZ) in 
the curved center without affecting the based material 
properties (limit the HAZ). This optimization can cor-
respond for example to a laser power of 3200 W with a 
PFR of 28.5 g/min and a scanning speed of 8.5 mm/s.
Acknowledgments

The authors wish to thank C. Aboud, N. Barbo-
sa and C. Lafarge from the ETS CHPOLANSKY for 
their help in the sample elaboration by laser cladding 
and their great skill in the field of this technology ap-
plied to non-planar surfaces. This research was sup-
ported by the ANRT (French National Agency for Re-
search and Technology) and ETS Chpolansky.
References

1. Rege, M., Van Linden, S. (2016) Stage de formation aux tech-
niques de rechargement dans l’industrie verrière, Marcoussis.

2. Oberländer, B.C., Lugscheider, E. (1992) Comparison of 
properties of coatings produced by laser cladding and con-
ventional methods. Mater. Sci. Technol. (United Kingdom). 8, 
657–665. https://doi.org/10.1179/mst.1992.8.8.657.

3. Steen, W.M., Mazumder, J. (2010) Laser Material Process-
ing, 4th ed., Springer.

4. Ryabtsev, I.A., Perepletchikov, E.F. (1992) Properties of al-
loys based on Fe, Ni, Co, deposited by laser-powder method. 
Sat. «Deposited metal. Composition, structure and proper-
ties». Kyiv, E.O. Paton, S.23–26.

5. Arabi Jeshvaghani, R., Jaberzadeh, M., Zohdi, H., Shama-
nian, M. (2014) Microstructural study and wear behavior of 
ductile iron surface alloyed by Inconel 617. Mater. Des. 54, 
491–497. https://doi.org/10.1016/j.matdes.2013.08.059.

6. Liu, H., Hao, J., Han, Z. et al. (2016) Microstructural evolu-
tion and bonding characteristic in multi-layer laser cladding 
of NiCoCr alloy on compacted graphite cast iron. J. Mater. 
Process. Technol. 232, 153–164. https://doi.org/10.1016/j.
jmatprotec.2016.02.001.

7. Balu, P., Rea, E., Deng, J. (2015) Laser cladding of nick-
el-based alloy coatings on copper substrates. Proc. SPIE, 
9657, 1–10. https://doi.org/10.1117/12.2175966.

8. Saqib, S., Urbanic, R.J., Aggarwal, K. (2014) Analysis of la-
ser cladding bead morphology for developing additive man-
ufacturing travel paths. Procedia CIRP, 17, 824–829. https://
doi.org/10.1016/j.procir.2014.01.098.

9. Tao Y.F., Li J., Lv Y.H., Hu L.F. (2017) Effect of heat treat-
ment on residual stress and wear behaviors of the TiNi/Ti2Ni 
based laser cladding composite coatings. Opt. Laser Technol., 
97, 379–389. https://doi.org/10.1016/j.optlastec.2017.07.029.

10. Kim, C.K., Choi, S.G., Kim, J.H. et al. (2020) Characteri-
zation of surface modification by laser cladding using low 
melting point metal. J. Ind. Eng. Chem., 87, 54–59. https://
doi.org/10.1016/j.jiec.2020.03.010.

11. Kumar, S., Roy, S. (2006) The effect of Marangoni-Ray-
leigh-Benard convection on the process parameters in 
blown-powder laser cladding process-A numerical investiga-
tion, Numer. Heat Transf. Part A Appl., 50, 689–704. https://
doi.org/10.1080/10407780600605286.

12. Rienstra, S.W., Chandra, T. (2001) Analytical approxima-
tions to the viscous glass-flow problem in the mould-plung-
er pressing process, including an investigation of boundary 
conditions. J. Eng., Math. 39, 241–259. https://doi.org/DOI: 
10.1023/A:1004883310709 CITATIONS.

13. Toyserkani, E., Amir, K., Stephen, C. (2006) Laser Cladding, 
CRC PRESS.

14. Liu, J., Yu H., Chen, C. et al. (2017) Research and develop-
ment status of laser cladding on magnesium alloys: A review. 
Opt. Lasers Eng., 93, 195–210. https://doi.org/10.1016/j.
matdes.2014.01.077.

15. Luo, X., Li, J., Li, G.J. (2015) Effect of NiCrBSi content 
on microstructural evolution, cracking susceptibility and 
wear behaviors of laser cladding WC/Ni-NiCrBSi compos-
ite coatings. J. Alloys Compd., 626, 102–111. https://doi.
org/10.1016/j.jallcom.2014.11.161.

16. Pereira, J.C., Zambrano, J.C., Rayón, E. et al. (2018) Me-
chanical and microstructural characterization of MCrAlY 
coatings produced by laser cladding: The influence of the 
Ni, Co and Al content. Surf. Coatings Technol., 338, 22–31. 
https://doi.org/10.1016/j.surfcoat.2018.01.073.

17. Adesina O.S., Obadele B.A., Farotade G.A. et al. (2020) In-
fluence of phase composition and microstructure on corro-
sion behavior of laser based Ti–Co–Ni ternary coatings on 
Ti–6Al–4V alloy. J. Alloys Compd., 827, 1–11. https://doi.
org/10.1016/j.jallcom.2020.154245.

18. Wang, S., Liu, C. (2019) Real-time monitoring of chemical 
composition in nickel-based laser cladding layer by emission 
spectroscopy analysis. Materials (Basel)., 12, 1–15. https://
doi.org/10.3390/ma12162637.

19. Babinets, A.A., Ryabtsev, I.O., Lentyugov, I.P. et al. (2020) 
Problems and prospects of surfacing of copper and copper 
parts by wear-resistant layers (Review). TPWJ, 5, 15–23.

20. Zhang, Y., Tu, Y., Xi, M., Shi, L. (2008) Characteriza-
tion on laser clad nickel based alloy coating on pure cop-
per. Surf. Coatings Technol., 202, 5924–5928. https://doi.
org/10.1016/j.surfcoat.2008.06.163.

21. F. Bourahima, A. Helbert, M. Rege, V. Ji, D. Solas, et al. (2019) 
Laser cladding of Ni based powder on a Cu-Ni-Al glassmold: 
Influence of the process parameters on bonding quality and 
coating geometry. Journal of Alloys and Compounds, Elsevi-
er, 771, pp.1018-1028.  10.1016/j.jallcom.2018.09.004

22. Ferreira, E., Dal, M., Colin, C. et al. (2020) Experimental and nu-
merical analysis of gas/powder flow for different LMD nozzles. 
Metals (Basel)., 10, 1–20. https://doi.org/10.3390/met10050667.

23. Cheikh, H. El, Courant, B., Branchu, S. et al. (2012) Analysis 
and prediction of single laser tracks geometrical characteris-
tics in coaxial laser cladding process. Opt. Lasers Eng., 50, 
413–422. https://doi.org/10.1016/j.optlaseng.2011.10.014.

24. Pouzet, S., Peyre, P., Gorny, C. et al. (2016) Additive layer 
manufacturing of titanium matrix composites using the direct 
metal deposition laser process. Mater. Sci. Eng. A., 677, 171–
181. https://doi.org/10.1016/j.msea.2016.09.002.

25. Song ,B., Yu, T., Jiang, X. et al. (2020) The relationship be-
tween convection mechanism and solidification structure 
of the iron-based molten pool in metal laser direct deposi-
tion. Int. J. Mech. Sci., 165, 1–14. https://doi.org/10.1016/j.
ijmecsci.2019.105207.

26. Pereira, J.C., Zambrano, J.C., Tobar, M.J. et al. (2015) High 
temperature oxidation behavior of laser cladding MCrAlY 
coatings on austenitic stainless steel. Surf. Coatings Technol., 
270, 243–248. https://doi.org/10.1016/j.surfcoat.2015.02.050.

27. Pan, C., Li, X., Zhang, R. et al. (2021) Research on microstruc-
tural and property evolution in laser cladded HAZ. Surf. Eng., 37, 
1514–1522. https://doi.org/10.1080/02670844.2021.1929737.



33ISSN 0005-111X   АВТОМАТИЧНЕ ЗВАРЮВАННЯ, №4, 2022

ПРОМЕНЕВІ ТЕХНОЛОГІЇ

ТЕХНОЛОГІЯ ЕЛЕКТРОШЛАКОВОГО ЗВАРЮВАННЯ
(спосіб електричного зварювання металів великих перетинів)

Серед пріоритетних розробок Патонівської школи світового рівня слід від-
значити створення електрошлакового зварювання (ЕШЗ) – нового способу 
зварювання, що започаткував низку електрошлакових технологій. Цей спо-
сіб зварювання бере початок з ідеї Є.О. Патона повністю механізувати ви-
готовлення великогабаритних конструкцій із застосуванням автоматичного 
зварювання під флюсом. У 1947 р. під керівництвом Є.О. Патона почалися 
дослідження цього способу. У 1949 р. вперше в світі в ІЕЗ ім. Є.О. Патона 
створено (Б.Є. Патон, Г.З. Волошкевич) електрошлакове зварювання – про-
цес електричного зварювання металів. В Інституті були ґрунтовно вивчені 
особливості зварювання товстого металу, створені зварювальні й електричні 
апарати, розроблені принципи автоматичного регулювання електрошлаково-
го процесу. Розроблені Б.Є. Патоном принципи автоматичного регулювання 
процесу ЕШЗ стали базою для проектування спеціальних джерел живлення 
апаратів для ЕШЗ [1-3].
1. Электрошлаковая сварка. / Под ред. Б.Е. Патона. – АН УССР. Ин-т электросварки им. Е.О. Патона. – К. М.: 
Машгиз, 1956. – 168 с.
2. Технология электрической сварки металлов и сплавов плавлением / Под ред. Б.Е. Патона. – М.: Маши-
ностроение, 1974. – 768 с.
3. Волошкевич Г.З. Сварка вертикальных швов методом принудительного формирования // Сб.трудов по сварке, 
посвященных Е.О. Патону. – Киев: Изд-во АН УССР, 1951. – С.371-395.

ЛІТАЮЧІ РОБОТИЗОВАНІ КОНТАКТНІ УЛЬТРАЗВУКОВІ ТОВЩИНОМІРИ 
ДЛЯ ТЕХНІЧНИХ ОБСТЕЖЕНЬ В ПОЛЬОВИХ УМОВАХ

Літаючі роботизовані системи, також відомі як дрони, забезпечують можливість збору 
даних для кола застосувань і обсягів, які досі були неможливими. Виконання польових 
обстежень промислових об’єктів з використанням літаючої роботизованої системи контр-
олю, здатної забезпечити фізичний контакт з конструкцією або об’єктом під час виконан-
ня процедур неруйнівного контролю або обстежень технічного стану, є безпечнішим, ніж 
розміщення людей на висоті, і дозволяє зібрати більше даних за менший час. Ці повітряні 
роботизовані системи є універсальними, розширюваними та гнучкими, що дає змогу здійс-
нювати безпечніші, швидші та якісніші вимірювання. У цьому десятиріччі і в подальшому 
очікується еспоненціальне зростання роботизованих систем контролю, оскільки власники 
активів і постачальники послуг усвідомлюють їх економічну рентабельність вкладу в роз-
ширення інформаційних ресурсів, а також у підвищення безпеки. Один з перших випад-
ків використання цих повітряних робототехнічних систем дозволяв вимірювати товщину 
стінки (точніше, товщину підкладки) за допомогою портативного електронного ультразву-
кового вимірювального пристрою. Вибрані та впроваджені належним чином, ці системи 
позитивно впливають на безпеку, час, аналітику, доступ та вартість. Вимірювання надають 
відомості, які є основою наших прогнозів. Ці повітряні роботизовані системи для вимірю-
вання товщини дозволяють компаніям удосконалювати процес вимірювання товщини і 
збирати дані, яких раніше не існувало, таким чином доповнюючи знання. Системи також 
здатні підвищити ефективність роботи, включаючи повністю контрольовані протоколи та 
інформацію для цифровізації планів впровадження, дозволяючи зосередитися на загальній картині для плану-
вання та відповідного бюджету. Крім того, вони допомагають досягти значної економії витрат, особливо коли вони 
запобігають виведенню активу з експлуатації або сприяють скорішому поверненню активу в експлуатацію. Нареш-
ті, вони є елегантним рішенням щодо безпеки, яке захищає працівників від небезпеки та потенційно рятує життя.
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