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METALS DURING LASER CLADDING OF A NICKEL-BASED
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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.

JlazepHe HaIIIaBIEHHS € aJIFTEPHATHBHIM METOJIOM HAIUIABICHHS JIO TAKUX, SIK IIA3MOBO-IyroBe abo rnasHHs. BoHo cnipsiMoBaHO
Ha OTPUMAHHS IUTHHUX BUCOKOSIKICHUX HAIUIABIICHh Ha HEIIOCKUX MOBEPXHSX Oe3 BIUIMBY Ha iX MEXaHiYHI BIACTUBOCTI. Y Ib0-
My JOCII/UKEHHI HaIIaBJIeHHsS MaTtepiary Ha ocHOBI Ni Oynu HaHeceHi Ha minkiaaaky Cu-Ni-Al 3a nomomororo 3-cTpyMeHeBOro
comura. [1ig gac ma3epHOro HaIUIABICHHS HEOOXiTHE XOpoIlle MeTalypriiiHe 34eIuIeHHs AU 3a0e3eUeHH s TOAABIIO] TEXHIKI
npoliecy HaruIaBleHHs. byo mpoBeneHo MiKpOCTPYKTypHHMI aHali3, a TAKOXK OIIHEHO MEXaHIYHI BIACTUBOCTI 3a JOIIOMOTOIO
aHaJII3y MIKpPOTBEPOCTI, 00 3B’SI3aTH MapaMeTpH HPOLECy 3 SKICTIO 3YEIUICHHS ITOKPUTTS. Po3paxyHOK ocableHHs MOTYKHOCTI
JIa€ 3MOT'y TIOSICHUTH BILUTHB PO3IIOALTLY NMOPOIIKY Ha 34eruieHHs. L[ poGora mokasasa, o Mixk HaIuTaBJIeHHSM 1 ITiIKIIaIKOIO iCHy€e
30Ha XIMIYHOTO PO3YMHEHHS, sIKa HEOOX1THA TSI 1/IealTbHOTO METATYPTiifHOTO 3’ €THaHHSI. [ eTeporeHHe 34eIUIeHHS, O CIOCTEPi-
Ta€eThCs Yepe3 JUITHKY, B3JOBK BUTHYTOI IIOBEPXHI PO3IUTY MOKPUTTS/MiAKIaAKa, TOB’13aHe 3 ['aycCOBUM pO3MO/IIIIOM OPOIIKY,
SIKUH TIOCTIA0IOE BXITHY TOTY HicTh. OctabieHy MoTyKHICTh BUMIPIOBAJIX 0 BCbOMY iHTepdeiicy. bibmiorp. 35, Tabm. 2, puc. 10.
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Introduction. During glass bottle production, vis- try are Plasma Transferred Arc (PTA) [2] and blow-

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-

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 um
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 um
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).

Studied cross section

Curved-cladding |

Fig. 1. Half of the mold ring after Ni-laser cladding (@); studied cross section (b)
Puc. 1. ITonoBuHa Kinbipst Gopmu micis HaraeieHHs Ni-nazepoM (a) i nonepeynuii nepepis (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 um 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. 3¢c). A bonding is considered partial
when 15 % bonding default is observed in the coat-
ing/substrate interface.

Table. 1. Chemical compositions of the substrate and powder
Taou. 1: XiMiuauii CKIax NiAI0KKH Ta NOPOLIKY

i
Powder CoaXIa{ nozzle

.

Laser

.

fs

X

I

Fig. 2. Powder distribution according to the focal position fs [19]
Puc. 2. Po3noais mopoIiiky BimMOBIAHO 10 (HOKYCHOTO MOJOXKEH-
Hs fs [19]

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.

1
Subistrate
1

Ex=0

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
Ta6.. 2 : [lapameTpu npouecy
Sample Power (W) Speed (mm/s) Powder Feeding Rate (g/min) Spot diameter (mm)
CNC 1 2400 6.5 26.5 4
CNC2 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

pum

600 pm

Fig. 3. Three kinds of bonding behavior: @ — no bonding; b — partial bonding; ¢ — perfect bonding
Puc. 3. Tpu Tunu 3’€HaHHS: a — BIACYTHICTb 3’ €IHAHHSI; b — YaCTKOBE 3’ €HAHHSI; ¢ — i7ealIbHE 3’ €THAHHS
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EWT = 20,006V WD =453 mm BSE-R 2.90e-004 Pa. :n-\

Good
bonding

WO = 129mm NTS 850

e

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

Puc. 4. TunoBa MikpocTpyKTypa morepedHoro nepepisy 3paskiB: a — CNC 5 3 xopoumm 3’eanannsam; b — CNC 6 3 yacTKoBuUM 3’ €1~

HaHHAM, OTpUMaHui 3a jonomororo SEM-BSE

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. Sa 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 nucleatlon/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. 6¢ 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 solldlﬁcatlon dlrectlon (black arrows) a-— EBSD- analys1s of the black square area in

fig. 4a; b —in Fig. 4b

Puc. 5. Kpucranorpadiuni oci, mapaneiabHi HApIMKy 3aTBepaiHHs (40opHi cTpiiku): a — Ananiz EBSD obnacti yopHoro kBajapara Ha

pucyHky 4a; b — Ha pucyHky 4b

100 pm

100 pm

Fig. 6. EDS maps of the principal chemical elements composing the deposit and the substrate of sample CNC6: a — Al; b — Cu; ¢ — Ni
Puc. 6. Kaptt EDS 0CHOBHHX XIMIYHHX €JIEMEHTIB, 110 CKJIaa0Th HAIUIABJICHHS Ta Miakaaaky 3paska CNC6: a — Al; b — Cu; ¢ — Ni
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Fig. 7. Chemical composition of the dilution zone from the coat-

ing to the substrate (sample CNC 6)

Puc. 7. XimiuHuit ckiaan 30HA PO3UMHEHHS BiJl MOKPUTTS JIO i/

kianku (3pasok CNC 6)

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 um 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-Ni,B due to the low ratio
of Si/B (1.3) in this area as described by Hemmatie

800

700
600

500

Dureté HV 0,01

400
300
200

0 I I

100
Columnar zone  Equiaxed grains

Substrate

DZ |

Fig. 8. Hardness measurements corresponding to the characteristic
features encountered from the coating to the substrate (red points)
Puc. 8. BumiproBaHHst TBEpIOCTi, 1110 Bi/IIOBIIAIOTH XapaKTEPHUM 03-
HaKaM, 1110 3yCTPIYalOThCSI Bijl HOKPHTTS JIO ITiUI0KKH (UEPBOHI TOUKH)

30

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 pm, 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 um according to the cladding parame-
ters). It decreases at lower levels (b and d zones) to be-
tween 3 and 21 pm. 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-

80 -
i
70—
ECNC |
| d CNC2
WCNC3
BCNCH
ECNCS
BCNC 6
a b s
jm} Il

Zone a Zoneb  Zonec Zoned Zone e
Fig. 9. Measurement of the DZ depth over the entire cross-section
and DZ depth along the five red lines for all the samples
Puc. 9. BumiproBaHHs [MTUOHHK 30HA PO3UMHEHHS 110 BCBOMY T10-
[IepPEYHOMY TIepepisy Ta IIMOUHHU 30HH PO3YMHEHHS Y3/I0BK I1°sI-
TH YEePBOHUX JIIHIN JUIs BCIX 3pa3KiB

f=)
(=

h
(=]

Dilution (um)
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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 NV (x, ) depend-

2800
2600 7
2400
2200
2000
1800
1600
1400
1200

1000 1 1 1 1 1 1 1
=20 -15 -1.0 05 0 05 1.0 15

Powder stream diameter (mm)
Fig. 10. Distribution of the power attenuation on the substrate
(x =0 is the focal point) for an input laser power of 2800 W
Puc. 10. Po3nonin 3aracanHs MOTYXXHOCTI Ha miakuaami (x = 0 —
(hokycHa TouKa) sl BX1THOT OTYKHOCTI Ja3epa 2800 Br

Attenuated power (W)

2.0
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ing on the radial distance x and the axial distance z in
the case of a coaxial nozzle as shown:

N(x,z)szax (Z)exp(—Zx2 /Rz) (1)

With N [m™] 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]:

P!(x,z)=P,(x)exp(—oSNz) 2)

With PZ'[W] the power attenuated by the powder
flow, P [ W] the initial input power during laser cladding,
S [mm?] the particle section and a a factor which con-
siders phenomena like the scattering effect, plasma gen-
eration... o 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 o coef-
ficient at a value of 6 (this result is in accordance with
literature [32]). If a 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].
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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.
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TEXHONNOrA ENEKTPOLUNIAKOBOIO 3BAPIOBAHHA

(cnocib enekTpr4HOro 3BaptoBaHHS MeTaniB BENMKNX nepeTMHua)

Cepepn, npioputeTHMX po3pobok MaToHIBCLKOI LUKOMM CBITOBOrO PiBHSA Chif Bid-
3HaYUTM CTBOPEHHS EeMeKTPOLUNaKoBoro 3saptoBaHHs (ELLU3) — Hosoro cnocoby -
3BaplOBaHHS, LLO 3anoyaTKkyBaB HU3KY ereKTPOLLIakoBUX TexHornorin. Llen crno- F
cib 3BaptoBaHHs Gepe moyatok 3 igei €.0. [NaToHa NoBHICTI0O MexaHidyBaTu Bu-
TOTOBINEHHSI BEMUKOrabapuTHMX KOHCTPYKLN i3 3aCTOCyBaHHSIM aBTOMAaTWUYHOIO
3BaptoBaHHA nig dortocom. Y 1947 p. nig kepiBHuuTBoM €.0. MaToHa novanucs
[OCHiMKEHHs1 uporo crocoby. Y 1949 p. Bnepuie B cBiTi B IE3 iM. €.0. MNaToHa
ctBopeHo (B.€. MatoH, 3. BonoLukeBnY) enekTpoLuiakoBe 3BaptoBaHHSA — MPO- &
LlEC ENIEKTPMYHOrO 3BaptoBaHHs MeTaniB. B IHCTUTYTI Gynn rpyHTOBHO BUBYEHI
0COBMMBOCTI 3BaptOBaHHS TOBCTOrO METarly, CTBOPEHi 3BaproBaribHi i eNeKTpUYHI
anapartu, po3pobseHi NPUMHLIMNM aBTOMaTUYHOIO PErynoBaHHS ENEKTPOLLIAKOBO-
ro mpouecy. PospobneHi b.€. [NaToHOM NpYHUMNM aBTOMAaTUYHOIO perynoBaHHA
npouecy ELU3 cranu 6a3ot0 4ns NPOeKTYBaHHS creLianbHUX JKepen KUBMNeHHS
anapartiB ans ELL3 [1-3]. - - -

1. SnekTpowwnakoasa cBapka. / MNoa pea. B.E. MatoHa. — AH YCCP. UH-T anektpocBapku um. E.O. MatoHa. — K. M.:
Mawrus, 1956. — 168 c.

2. TexHomnorus aneKkTpPUYeckom CBapku MeTansnoB M cnnasoB nnaeneHnem / MNoa pea. B.E. MatoHa. — M.: Mawuu-
HOCTpOeHue, 1974. — 768 c.

3. BonowukeBuy I.3. CBapka BepT1KarnbHbIX LBOB METOAOM NPUHYAUTENBHOMO chopMmnpoBaHus // C6.TpyaoB Mo cBapke,
nocesileHHbix E.O. MatoHy. — Knes: N3a-8o AH YCCP, 1951. — C.371-395.

)

p
NITAKOYI POBOTU30OBAHI KOHTAKTHI YIIbTPA3BYKOBI TOBLUMHOMIPH
ANnA TEXHIYHUX OBCTEXEHbD B NMNOJIbOBUX YMOBAX

JliTatoui poboTn3oBaHi CUCTEMM, TaKOX BiAOMi SK APOHM, 3abesnevytoTb MOXIMBICTb 360py
[aHuX Ars Kora 3acTocyBaHb i 00cdriB, Aki 40Ci OynvM HEMOXNMBMMWU. BUKOHaHHS MOMbOBMX
0ob6CcTexXeHb NPOMMUCIOBUX 06’EKTIB 3 BUKOPUCTAHHAM MiTalo4oi poGOTN30BaHOT CUCTEMU KOHTP-
Onto, 34aTHOI 3a6e3nevnTi isNYHUIA KOHTaKT 3 KOHCTPYKLie abo 06’ekToM nif Yac BUKOHAH-
HSl Mpoueayp HEPYWMHIBHOTO KOHTPOSO abo 0BCTEeXeHb TEXHIYHOMO CTaHy, € Ge3neyHilLnM, HiX
PO3MILLEHHSI NMOAEN Ha BUCOTI, | 4O3BONSAE 3i6paTy GinbLue gaHuX 3a MeHLMIN Yac. Lli noBiTpsiHi
po60TM30BaHI CUCTEMU € YHIBEPCATNIbHUMM, PO3LLUMPIOBAHMM Ta THYYKMMW, L0 Aa€ 3MOTy 3Ainc-
HIOBaTK 6e3neyHiLui, WBuALI Ta SKICHILLI BUMIpIOBaHHS. Y LbOMY AECATUPIYYi i B nogansLiomy
OYiKYETBCS €CMOHEHLianbHe 3pOCTaHHA POBOTU30BAHNX CUCTEM KOHTPOIHO, OCKINbKM BITACHUKM
aKTUBIB i MocTavanbHUKX MOCHYT YCBIOMITIOTL X EKOHOMIYHY peHTabenbHICTb Bknagy B po3-
LUMPEHHS IHOPMaLiHNX PecypCiB, a TakoX y nigBuLeHHs 6e3nekn. OauH 3 nepumnx Bunag- &
KIB BUKOPUCTAHHS LIMX MOBITPAHNX POBOTOTEXHIYHUX CUCTEM OO3BOMSB BUMIPOBATU TOBLUMHY
CTiHKM (TOYHIiLLE, TOBLUMHY MigKMaaky) 3a OMOMOrOK NMOPTATUBHOMO ENEKTPOHHOTO YIbTPa3By-
KOBOIO BMMIpIOBaNibHOrO MpPMUCTPOD. BnbpaHi Ta BNpoBagKeHi HANeXHUM YMHOM, Ui CUCTEMM
MO3NTVBHO BNMMNBAKOTL Ha Be3neky, Yac, aHaniTvKy, AOCTynN Ta BapTiCTb. BumipioBaHHA HapatoTb ||
BiIOMOCTI, SiKi € OCHOBOI HalUMX NporHosiB. Lli noBiTpsiHi po6oTr3oBaHi cucteMun ans BUMIpO- ¢

BaHHS TOBLUMHW [O3BOMATbL KOMMAHIAM YAOCKOHAMNoBaTh NPoLec BUMIPHOBaHHS TOBLUMHK i |
30vpaTy gaHi, SK1X paHile He icHyBaro, TakumM YMHOM [JOMOBHIOYM 3HAHHS. CUCTEMU TaKoX
3aatHi NigBULLMT eDEKTUBHICTL POOOTHM, BKIHOYAOUM MOBHICTIO KOHTPOMbOBaHI MPOTOKONM Ta
iHbopmalLito Ans umdpoBisallii nnaHiB BNPOBafXXEHHS!, JO3BONANYM 30CEpeanTUC Ha 3ararnbHii KapTuHi ONns nnaHy-
BaHHs Ta BignosiaHoro 6togpkety. Kpim Toro, BOHM fonomaratoTb AOCArTY 3Ha4YHOT eKOHOMIT BUTpaT, 0cobnmBo KOy BOHM
3anobiratoTb BUBEOEHHIO aKTVBY 3 eKcrinyaTaLii abo cnpusioTb CKOPILLOMY NOBEPHEHHIO aKTUBY B eKcryaTauito. Haperu-
Ti, BOHW € EMeraHTHNM pilleHHAM Lodo 6esneku, ke 3axuLLae NpauiBHYKIB Big HEGEe3Mekn Ta MOTEHLINHO PATYE XUTTS.
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