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Abstract: The paper presents the results of structural
investigations of a laser-welded layer in the Inconel 625 and
Stellite 6 alloy matrix with the addition of WC. The tests
involved the use of on plates made of low-alloy steel
S355J2C+N. The filler materials used in the tests were nickel-
based (Inconel 625) or co-balt-based powders (Stellite 6)
having various contents (0-25%) of spherical tung-sten
carbide (WC) used as the reinforcing phase. The granularity
of the powders was re-stricted within the range of 45 um to 90
pum. The cladding tests involved making multi-layer overlay
welds. Next, non-destructive (VT and PT) and destructive
(macro, hardness) tests were carried out. The macroscopic
metallographic tests revealed that the three-layer Inconel 625-
based overlay welds (with a WC content of up to 15%) had
the correct shape and were characterized by full fusion into
the base material, ensuring the continuity of the overlay
weld.In the case of the Stellite 6-based overlay welds
containing 10% of WC, it was possible to observe a through-
crack of the overlay welds. The crack was formed in the first
layer (as a result of stresses during the solidification of the
liquid metal) and developed during the deposition of
subsequent layers. The macrostructural tests were
supplemented  with  microstructural — observations and
microanalysis of the chemical composition (EDS). The
above-named tests revealed the good stirring of alloying
elements in the overlay weld, indicating the high homogeneity
of the overlay weld.The hardness obtained on the surface of
the padding weld was 600 HV1.
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1. INTRODUCTION

Advanced engineering structures and technological
processes increasingly often require the use of
advanced structural materials and special surface
processing methods to ensure the reliability and
effective operation of structures [1]. Individual
elements of equipment and machinery have to satisfy
special requirements, particularly as regards the core
and the surface of materials [2]. As can be seen, the
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surface engineering sector is facing increasingly
difficult challenges and must reach out for new tools
[3,4]. One of such tools is the laser beam used as the
heat source in surface layer processing methods (e.g.
surface hardening, alloying or cladding) [5,6].

Laser metal deposition (LMD) enables the very
precise deposition of coatings (particularly of thin
layers) characterised by only slight dilution,
impossible to obtain using conventional cladding
methods [7-9]. Laser surface processing may involve
very small areas of strictly specified dimensions. It is
possible to obtain required properties only in areas
where such properties are necessary in terms of
tribological or mechanical aspects, because of
chemical effect or due to thermal loads. Special LMD
methods are used both in the production and repair of
poorly accessible structure surfaces [10-11].

It is necessary to perform multi-aspectual research
aimed to assess the technical and technological
applicability of powder deposition methods and their
effect on the structure and properties of overlay welds.
The article presents technological and material-related
experience gained during the laser metal deposition of
gradient layers containing carbides.

Laser deposition is a process where an alloy
characterised by specific chemical composition and
properties is deposited on surfaces of structural
elements. The joining of the material results from the
thermal effect of laser beam radiation both on the
base material and on the material the overlay weld is
made of (Figure 1) [13]. The filler material has the
form of a wire (solid or flux-cored) or powder.

The laser deposition method is applied in production
processes (deposition of surfaces characterised by
special properties (corrosion resistance, abrasive wear
resistance, resistance to erosion or cavitation) or to
perform repair cladding aimed to reconstruct damaged
or worn surfaces [14-17].



One of the advantages of the laser deposition process
is the accurate control of a heat input, enabling the
precise deposition of coatings and appropriate
adjustment of the dilution zone. The above-named
advantage enables the making of thin layers
characterised by a pre- defined structure [17]. Laser
deposition methods are successfully used in the
processing of surface layers of e.g. swaging tools,
plastic working tools, structures made of sheets/plates
or miniature elements characterised by high
manufacturing accuracy (where conventional cladding
materials (e.g. tools steels) are used) [18,19].
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Fig. 1. Variants of the laser deposition process: a) laser
deposition with the filler material in the form of a wire, b)
laser metal deposition with the side powder-feeding nozzle

and c) laser deposition with the multiple stream nozzle

In the laser deposition process the thickness of the
dilution layer is restricted within the range of
approximately 10um to 20um [3], which ensures the
obtainment of the appropriate metallurgical joint of the
deposited material and the base material. In addition, the
application of high heating and cooling rates enables the
obtainment of very hard deposited layers [4].

The laser deposition process is characterised by the
high precision of the deposition of coatings both on
flat surfaces and, e.g. on corners or ribs. As a result,
finishing allowance can be small and so can be losses
of the deposited material [20, 21].

The laser deposition process can be performed in one
or two stages.The one-stage process involves the
deposition of the filler material on the layer
accompanied by the simultaneous effect of laser
beam radiation. In turn, during the two-stage process
(also known as the pre-placed technique), the
previously deposited (e.g. sprayed) material is melted
using the laser beam [8]. The course of the laser
deposition process depends on the adjustment of
many parameters including, among other things:

«in relation to laser radiation beam and the beam
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focusing optical system: beam power, radiation
wavelength, resonator operation mode (pulsed or
continuous), focus location and the shape of the
focusing area;

«in relation to powder and its feed system:
physicochemical properties, grain size, powder flow
(feed) rate, powder flow direction, the type of the carrier
gas and its flow rate as well as the shape of the nozzle;
«in relation to an element (substrate) subjected to
deposition:  deposition  rate,  physicochemical
properties  (melting point, linear expansion
coefficient, tensile strength, melting point etc.), the
position of the substrate in relation to the powder
feeding nozzle, the overlap of deposited beads, the
number of layers, preheating, etc.

The above-named parameters affect the laser
deposition process through interaction taking places
in two areas, i.e. laser radiation beam — powder and
laser beam — powder - substrate.

The primary laser beam radiation-related parameter
affecting the course of technological processes is
power density. The power density value typical of the
laser deposition process is restricted within the range
of 104 t0105 W/cm2 [4]. The radiation beam power
density is defined by the power of the beam and the
size of the focusing area (resulting from the position
of the focus in relation to the surface subjected to the
deposition process).

The radiation beam power reaching the substrate is
lower than the power of the beam leaving the nozzle of
the working head. Losses of energy result from the
absorption and the scattering of the laser beam by the
powder and depend on the time during which the beam
affects the powder surface while the powder is
transported between the powder feeding nozzle and the
surface subjected to deposition. Therefore, losses of
beam energy depend, among other things, on the
powder flow (feed) rate, the shape and the density of the
powder stream as well as the distance between the
powder feeding nozzle and the material surface [22, 23].
Powder grains absorb some part of beam radiation
energy and melt. The primary stage of the laser metal
deposition process is the laser beam-triggered formation
of the melt pool (of a previously specified depth) to
which molten powder grains are supplied [22]. The
interaction between the laser beam transmitted through
the cloud of the powder (and reaching the surface of the
element subjected to deposition) and the base material is
the function of absorption and reflection by the surface
subjected to the laser deposition process [23].

The shape and the thickness of the melt pool layer
depend on the distribution of beam energy in the
focusing area, the powder feed rate and direction,
energy transferred by partially melted power grains, the
rate of the cladding process as well as the shape of the
focusing area [24]. The shape of the beam focusing area
(circular, square, rectangular, elliptical, etc.) determines



the density of beam radiation power of a given process
[20]. The laser metal deposition technology enables the
obtainment of precise welds in the form of single layers,
the thickness of which is restricted within the range of
0.1 mm to 1 mm [4,7]. The thickness of multi-layer
overlay welds can exceed several millimetres. It is
possible to perform the cladding process in the macro
scale, i.e. involving the elements, the area of which
amounts to several square decimetres as well as in the
micro scale, i.e. involving precise (e.g. medical)
elements, whose wall thickness amounts to 0.1 mm [7].
Another important advantage of the laser deposition
process is the possibility of making precise gradient
layers or interlayers between the substrate and the
surface layer, eliminating the susceptibility of laser
deposited overlay welds to cracking [4,5]. In many
technological cases it is required that a desirable
change in material properties towards a given
direction be gradual, smooth and controllable. Such a
change ensures the optimum adjustment of a specific
structural element to expected operating conditions.
The above-named properties can be found in the so-
called functionally graded materials (FGM), often
referred to as variable functionality materials [25].
Functionally graded materials do not contain the zone
characterised by the high gradient of properties, thus
sensitive to various imperfections, e.g. transition
areas between individual components of a given
material. The above-named zone is replaced with an
area characterised by gently changing properties,
enabling the optimum adjustment of the material to
its intended functions and applications [26].

The gradual change in functional or structural properties
may take place along various directions. In most
applications the aforesaid change occurs across the
thickness of a material. The change may be continuous
or stepped, affect the entirety of the material or its
specific zones (usually in the coating or the transition
zone between various components - see Figure 2).

<)

d)
Fig. 2. Schematically presented changes in properties in the
volume of a graded material: a) continuous change b) stepped
change, c) in the coating and d) in the transition zone
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The continuous change can be achieved, for instance,
as a result of the continuous change in the content of
individual components of a given material across its
thickness. In turn, the stepped change requires the use
of appropriately selected various materials deposited
in layers across the thickness of the material. In terms
of the microstructure, the gradient may be concerned
with the volume fraction, arrangement, shape and the
size of a component (Figure 3).
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Fig. 3. Gradient of the volume fraction (a), arrangement
(b), shape (c) and component size (d) [25]

The hard phase, i.e. carbides, in the overlay weld
made using homogenous  (single-component)
powders is formed as a result of physico-chemical
reactions occurring during the surfacing process. The
content of the hard phase, affecting the hardness of a
deposited layer, results from the amount and types of
alloying components of the powder [27-29].

The content of the hard phase in the overlay weld can be
increased by performing the process involving the use
of two powders (multicomponent powders).
Components of one powder form a plastic and metallic
matrix containing hard grains (e.g. WC, SiC or TiC
compounds having the features of a ceramic material) of
the other powder, thus forming composite overlay
welds. The hard phase of such powders is not formed
solely as a result of physico-chemical reactions taking
place during the process of deposition but it constitutes
an initial component of multicomponent powders.
Frequently, the hard phase component is tungsten
carbide. In comparison with other carbides, such as SiC
and TiC, tungsten carbide is characterised by combined
advantages including high hardness, high density and
good wettability by a molten metal [30].

Laser deposition involving the use of multicomponent
powders enables the obtainment of deposited layers
characterised by complex chemical compositions and
properties. This deposition method is becoming
increasingly popular when making metal-carbide type



complex composite coatings. Traditional techniques
applied to this end, e.g. thermal spraying, plasma
spraying or arc overlay welding, are characterised by
both advantages and disadvantages. Thermal spraying is
very efficient, yet it fails to provide the proper adhesion
(joint) between the surface layer and the substrate. In
turn, arc-based technologies, less effective than thermal
spraying, provide a considerable heat input to a material
subjected to surfacing, which, in turn, results in
significant penetration in the substrate and the
substantially greater dilution of the overlay weld
material with the substrate. Laser deposition appears to
be the most favourable technology as it combines the
advantages of both of the above-named methods; it is
characterised by the slight dilution of the overlay weld
material with the substrate and enables the obtainment
of the proper joint (adhesion) of the overlay weld with
the substrate. The laser deposition method involving the
use of multicomponent powders ensures the effective
introduction of hard phase particles, e.g. SiC, TiC and
WOC carbides to the metallic base, the primary alloying
constituents of which are Ni, Co or Fe, and forming
ceramic-metallic overlay welds characterised by very
high hardness and abrasion resistance. However, the
making of such overlay welds entails a number of
difficulties and, as a result, has not found many
industrial implementations, being restricted to special
applications [31,32].

The primary restrictions include cracks in the
deposited layer and the low process efficiency. The
ormation of cracks in the deposited layer is a complex
process affected not only by the thermophysical
properties of the substrate and those of the overlay
weld material, i.e. a melting point, the coefficient of
elasticity and a thermal expansion coefficient, but
also process conditions including process parameters,
the composition of a metallic base, the content of
carbides in the powder mixture and the size of grains
in the individual fractions of the powder [31].
Conventional single-layer laser overlay welds made
using powder of the specified content of the hard phase
and of the matrix can be characterised by inappropriate
adhesion or excessively high stresses between the
surface layer and the substrate, resulting in the
formation of cracks, exfoliation or the chipping of such
layers. Cracks (usually initiated) [32] are related to the
content of the hard phase in the deposition powder and
the resultant significant gradient of physical properties,
particularly in the transition zone between the substrate
and the overlay weld.

The restriction of the disadvantageous effect of the
transition zone as well as the attenuation of the gradient
of physical properties can occur in various ways. The
slight attenuation of the gradient of properties can take
place after the deposition of not one but a few (thinner)
layers using powder characterised by the same content
of individual components of the matrix and the hard
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phase (Figure 4). In such a case, a change in properties
of the overlay weld is obtained as a result of a slight
change in the content of the substrate material and the
hard phase in individual layers triggered by the specific
degree of dilution with a previous layer.

component A+ B
componentA+B
component A+ B
component A+ B

Fig. 4. Schematic structure of the conventional multi-layer
overlay weld; each layer is made using powder characteris-
ed by the same content of individual components of the
matrix and the hard phase

The gradient of changes in properties in the transition
zone can be attenuated to a greater extent by making
successive layers of the overlay weld using filler metals
of various appropriately adjusted chemical compositions
(wire or powder — Figure 5(a)) or having the same
chemical composition, yet characterised by various
contents of components (multicomponent powders) in
each subsequently deposited layer (Figure 5(b)).

component D
component C
component B
component A

a)

component B 100%
t A 20% +
t A 40% +
A60% +
A80%+
component A 100%

t B 80%
B 60%
B 40%
B20%

b)

Fig. 5. Schematic structure of exemplary laser-deposited
gradient layers a) layer characterised by the stepped
change in properties, b) layer characterised by the quasi-
continuous change in properties

Gradient layers obtained in the above-presented fashion
change their properties in a stepped manner (Figure
5(a)) or uniformly (Figure 5(b)), making it possible to
restrict or even eliminate the aforesaid imperfections.
The laser powder deposition of typical gradient coatings
characterised by the quasi-continuous change in
properties (Figure 5(b)) involves the effect of the laser
radiation beam on a powder mixture consisting of two
components of appropriately adjusted contents of hard
carbide particles and ductile metallic matrix in relation



to each subsequently deposited layer. Because of the
very fast crystallisation of the liquid metal pool, (molten
or partly molten) carbide grains are deposited in the
plastic matrix.

Usually, gradient layers are characterised by higher
hardness and wear resistance than layers applied
conventionally and, as a result, significantly extend
the service life of machinery elements exposed to
complex stresses including abrasion, impact or
thermal and mechanical fatigue [33]. Individual
layers may be tasked with various roles. Usually, the
first layer (made of powder without the hard phase
content) is a buffer layer as it bonds well both with
the substrate material and with successive layers
having specifically adjusted properties. The powder
used for the making of next layers is selected as a
result of the change in contents of individual phases
(base and hard phase) so that the resistance of the
surface layer of the workpiece to specific wear in
expected operating conditions could be increased.
Usually, the surface layer is characterised by higher
hardness than that of the base layer.

The search for technologies enabling the production of
new compositions of gradient materials focus not so
much on the entire form of the material but rather on the
obtainment of surface gradient layers on ready-made
structural elements. The analysis of available reference
publications indicates the possibility of developing new
technologies enabling the making of gradient layers
characterised by previously specified properties. One of
such technologies is the laser metal deposition method
(LMD). The article discusses the technological
potential, structure and properties of deposited gradient
layers having various tungsten carbide contents.

2. MATERIALS AND METHODS

The research-related tests involved the making of one,
two and three-layer overlay welds (having a length of
45 mm and a width of 22 mm) on plates made of low-
alloy steel S355J2C+N (in accordance with EN 10025-
2:2007). The filler materials used in the tests were
nickel-based (Inconel 625, Table 1) or cobalt-based
powders (Stellite 6, Table 2) having various contents (0-
25%) of spherical tungsten carbide (WC) used as the
reinforcing phase. The granularity of the powders was
restricted within the range of 45 pum to 90 um. The first
layer of the Stellite 6-based overlay weld contained 5%,
whereas the second layer contained 7% (by weight) of
WC. In turn, the first two layers of the Inconel 625-
based overlay weld did not contain any WC additions,
whereas the third layer contained 25% (by weight) of
tungsten carbide. The use of various tungsten carbide
(WC) volume fractions in the individual layers enabled
the obtainment of gradient overlay welds characterised
by variable properties across the thickness.

Table 1. Chemical composition of the Inconel 625 powder
(2.4856) having a granularity restricted within the
range of 45 um to 90 um

Contents of alloying components [% by weight], according to
the certificate

C Si Mn Nb Fe
0.018 0.370 0.430 3.420 2.780
Cr Mo Ti Ni
21.370 9.400 0.100 rest

Table 2. Chemical composition of the Stellite 6 powder
having a granularity restricted within the range of
45 pum to 90 pm, according to the certificate

Contents of alloying components [% by weight], according to
the certificate

C Co Cr W Si Ni
0.018 rest 27.700 4.380 1.370 1.540

Fe Mn Mo S P B
1.200 0.100 0.050 0.006 0.01 <0.005

Technological tests of the laser powder deposition of
gradient layers were performed using a robotic station
equipped with a KUKA KR30HA industrial robot, a
TruDisk 12002 YAG disc laser having a power of 12
kW (TRUMPF) and a specialist deposition head
provided with a focusing lens having a focal length of
220 mm. A laser radiation beam was entered into the
head using a standard optical fibre having a diameter
of 600 um. The electrically controlled positioning of
the head collimator lens enabled automatic changes in
a position of the laser beam focus restricted within the
range of -4.3 mm to +48.1 mm, thus making it possible
to change the area of laser radiation focusing.

The head used in the laser deposition process was
provided with an ND16 three-way process nozzle
tasked with the formation of the focus of powder jets
coaxially in relation to the laser beam. The deposition
powder was fed to the process nozzle through the
powder distributor made of acrylic. Directly before the
nozzle, the distributor homogenised the powder jet and
divided it into three single jets entering three channels
uniformly arranged around the nozzle circumference.
The three jets were situated at a specified angle in
relation to the nozzle axis and concentrated 16 mm
away from the face surface of the nozzle (Figure 6).

Powder & Laser beam
B Shield s
Gas
\ Shield Gas

Coaxial i
Cladding Nozzle Powider Jet

Focus of
powder

a) b)
Fig. 6. Concentration of powder jets by the three-way
nozzle (a) and the schematic diagram of the laser powder
deposition process (b) [34]



The amount of transported powder was continuously
controlled by adjusting the flow rate of the carrier gas
and the revolutions of the disc carrying the powder
from the container to the transport conduit.

The previous individual research [22-24] made it
possible to determine the position of the laser beam 25
mm away from the powder focusing plane. As a result,
an area of laser beam focusing having a diameter of
approximately 3 mm was obtained. The adopted
welding rate of 1 m/min corresponded to the mean
value of a laser deposition rate. It was assumed that the
weld width-weld height ratio should be 3:1. The power
of the laser radiation beam amounted to 2500 W. The
amount of powder fed was identified on the basis of the
filling of the overlay weld cross-section of a previously
adopted shape (having a width of 3 mm and a height of 1
mm) and the obtainment of a proper single-run overlay
weld characterised by the slight dilution with the base
material (assuming the above-presented parameters of the
deposition process). The above-presented process
parameters were used in all of the technological cladding
tests. Figure 7 presents the profile and the power
distribution of the laser beam used in the tests.

The profile and the power distribution of the laser
beam were determined using a Laserscope UFF 100
laser beam analysis device (Prometec).
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Fig. 7. Profile of beam radiation and the size of the
focusing area - YAG R laser (86%)=0.509 mm, E (86%) =
4.41x104 W/cm2, tot. mean radius = 0.533 mm, a) 2D
graph of the laser beam created on the basis of the
measurement of the ray measured in the plane of the x and
y axes, calculated in accordance with the PN-EN ISO
11146 standard, b) laser beam power density distribution
layered diagram
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After the penetrant tests, performed to reveal the presence
of cracks (if any), the overlay welds were subjected to
metallographic ~ tests.  Exemplary  macro  and
microstructures revealed using metallographic specimens
and observed using a stereoscopic microscope (Olympus
SZX9; dark field observation technique) and a
magnification of up to 50x are presented in Figures 8-11.
The above-named tests were supplemented with
structural observations performed using a scanning
electron microscope (SEM) and the microanalysis of the
chemical composition performed using the EDS method
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and a Hitachi S3400N microscope provided with an EDS
analyser (Noran). The tests were performed using the
secondary electron technique (SE) and the back-scattered
electron technique (BSE). The SE imaging enabled the
identification of the structure topography, whereas the
BSE technique made it possible to determine changes in
the chemical composition of individual areas. The
observation results concerning the overlay weld structure
and the results of the point and linear microanalysis of the
chemical composition (EDS) in the fusion area of the
three-layer Inconel 625-based overlay weld and of the
two-layer Stellite 6-based overlay weld are presented in
Figures 12-13. Results of Vickers hardness tests
performed using a hardness tester (Struers Abramin) and
a load of 9.807 N (HV1) are presented in Figure 17.

3. RESULTS

The analysis of visual test results concerning the
faces of the overlay welds made using the LMD
process revealed that the application of the assumed
process parameters enabled the obtainment of proper
overlay welds reinforced with tungsten carbide within
the range of 0% to 25% (Figures 8(a)-11(a)).

a) b)
Fig. 8. Structure of the three-layer overlay weld: a) face, b)
overlay weld macrostructure; substrate — steel S355,
overlay weld: 87% Inconel 625, 13% WC

a) b)

Fig. 9. Structure of the three-layer overlay weld: a) face, b)
overlay weld macrostructure; substrate — steel S355,
overlay weld I: 95% Inconel 625+5% WC, overlay weld II:
90% Inconel 625+10% WC and overlay weld I11: 85%
Inconel 625+15% WC

a)
Fig. 10. Structure of the two-layer overlay weld: a) face
after penetrant tests for the presence of microcracks, b)
overlay weld macrostructure; substrate — steel S355,
overlay weld: 95% Stellite 6 - 5%WC



a)

Fig. 11. Structure of the two-layer overlay weld: a) overlay
weld in the cross-section perpendicular in relation to the
direction of surfacing, b) crack revealed in the overlay
weld, substrate — steel S355, overlay weld: 90% Stellite 6 -
10%WC

The Inconel 625 alloy-based overlay welds
containing up to 25% of tungsten carbide (WC) were
made using the LMD method and Vn = 1m/min,
beam diameter dog =3 mm and laser power P=2.5
kw. The Stellite 6 alloy-based overlay welds
containing up to 10% of WC were made using Vn =
1m/min, beam diameter dog=3 mm and laser power
P=2.5 kW. The maximum thickness of the three-layer
overlay welds amounted to 4 mm (Figure 9(b),
10(b)), whereas the thickness of the two-layer overlay
welds amounted to 2.5 mm (Figure 10(b), 11(b)).

The macrostructural tests revealed the presence of
few welding imperfections in the Stellite 6-based
overlay weld (primarily pores having a diameter of
less than 500 um) (Figure 11(a)). The Stellite 6-based
overlay weld having a 10% addition of WC contained
a crack (across the overlay weld (Figure 11(b)). The
detailed analysis of the crack trajectory revealed that
it was a hot crack. The aforesaid crack was formed in
the first layer as a result of stresses accompanying the
solidification of liquid metal and developed during
the deposition of subsequent layers (Figure 11(b)).
The macrostructure of the remaining overlay welds
was proper and characterised by the full penetration
in the base material, which ensures the continuity of
the overlay weld, particularly when such welds are
used as heat-resistant layers exposed to erosive
conditions. The tests did not reveal the presence of
unmelted grains of the matrix material, which
indicated that the course of the LMD process was
proper and that the matrix material solidified in the
melt pool.

The macrostructural tests were supplemented with
microstructural observations and the microanalysis of
the chemical composition of phases and structural
components. The overlay weld structure contained large
spherical particles of tungsten carbide surrounded by the
layer of complex carbides in the matrix composed of
dendrites and eutectics in the interdendritic spaces
(Figure 12(a)). It was also possible to observe large
complex carbides in the interdendritic spaces (Figure
12(b)). The microanalysis results concerning the
chemical composition of the overlay weld confirmed

that the large spherical tungsten carbides were
surrounded by the layer of complex carbides containing
tungsten, chromium, nickel, molybdenum and iron
(Figure 13). The layer of carbides was formed as a
result of the partial melting of the WC surface and its
reaction with the matrix. This positive phenomenon
indicated the formation of the continuous bond of the
tungsten carbide and of the matrix.

a)
Fig. 12. Microstructure of the Inconel 625-based LMD
overlay weld: a) structure of the second layer with visible
large spherical tungsten carbides with fine carbide
precipitates and b) complex carbides in the eutectic areas
of the overlay weld

£ i

% by Al l cr | Fe | Ni | Nb|Mo| w

weight

Point 5 077 | 445 | 1.79 92.99
Point 6 | 039 | 9.74 | 11.27 | 1697 | 261 | 9.09 | 49.93
Point 7 | 059 | 135 | 1859 | 37.7 567 | 23.94
Point 8 | 05 | 14.25 | 23.16 | 47.87 | 026 | 3.21 | 10.75
Point 9 | 035 | 11.14 | 12.06 | 1943 | 282 | 8.77 | 4542
Point 10 | 045 | 1052 | 10.97 | 18.08 | 2.86 | 9.38 | 47.74
Point 11 | 0.72 | 1637 | 214 | 47.14 | 1.02 | 391 | 9.43
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Fig. 13. Results of the microanalysis of the chemical
composition in the WC-matrix bond area

It was also possible to observe numerous complex
carbides formed as a result of the separation of carbides
from the WC surface and (within the temperature range
of the overlay weld liquid-solid state) their migration to
the interdendritic zones (Figure 13). The chemical
composition of the aforesaid carbides was similar to that
of the complex carbides on the WC surface. The
foregoing was also confirmed by the linear distribution
of chemical elements in the zone of the bond of
spherical WC with the matrix (Figure 14). The line of
tungsten distribution clearly revealed a change in the




tungsten content in the WC particle (surrounded by the
complex carbide and the matrix).

1.0mm

e 1.0mm

a) b) : 250 m
Fig. 14. Results of the microanalysis of the chemical

composition in the WC-matrix bond area: a) in the Inconel

625-based LMD overlay weld, b) the Stellite 6-based LMD 100

overlay weld (
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The linear distributions of the surface contents of
individual chemical elements (EDS) in the overlay
welds (both those based on Inconel 625 and those
based on Stellite 6) confirmed the proper stirring of
the chemical elements in the overlay welds and,
consequently, their significant homogenisation
(Figure 15 and 16).
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Figure 16. Results of the assessment of the two-layer
overlay weld based on the matrix composed of Stellite 6
(95%) and a 5% addition of WC: a) microstructure and

the results of the local analysis of the chemical

composition (EDS) and b) results of linear analysis

(EDS) on the line of the fusion of the overlay weld in the
base material

a
100 ) Hardness measurements performed along the

” vertical line perpendicular to the direction of

cladding revealed that the hardness of the last layer
of the Inconel 625-based overlay weld was
restricted within the range of 600 HV to 470 HV
and decreased gradually in the subsequent layers.
The foregoing indicated the hardening of the
overlay weld and a homogenous increase in
hardness (important in terms of internal stresses
and further operation, e.g. under high-temperature
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b) named case the maximum hardness was detected in
Fig. 15. Results of the microanalysis (EDS) of the the last layer. The hardness of the overlay weld

chemical composition of the three-layer overlay weld
having the matrix of Inconel 625 (95%, 90%, and 85%)
with a 5%, 10% and 15% WC addition respectively: a)
microstructure and the results of the local analysis of the
chemical composition (EDS) and b) results of linear
analysis (EDS) on the overlay weld fusion line

decreased in each previous layer. It was also
possible to notice slight surges in hardness between
successive layers (Figure 17b).
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Fig. 17. Results of the microanalysis (EDS) of the
chemical composition of the three-layer overlay weld
having the matrix of Inconel 625 (95%, 90%, and 85%)
with a 5%, 10% and 15% WC addition respectively: a)
microstructure and the results of the local analysis of the
chemical composition (EDS) and b) results of linear
analysis (EDS) on the overlay weld fusion line

4. DISCUSSION

Alloy Inconel 625 is composed of nickel and
chromium as well as iron, molybdenum, niobium and
other chemical elements. The alloy is characterised
by wvery high corrosion resistance and high
temperature resistance (up to approximately 1000°C).
As the alloy is resistant to a number of highly
corrosive environments, it has found applications in
the chemical industry, marine engineering,
environmental protection and in the space industry.
One of the new technological applications of the
alloy involves its deposition on boiler elements such
as heat exchanger tubes or membrane walls. This
issue is of particular importance as regards systems
recovering thermal energy contained in municipal
solid waste (incineration plants). Such energy
recovery systems constitute an integral part of state-
of-the-art systems tasked with the complex
management of municipal solid waste. Flue gases
emitted during the incineration of such waste contain
very aggressive chemical compounds harmful to the
environment (e.g. sulphides, chlorides and fluorides).
High temperature combined with chemically
aggressive flue gas are responsible for high-
temperature corrosion. For this reason, boiler
elements exposed to the above-named factors must be
appropriately protected, particularly by nickel alloys
[1]. Recently performed tests involved the application
of the laser deposition method to make heat-resistant
layers and layers resistant to corrosion [9,10]. The
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laser metal deposition process involving the use of
cobalt-based powders can find applications, among
other things, in the refurbishment of various tools
exposed to high temperature (e.g. pressure casting
moulds, die inserts, hot shears and guillotine shears,
elements of presses and moulds for the press forming
of light metals, inserts for the formation of plastics,
etc.) [22, 24, 30].

The application of the LMD technology makes it
possible to precisely control the width of the heat
affected zone (HAZ). In the test overlay welds, the
HAZ width did not exceed 500 pum, which
significantly reduced dilution (Figures 8-11). The
aforesaid aspect is particularly important as regards
the high-temperature corrosion of elements subjected
to the LMD process. An increase in the content of
iron on the overlay weld surface above 10% changes
the mechanism of corrosion. In contrast with the layer
of Cr203, the iron oxide formed on the surface is
brittle and discontinuous. Results concerning the
effect of the content of iron on the susceptibility of
Inconel 625-based deposited layers to corrosion are
discussed in publication [1]. The technological tests
involving the laser metal deposition (LMD) of
Inconel 625-based overlay welds revealed that it was
possible to obtain such layers and, in addition, to
modify them by adding tungsten carbides (Figures
9(a) and 10(a)). The layers obtained in the tests were
continuous and free from cracks and other structural
discontinuities. The aforesaid imperfections are
unacceptable as (in the corrosive environment) they
lead to the corrosion of the base material. A tungsten
carbide addition of up to 25% significantly improves
the resistance of layers to erosive wear, which is of
particular importance in terms of protective layers of
elements used in biomass incineration plants or in
thermal municipal solid waste management plants [1,
2]. The nickel-based three-layer overlay welds
contained structures typical of cladding processes, i.e.
crystals of the nickel-based structure, building up on
partially melted grains of the base material and
arranged perpendicularly to the direction of heat
discharge (Figures 8(b), 9(b)). The interdendritic
areas contained eutectic phases (Figure 12) rich in
nickel, chromium, iron, molybdenum and tungsten
(Figure 13). It was also possible to observe
precipitates of polygonal phases rich in tungsten
(Figures 13, point 10), probably composed of
chromium, tungsten and molybdenum carbides
(Figure 12). In spite of significant dilution in the first
layer, the use of the multilayer cladding process
limits the content of iron on the overlay weld surface
below 1% (which was indicated by the linear
distribution of iron in the first layer (Figure 14)). In
turn, the linear analysis of the distribution of the
remaining chemical elements indicated their high
homogeneity, thus providing favourable resistance to



corrosion and erosion (Figure 14). The observations
of the overlay weld microstructure revealed that
carbide particles were globular, uniform and
continuously bonded with the matrix by means of a
film rich in tungsten, nickel, chromium and
molybdenum (Figure 13). In turn, as regards the
multilayer overlay weld made using a filler material
characterised by the changeable content of tungsten
carbide (up to 25%), the distribution of the aforesaid
phase was uniform in the individual layers. The
hardness of such a multilayer system increased along
with the tungsten carbide content (to 600 HV1)
(Figure 17(a)), which implied favourable corrosion
resistance. The laser metal deposition process
involving the use of cobalt-based powders can find
applications, among other things, in the
refurbishment of various tools exposed to high
temperature (e.g. pressure casting moulds, die inserts,
hot shears and guillotine shears, elements of presses
and moulds for the press forming of light metals,
inserts for the formation of plastics, etc.) [22, 24, 30].
The use of alloy Stellite 6 as the matrix for tungsten
carbide grains made it possible to provide the overlay
weld with approximately 5% of tungsten carbide and
obtain proper (crack-free) overlay welds without the
preheating of the base material (Figure 10). The
structural tests of the two-layer overlay weld (Stellite
6 -95% + WC -5%) revealed that the fusion area
contained a zone of crystals building up
perpendicularly to the substrate (Figure 10(b)). On
the boundaries of the crystals it was possible to
observe eutectic phases rich in chromium (31%),
cobalt  (38%), tungsten (27%) and iron
(approximately 4%). The overlay weld contained
spherical precipitates rich in tungsten and eutectic
areas surrounding the aforesaid precipitates. The
above-named eutectic areas were also rich in
tungsten, yet they contained approximately 21% of
cobalt and 15% of chromium.

The analysis of the linear distribution of chemical
elements in the fusion area indicated that, as regards
the Stellite 6-based matrix, the dilution in the first
layer of the overlay weld was of lesser importance
(Figure 16(b)). The iron content in the first overly
weld was below 4%, which enabled the making of
proper two-layer overlay welds, providing sufficient
resistance to corrosion and erosion. The foregoing
was also confirmed by hardness test results revealing
that the hardness of the second overlay weld
amounted to 600 HV1 (Figure 17(b)). The aforesaid
hardness indicates high erosion resistance and the
applicability of such overlay welds as abrasion-
resistant layers. An increase in the volume fraction of
tungsten carbide to 10% resulted in the formation of
(relaxation) cracks in the overlay weld structure
(Figure 11(b)). The presence of relaxation cracks is
only acceptable in abrasion-resistant layers. The use
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of spherical tungsten carbide in composite powder
leads to the obtainment of gradient layers, where the
last layer may contain up to 25% of the aforesaid
carbide without triggering the formation of cracks
and without necessity of preheating the base material.
The above-named feature is an important advantage
of the laser metal deposition process (LMD),
enabling the precise fabrication of gradient layers (of
predefined resistance to corrosion or erosion) as well
as abrasion-resistant layers.

5. CONCLUSIONS

The tests and the analysis of the test results justified
the formulation of the following conclusions:

* The laser deposition technology based on the LMD
method makes it possible to obtain multilayer overlay
welds based on the Inconel 625 alloy as well as based
on the Stellite 6 alloy with an addition of tungsten
carbide; « The macroscopic metallographic tests
revealed that the three-layer Inconel 625-based
overlay welds (with a WC content of up to 15%) had
the correct shape and were characterized by full
fusion into the base material, ensuring the continuity
of the overlay weld. The macroscopic metallographic
tests revealed that the three-layer Inconel 625-based
overlay welds (with a WC content of up to 15%) had
the correct shape and were characterized by full
fusion into the base material, ensuring the continuity
of the overlay weld; « The microscopic examination
of the multilayer overlay welds on the nickel matrix
(Inconel 625) revealed structures typical of surfacing
processes, i.e. crystals of the nickel-based structures
building up on the partly molten grains of the base
material, arranged perpendiculary to the direction of
heat heat discharge. The interdendritic regions
contained eutectic phases rich in nickel, chromium,
iron, molybdenum and tungsten; « The use of
multilayer overlay cladding ensured that the iron
content on the overlay weld surface was less than 1%
(Inconel 625), despite the significant stirring of the
first layer of the overlay weld with the base material,
* The two-layer overlay welds based on the Stellite 6
alloy were characterised by the uniform structure
across the entire cross-section. The dilution (of the
matrix material and that of the base) in the first layer
was constant and amounted to less than 4% of iron; ¢

The linear distributions of the surface contents of
individual chemical elements (EDS) in the overlay
welds, both on the Inconel 625 matrix and on the
Stellite 6 matrix, confirmed the good stirring of the
alloying elements in the overlay weld and thus
indicated the high homogeneity of the overlay weld; *
The hardness distribution tests revealed that the
hardness of the last layer of overlay weld both on the
matrix of nickel (Inconel 625) and cobalt (Stellite 6)
was restricted within the range of 600 HV1 to 470



HV1 and gradually decreased in subsequent layers to
250 HV1.
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