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Abstract—When reconstructing products obtained using additive technologies based on layer-by-layer melt-
ing of metal powder by concentrated energy flows, it is advisable to use methods that minimize melting of the
initial powder and reduce structural heterogeneity of the material. Cold gas-dynamic spraying with laser-
induced intensification of the process (CGDSL) is one of them. The multilayer coatings obtained by the
CGDSL method have a homogeneous metal structure, though a significant surface roughness attributed to
the particle size of the original powder is observed. The goal of the study is to develop a new method of post-
processing of multilayer coatings obtained by CGDSL which can provide a hardened layer on their surface. A
hardened layer is formed through introduction of boron carbide powder particles into the laser-molten region
formed on the surface of the coating based on 316L stainless steel. An acoustic wave triggered by a “microex-
plosion” induced by a laser pulse above the surface pushes carbide particles in different directions. Some of
them are embedded into the melt pool on the surface of the coating. Thus, the laser microexplosion cartoon-
ing of the surface of the CGDSL coating is implemented. Study of the hardened layer revealed a high content
of B, C, Cr, Fe, and Ni. Moreover, it is shown that solid carbides of rhombic form are formed in the hardened
layer. Chemical and elemental analyses showed that diamond-shaped carbides—carbides of the type
(Fe, Cr),B,—contain a high concentration of Cr and Fe and a relatively small percentage of C. Most likely,
the formation of diamond-shaped carbides occurs owing to interaction of chromium which is a part of the
initial hardened coating with boron that is released from the surface of BC particles under laser impact. The
developed method provides hardening of the surface layer of the coating previously obtained by CGDSL by
embedding BC powder particles into the surface. The technology of hardening CGDSL coatings can be

implemented using other powder materials.
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INTRODUCTION

Direct laser spraying of metal (DLSM) is a method
developed on the basis of laser cladding (LC), which is
used for creating coatings with given physical and
mechanical properties. In the DLSM method (as with
LC), metal powder is melted by a focused laser. At the
same time, partial melting of the substrate takes place,
which provides the required contact between the coat-
ing and the substrate.

In recent years, cold gas-dynamic spraying
(CGDS) [1] has been applied in additive manufactur-
ing, in which powder is accelerated by a supersonic
flux of gas in a Laval nozzle. Collision of metal parti-
cles with the substrate leads to their plastic deforma-
tion. Owing to an increase in kinetic energy, the parti-
cles are welded between each other and the substrate.
In this way, adhesion of the particles to the substrate is
achieved at a temperature lower than melting tempera-
ture of the initial materials [2, 3].

The use of laser with CGDS (CGDSL) extends the
possibilities of spraying by means of melting of powder
particles. This allows performing impregnation of the
sample surface by particles of powder material [4].
Laser radiation, increasing the kinetic energy of the
particles, promotes growth of plastic deformation at
the moment of their collision with the substrate and
correspondingly good adhesion [5, 6]. By softening
the substrate and the particles, the laser provides con-
ditions of formation of a dense surface at collision
rates about two times less than that at classic CGDS
[7]. Moreover, additional laser heating allows decreas-
ing the temperature of the transporting gas [8], the
efficiency of spraying increases, and the initial micro-
structure of CGDSL coatings is maintained [9—12].

The aim of this work is to develop a method of
post-processing of multilayer CGDSL coatings mak-
ing it possible to obtain a hardened layer on their sur-
face.
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Fig. 1. Powder particles of (a) stainless steel 316 and (b) boron carbide.

MATERIALS, METHODOLOGY, EQUIPMENT

Hardening of CGDSL coating was implemented in
an automatic mode at a facility for DLSM. A gas-pow-
der mixture of boron carbide BC (size of particles of
20—250 um, flow rate of 0.2 g/s) was supplied to the
zone of contact of the laser with the surface of the
coating from stainless steel 316L (initial size of parti-
cles of 45—100 wm) using a coaxial nozzle. Impregna-
tion was performed using ytterbium fiber laser (wave-
length of 1070 nm, pulsed mode, time betweem
impulses of 50 ms). The powder material was transported
using argon (flow rate of 3 L/min). The operating dis-
tance between the nozzle and the substrate was 5 mm.
Figure 1 presents the initial powder materials.

The microhardness was determined using a Tukon
2500 automatic hardness meter; the roughness and
profile of the surface was determined using an Abris-
PM7 profilograph-profiler. Before analysis of micro-
and macrostructure, the samples were sequentially
ground by diamond grinding disks (120, 220, and
500 grit) and polished using diamond suspensions
(9 and 3 um). Etching was performed in a prepared
reactive of nitric acid. The microstructure was ana-
lyzed with a Carl Zeiss Axio Observer DIm optical
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Fig. 2. Schematic of hardening of the surface of the
CGDSL coating (a) at the moment of the laser switch-on
and (b) at the moment when the laser power reaches the
maximum value in the pulse.

microscope using the Tizomet software package.
Metallographic analysis was performed with a Carl
Zeiss Axiovert-200M universal inverted microscope.
The electron-microscopic (SEM) image of the sur-
faces of the samples and their elemental composition
were obtained using Auriga CrossBeam.

The initial phase composition of metal of the coat-
ing was represented by y-Fe [15]. The chemical com-
position of steel 316L (wt %): 18 Cr, 3 Mo, 14 Ni, 0.03 C,
2 Mn, 0.75 Si, 0.045 P, 0.03 S.

RESULTS AND DISCUSSION

Figure 2 presents the schematic of hardening of a
CGDSL coating. Powder particles of BC were sup-
plied to the surface of the coating through circular
channel of the coaxial nozzle [13, 14]. The focus of the
laser was positioned above the surface of the hardened
coating at distance of 1 mm. At the moment of peak
power of the laser (7 kW), a “microexplosion” above
the surface caused by fast local heating of the gas
medium took place. One pulse was enough for melting
a local region on the surface. The “microexplosion”
initiated by the laser pulse created an acoustic wave,
which pushed the particles of BC in various directions.
Part of them were introduced into the “bath” of melt.

Figure 3 presents SEM images and elemental com-
position of the cross section of the CGDSL coating
with the hardened layer. It can be seen that the upper
layer on the surface of the coating is saturated with BC
particles and the distributions of the main elements
(Cr, Fe, Ni, Mo, Mn) are characterized by uniformity.

Figure 4 presents the dependence of microhardness
of the hardened CGDSL coating on depth H. The
hardness of BC particles introduced into the coating
was 2300—2500 HV,,,; the hardness of the coating

before hardening was 190 HV ,.

It can be assumed that powerful laser pulse causes
melting of the metal of the coating surface and fine
powder particles of BC, and new phases are formed as
a result of mixing in the melt.
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Fig. 3. The microstructure of the CGDSL coating with a hardened layer in the cross section and elemental composition.

The phase composition of the metal of the hard-
ened layer was studied on the region of measurement
of microhardness using EDS analysis (Fig. 5). It was
established that the average value of intensities of Cr,
Ni, and Fe during transition from the metal of the
coating to the hardened layer remains almost identi-
cal. Separate peaks of Cr, Ni, and Fe are observed on
local regions of the hardened layer.

It can be seen in the transition region (Fig. 5) that
the boundary between the main metal of the coating
and the hardened layer is indistinct, possibly because
of formation of compounds like ¥ + (Fe, Ni),C. EDS
investigation of the hardened layer showed a high con-
tent of B, C, Cr, Fe, and Ni. At the same time, dark
gray inclusions of rhombic and rectangular shapes can
be distinguished in the metal of the layer. Presumably,
dark gray inclusions of rhombic shape can be deter-
mined as compounds of type (Fe, Cr),B [16].

The signal of boron in the transition region
between the coating and the hardened layer is almost
indistinguishable. However, the relative content of
carbon in the matrix of the hardened metal is twice as
high as in the transition region and in the metal of
CGDSL coating. Apparently, particles of boron car-
bide are melted under the impact of a powerful laser
pulse. The interaction with chromium, iron, and
nickel in the matrix of the hardened layer leads to for-
mation of compounds like Cr,C,, y-Fe, y-Ni,B, and
(Fe, Cr),B[16, 17].
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Fig. 4. Change in the microhardness of the CGDSL coat-
ing versus depth.
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Figure 6 presents inclusions of rhombic shape
(marked with a vertical line) discovered in the struc-
ture of the metal of the hardened layer. EDS analysis
performed along scanning lines showed a significant
increase in the intensity of Cr. In addition, the inten-
sity of Cr is slightly higher on peripheral regions of the
inclusion as compared with central zones. The rhom-
bic shape of crystals is probably determined by the
shape of the elementary crystallographic atomic lattice
of the material used as a seeding agent [18]. Regions of
metal adjacent to the inclusion are characterized by
increased content of Ni and Fe, while the content of
Cr on the contrary is decreased. It is necessary to note
that concentrated sources of energy allow forming
compounds of type (Fe, Ni)Cr [17].

Elemental analysis of the boundary domain of a
separate particle of boron carbide in the hardened
layer showed that a layer with thickness of 20 um
(Fig. 7) is formed by the boundaries of the particle. At
the same time, bursts of Cr, C, Ni, and B with respect
to the metal of the matrix are observed. It can be
assumed that this layer contains nanosized particles of
(Fe, Cr),C and Cr,BC, [16]. Stretched rectangular
dark inclusions with size of 40—50 um, presumably
also compounds like (Fe, Cr),C, are observed in the
matrix of the metal, since peaks of Fe, Cr, and C cor-
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Fig. 5. The microstructure and elemental composition of
the transition layer between the hardened layer and base
metal of the coating.
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Fig. 6. Inclusions of the rhombic form in the metal structure of the hardened coating layer and their elemental composition.
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Fig. 7. The microstructure and elemental analysis of the boundary between a single BC particle and the metal of the hardened

layer of the CGDSL coating.

respondingly are present on the scanning line which
intersects the inclusions.

CONCLUSIONS

Thus, the proposed method makes it possible to
perform hardening of the surface of CGDSL coating
by introduction of BC particles (their hardness is 10
times higher than that of the metal of the coating).
Formation of secondary carbides in the hardened layer
leads to a general increase in the hardness of the coat-
ing. Pulsed-laser impact and its focusing above the
coating surface provide a “microexplosion” of the gas
medium, and sharp local heating and cooling of the
surface cause formation of carbides of rhombic shape.
BC particles possess a transition layer on their surface
with an increased content of Cr, Ni, and C, which
allows assuming the presence of phases like NiC and
Cr,C,init.
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