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Abstract

Fusion-bonded and low-diluted overlay welded coatings are frequently very thick (>1mm). High-speed laser cladding is a
novel process capable of producing thin fusion-bonded and low-diluted coatings with high coverage rates and low heat input.
In this study, for the first time, high-speed laser cladding was used to fabricate relatively thin Ni-based coatings reinforced
with chromium carbides onto low-alloy structural and quenched and tempered steels. Obtained coatings were characterized
with X-ray diffraction (XRD), optical (OM), and scanning electron microscopy (SEM), as well as electron backscatter
diffraction (EBSD). Mechanical and wear properties were tested with Vickers microhardness measurements and three-body
dry-sand rubber wheel abrasion tests (RWAT). It was shown that high-speed laser cladding produces 0.2—-0.3-mm-thick
coatings, which consist of ultrafine-substructured hypereutectic M,C, structures reinforced with coarser primary Cr;C,
particles. Coatings with hardness up to 1300 HV , ;5 exhibited high wear resistance in low-stress three-body abrasion. Coatings

developed can be used as alternatives for hard-chrome plated coatings.
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1 Introduction

Fusion-bonded and low-diluted overlay welded coatings
typically range from 1 mm to several millimeters in thickness
[1], which results in high material consumption (kg/m?) and
expenses. Extreme high-speed laser cladding (EHLA) and
earlier introduced high-speed laser cladding are methods
capable of producing thinner overlay welded coatings [2,
3]. Both processes utilize high energy densities using small
laser beam spots 1-2 mm in diameter. Instead of plasma-
transferred arc (PTA) grade powder (~50-150 pm), the
EHLA process uses smaller powder granulometry (~10-60
pm), which enables narrow powder focus. In addition,
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laser and powder focus locates just above the melt pool in
the EHLA process, increasing the energy absorbed by the
powder and decreasing the amount of energy absorbed by
the base material.

Coating materials utilized in high-speed laser cladding
have varied from soft Ni-based superalloys to harder
martensitic stainless steels [2—8]. The ultimate objective has
been to develop crack-free alternatives to environmentally
hazardous hard-chrome plating [9]. Maximum hardness
values reached so far have been limited to ~600 HV, which
is clearly lower than those reported for hard-chrome plated
coatings 800-1250 HV [10, 11]. This could be the reason
why wear comparison between hard-chrome and developed
EHLA coatings has not been reported yet. Besides the
ability to fabricate thin fusion-bonded coatings, the benefits
of high-speed laser cladding include high coverage rates
(mz/h), high solidification rates, low heat input into base
material, and high process energy efficiency due to low heat
conduction losses. Coverage rate of ~7m?/h was recently
reached for ~100-pm-thick coating using 8-kW laser power
[12]. High solidification rates lead to fine grain structure,
which provides hardness increase via grain boundary
strengthening. Low heat input diminishes the depth of heat-
affected zone (HAZ) and distortion.
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Orthorhombic chromium carbide (Cr;C,) is a T,
~1800°C melting point refractory possessing a high degree
of chemical stability and is widely used as a reinforcement
in overlay welded coatings due to its high hardness [13]. In
overlay welding, it typically melts and precipitates as hard
hexagonal close-packed (hcp) Cr,C; and face centered cubic
(fce) Cry;Cq or mixed M;C; and M,;C¢ secondary carbides
[14-21]. Chromium carbide reinforced overlay welded coat-
ings have been developed, for instance, for cutting knives
[22], nuclear reactor components [16], well drilling and oil
extraction equipment [19], dies and molds [15], hot rolling
mill rolls [20], and boiler tubes [23]. The developed coatings
have been found to improve significantly high temperature
(HT) sliding wear resistance of cast steels [20], HT oxida-
tion and erosion-corrosion resistance of martensitic stain-
less steel [15, 19], and sliding wear resistance of austenitic
stainless steel [18]. Compared to frequently used tungsten,
titanium, and vanadium carbides, which are significantly
harder than chromium carbides [13], the benefits of chro-
mium carbides include resistance to high temperature oxida-
tion [15, 24], and it does not belong to the EU’s critical list
of materials [25].

The objective of this study was to develop thin and hard
(>600 HV) overlay welded coatings by high-speed laser
cladding similar to the EHLA process. Powder feedstocks
used were Ni-based alloy reinforced with different types and
volume fractions of chromium carbides. The obtained coat-
ings were tested with a low-stress three-body abrasion tester.

2 Materials and methods

The powder feedstocks used for high-speed laser cladding
were (1) Amperit®595.074 and (2) mechanical mixtures of
Amperit®380 and Metco 70F-NS (56/44 and 83/17 in wt%).
Amperit®595.074 is agglomerated and sintered mixture of
NiCrMoNb alloy and Cr;C, in a 50/50 weight ratio with a par-
ticle size of 15-45 pm. Powder morphology is spherical and
rather porous as displayed in Fig. la-b. According to X-ray
diffraction (XRD) analysis, Amperit®595.074 consists of y-Ni,
Cr,C;, Cr;C,, and NbC as illustrated in Fig. 2. In Fig. 1b, darker
regions are chromium carbides and lighter regions are Ni-based
matrices as revealed by the EDS elemental maps. The size of
carbides varied from 1 to 8§ pm. Amperit®595.074 was also
mechanically mixed with Amperit®380 to make the coating
more ductile (Amperit®595.074 + Amperit®380 (77/23 wt%)).
Metco 70F-NS is sintered and crushed Cr;C, powder rather
dense and angular in morphology as shown in Fig. 1c—d. It con-
sists of Cr;C, with the particle size of 545 pm. Amperit®380
shown in Fig. le is a gas atomized Ni-based alloy with the par-
ticle size of 15-45-um composition corresponding to Inconel
625 [26]. All the mechanical powder mixtures were mixed in
the Turbula T2C mixer for 24 h. Theoretical carbon contents
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and compositions of used powders are given in Ni/CrC vol-
ume fractions in Table 1. The base materials employed for the
process parameter optimization were S355 and 42CrMo4 rods
with a diameter of 100 mm and length of 500 mm. They were
in turned condition. 42CrMo4 was quenched and tempered to
a hardness of ~300 HV. Wear test specimens were clad on grit-
blasted plates of S355 with the size of 20 X 20 X 50 mm?.

High-speed laser cladding experiments were performed
using a continuous wave fiber laser (Coherent C-LASE
3000, Corelase Oy, Finland) with a maximum power of 3
kW. The experimental set-up consisted of a 400-pum fiber,
160-mm collimator unit, f250 optics, a coaxial powder
feeding nozzle (Coax14V5 from Fraunhofer IWS), a rotat-
ing disc type of powder feeder (Oerlikon Metco Twin
150), and CNC-controlled lathe. Before cladding, turned
rods were degreased with ethanol. The varied cladding
parameters to produce fusion-bonded coatings with low
dilution are summarized in Table 1. Wear test specimens
were clamped to a processing table of Fanuc F-200iB par-
allel kinematic robot keeping the optics and powder feed-
ing nozzle static.

The microstructure of the specimens was studied by
applying optical microscopy (OM) and scanning electron
microscopy (SEM, Jeol JSM-IT500). The polished coating
specimens were etched with a 4% Nital to reveal the HAZ.
Energy-dispersive X-ray spectroscopy (EDS) was employed to
analyze local chemical compositions and to create elemental
maps. Electron back-scattered diffraction (EBSD) was used
to detect phases in the microstructure. EBSD specimens
were polished using a 0.02-pm colloidal silica suspension.
Data acquisition for EBSD was done by using a Zeiss Ultra
Plus field emission scanning electron microscope (FESEM)
equipped with a Symmetry® EBSD detector (Oxford
Instruments). The data was acquired with the step size of
0.7 pm over a 40 pm X 60 pm area by using an acceleration
voltage of 15 kV. The collected data was analyzed by using
Channel 5 EBSD software. To reveal crystal structures and
phases present in the studied materials, an X-ray diffractometer
(Panalytical Empyrean Multipurpose Diffractometer) was
used. Phase quantifications were made with ImagelJ software.
Analyzed areas were ~300 x 200 um? for primary carbides
and ~30 x 40 pm? for secondary carbides. The Vickers
microhardness measurements from the coating cross-sections
and surfaces were taken with a Matsuzawa MMT-X7 hardness
tester using indentation loads of 50 and 1000 g applied for 15 s.
Microhardness measurements were also conducted separately
on the primary carbides with a load of 50 g.

Three-body abrasion wear tests at room temperature were
conducted with a rubber wheel abrasion test device, a modified
version of ASTM G65, where crushed dry quartz (SiO,) sand
abrasives (0.1-0.6 mm) flow between the surfaces of the rotat-
ing rubber wheel (Durometer A84-88) and the test specimen.
The test device and parameters are described in more detail in
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chromium
carbides

Fig. 1 SEM micrographs of powders. a, b Amperit®595.074. ¢, d Metco 70F-NS. e Amperit®380

Ref. [27]. Before wear testing, all the laser-clad surfaces were
ground with grit #600 and #1200 SiC papers. Commercial
hard-chrome plating with the surface hardness of ~950 HV
was used as a reference material. The worn specimen surfaces
were examined by SEM. Wear performance was evaluated as
volume loss using theoretical densities for high-speed laser-
clad coatings and an average density value of 7.05 g/cm? found
in the literature for the hard-chrome plated coating.

3 Results

3.1 Microstructure

The representative low-magnification OM images of coat-
ings manufactured with process parameters given in Table 1

are illustrated in Fig. 3a—d. Coatings are generally charac-
terized by very low geometrical dilution, narrow HAZ, a
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thickness of ~0.2—0.3 mm, and varying amounts of vertical
cracks, which stop at the fusion line and do not propagate
to the base material. These essential coating characteristics,
together with some key process characteristics calculated
from the coating dimensions, are shown in Table 2. It can
be, for instance, seen that cracking tendency is significantly
lower in the coatings fabricated from the coarser sintered

Fig.2 XRD patterns of

and crushed chromium carbides (#3, #4) than in the coat-
ings produced from agglomerated and sintered powders (#1,
#2). Dilutions/penetrations in the beginning of the clads are
locally very high when the laser beam hits to fully exposed
base material. Later, when the overlapping starts, i.e., after
the first bead, the dilution/penetration remains low. This
deep penetration region was included in the geometrical

CraC
Amperit®595.074 and Metco O 15ty
70F-NS powders —595.074 ® Cr;,C;
* NbC
—70F-NS m y-Ni
o~ [o]
b
v
c
2 o
L=
o
20 30 40 50 60 70 80
20
Table 1 High-speed laser cladding process parameters
Designation Powder Power (kW) Theoretical C Traverse speed Powder feed
content (wt%) (m/min) rate (g/min)
#1 595.074 (Ni/CrC 44/56 vol%) 2.0 6.7 25
#2 380 + 595.074 (Ni/CrC 56/44 vol%) 2.0 52 25
#3 380 + 70F-NS (Ni/CrC 50/50 vol%) 1.9 59 25 8
#4 380 + 70F-NS (Ni/CrC 80/20 vol%) 1.9 23 25 11

Fig.3 Low magnifica-

tion OM images of coat-

ings. a Amperit®595.074.

b Amperit®595.074 +
Amperit®380 (77/23 wt%). ¢
Amperit®380 + Metco 70F-NS
(56/44 wt%). d Amperit®380 +
Metco 70F-NS (83/17 wt%)

500.000um
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Table 2 Summary of coating and process characteristics. Standard deviation for crack density is given in parentheses

Coating Dilution Effective coating Depth of HAZ Crack density Powder Coverage rate Powder consumption
thickness efficiency

#1 1.9% 0.23mm ~30pum 52mm™" (1.3) 74% 0.2m%h 2.2kg/m?

#2 3.9% 0.19mm ~50pum 3.2mm™" (0.8) 56% 0.2m%h 2.4kg/m?

#3 2.4% 0.20mm ~50pm 2.4 mm™! (0.6) 61% 0.2m%h 2.2kg/m?

#4 1.9% 0.24mm ~30pm 0.2 mm~! (0.1) 60% 0.2m%h 2.9kg/m?

Fig.4 High magnifica-

tion SEM images of coat-

ings. a Amperit®595.074.

b Amperit®595.074 +
Amperit®380 (77/23 wt%). ¢
Amperit®380 + Metco 70F-NS
(56/44 wt%). d Amperit®380
+ Metco 70F-NS (83/17 wt%).
The lightest regions pointed by
arrows HO are hypoeutectic
regions in otherwise hypere-
utectic structures. CSR stands
for coarser structure region

dilution calculations. The effective coating thickness given
in Table 2 is the minimum coating thickness, i.e., the thick-
ness that remains after the necessary machining operation
to get the smooth surface without as-clad remnants [28].
High magnification SEM images shown in Fig. 4 reveal
that most of the chromium carbides melted due to a rela-
tively low melting point (~1800°C) and high solubility to
nickel matrix and precipitated as needle-like secondary car-
bides. The amounts of primary and secondary carbides in
the coatings are tabulated in Table 3. The volume fractions
of primary carbides are significantly higher in coatings fab-
ricated from coarser sintered and crushed chromium car-
bides (#3, #4) than in coatings made of finer carbides (#1,
#2). This was an expected result since coarser carbides offer
a smaller surface area to volume ratio than finer carbides
making them less vulnerable to melting. This observation
of survived primary carbides differs a bit from the results
reported in Refs. [23, 29], where the complete melting of

Table 3 Volume fraction of primary and secondary carbides

Coating Primary Secondary

#1 1.3 vol% 0.2 STDEV 61.6 vol% 0.5 STDEV
#2 0.8 vol% 0.1 STDEV 46.9 vol% 0.4 STDEV
#3 5.4 vol% 1.4 STDEV 43.4 vol% 0.4 STDEV
#4 2.6 vol% 0.7 STDEV 16.0 vol% 5.0 STDEV

fine primary carbides made of agglomerated and sintered
powder took place in conventional laser cladding. Complete
melting can be attributed to a significantly longer interaction
time between the laser beam and the material in conven-
tional than in high-speed laser cladding.

Interaction times calculated by beam diameter divided
by traverse speed in Refs. [23, 29] were 0.125-0.750 s com-
pared to 0.0029 s used in this work. According to XRD scans
and EBSD analyses, these secondary needle-like carbides
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Fig.5 XRD patterns of coatings. a Amperit®595.074 (#1) and Amperit®595.074 + Amperit®380 (77/23 wt%) (#2). b Amperit®380 + Metco
T0F-NS (56/44 wt%) (#3) and Amperit®380 + Metco 70F-NS (83/17 wt%) (#4)
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Fig. 6 High magnification EBSD images of Amperit®595.074 + Amperit®380 (77/23 wt%) coatings. a Phase color. b IPF. Red regions in a are

Cr,C; or M;C; carbides

are mainly Cr,C; and to a lesser extent Cr,;Cg as displayed
in Figs. 5 and 6a. According to Gibbs free energy of for-
mation values in the temperature range 700-900°C, Cr,C,4
(=140 to —130 kJ/mol) and Cry;Cy (—340 to —320 kJ/mol)
are thermodynamically more stable than Cr;C, (—80 to =70
kJ/mol) [30]. The more abundant existence of M;C; than
M,;Cq, which is thermodynamically less stable than M,;Cg,
can be justified by stoichiometry and kinetics. According to
the theoretical chemical compositions of the matrix given
in Table 4, carbide former (Cr, Mo, Nb) ratio to carbon is
very close to Cr;C; (= 91.0 wt% Cr, 9.0 wt% C, Cr/C ratio:
91.0/9.0 = 10.1) in coatings #1, #2, and #3. After the solidi-
fication of M,C;, there was not enough time for kinetics-gov-
erned diffusion-based M,C; -> M,;C, transformation due
to rapid cooling, which explains the low content of M,;C.

According to an inverse pole figure (IPF) image, there
is a strong preferred orientation of grains in the secondary
carbides on the right-hand side of the image in Fig. 6b,
whereas carbides are more randomly oriented on the left.
As evidenced by the EDS analyses, all the structures are
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Table 4 Theoretical chemical compositions (wt%) of matrix and carbide
formers (Cr, Nb, Mo) and carbide former ratio to carbon

Coating Matrix Carbide formers Ratio

#1 33.8Ni-53.0Cr-4.6Mo-2.0Nb-6.6C  59.6 9.0
#2 41.1Ni-45.8Cr-5.6Mo-2.5Nb-5.0C 53.9 10.8
#3 39.3Ni-47.6Cr-5.3Mo-2.3Nb-5.5C 55.2 10.0
#4 56.6Ni-30.3Cr-7.7Mo-3.4Nb-2.0C 41.1 20.5

hypereutectic except Amperit®380 + 70F-NS (83/17 wt%)
(#4), which is hypoeutectic as displayed in Fig. 7a-b.
Secondary carbides locate in this hypoeutectic alloy in
the interdendritic/columnar regions as shown in Fig. 7b.
The structure is very fine exhibiting secondary dendrite
arm spacings (A,) as low as ~0.3 pm, which is orders of
magnitude lower than in laser — (3 pm) and cold metal
transfer — clad (5 pm) Inconel 625 coatings [31], indicating
very high solidification rate [32]. According to a relationship
Ay = A(dT/dr)™, where (dT/dt) is cooling rate, A and n are



Welding in the World

material-specific constants, and cooling rate of ~21 X 100
°C/s was obtained for coating #4 using material constants
of 58.02 (A) and 0.312 (n) based on the works of Tinoco
and Fredriksson [33]. Coatings #2 and #3 show distinctive
hypoeutectic regions (HO) with low secondary carbide
content as illustrated well in Fig. 4b and c. According to
image analysis, HO regions occupy ~14 vol% in coating
#3 and ~3 vol% in coating #2. Such seemingly low carbide
content regions were not detected from Amperit®595.074
(#1) coating, which was more homogeneous in structure in
that sense. Some coarser structure regions (CSR) can be,
however, detected in Amperit®595.074 (#1) in Fig. 4a. They
follow the fusion lines of each individual beads, which are
overlapped on each other, and originate from the remelting
of the thin layer of the previous bead. Thin featureless layer
~3—4 pm in thickness just above the fusion line originates
from the planar growth where the G/V ratio is high. G is
thermal gradient (°C/m) and V (m/s) is solidification speed
at the solid-liquid interface. Occasional single aluminum
oxide inclusions less than 1 pm in size were also detected
from the coatings as displayed in Fig. 6a.

Chemical composition profiles throughout the coatings
were obtained with EDS area analyses. The analyzed areas
were ~20 pm in diameter. They were taken at 40-pm inter-
vals, as shown in Fig. 8. Besides C, Cr, Fe, Ni, Nb, and Mo,
EDS also detected a small amount (<1.0 wt%) of Al and Si.
Carbon contents in the graphs are somewhat exaggerated
because EDS cannot quantify lightweight carbon properly
[34]. According to theoretical calculations, total carbon con-
centrations are supposed to be 6.7 wt% for #1, 5.2 wt% for
#2, 5.9 wt% for #3, and 2.3 wt% for #4. In theoretical calcu-
lations, it was assumed that NiCrMoNb does not include any
carbon and Cr;C, consists of 86.7 wt% chromium and 13.3
wt% carbon. Average carbon concentrations measured by
EDS from the matrix were 8.3 wt% for #1, 7.1 wt% for #2,
7.1 wt% for #3, and 3.2 wt% for #4. Interestingly, matrices
of coatings #2 and #3 contain the same amount of carbon.
This similarity is due to the severe melting of fine agglomer-
ated and sintered carbides into the matrix. It is also observed

Fig.7 High magnification BSE
images of coatings. a Hypere-
utectic Amperit®595.074. b
hypoeutectic Amperit®380 +
Metco 70F-NS (83/17 wt%).
Dark phases are chromium
carbides and light phases nickel.
Tiny black dots are aluminum
oxide inclusions

that Fe concentrations in all the coatings are below 1.0 wt%,
which indicates very low chemical dilution. Inter-mixed Fe
is also homogeneously distributed across the coating cross-
section, which benefits corrosion performance.

3.2 Microhardness

Hardness profiles measured from the coating cross-sections
and hardness values measured from the coating surfaces are
illustrated in Fig. 9a-b. Average coating hardness values
vary from ~500 to ~1250 HV, js Amperit®595.074 (#1)
being the hardest and the Amperit®380+Metco 70F-NS
(83/17 wt%) (#4) the softest. According to total carbon con-
tents, Amperit®380+Metco 70F-NS (56/44 wt%) (#3) was
expected to be harder than Amperit®595.074+Amperit®380
(77/23 wt%) (#2). Instead, it came out that a higher volume
fraction of secondary carbides made the latter (#2) harder
due to more severe melting of primary carbides. Hard-
ness values were also measured from the coarser primary
carbides made of sintered and crushed powder (70F-NS).
They were 1250-1350 HV,, 45 being significantly higher
than their matrices. Despite apparent brittleness of coat-
ings, none of the coatings exhibited crack initiation from
the corners of Vickers pyramid indentation at a load of 1
kg indicating reasonable fracture toughness. Cracks were
not detected from the HAZ of 42CrMo4 steel either, even if
it hardened strongly. The maximum hardness at HAZ was
~600 HV,, o5, which is, however, way too high for many
applications (power transmission) due to a loss of toughness
[35]. The hardness increase of coating #4 near the fusion
line in Fig. 9a originates from the indenter partly hit to the
unmelted primary Cr;C,.

3.3 Abrasion wear

The rubber wheel abrasion test (RWAT) results are
presented in the form of volume losses as a function of
time and column chart in Fig. 10a-b. The results are
the average of three test runs per studied material. As
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Fig.8 Chemical composition profiles of coatings obtained by EDS. a Amperit®595.074. b Amperit®595.074 + Amperit®380 (77/23 wt%). ¢
Amperit®380 + Metco 70F-NS (56/44 wt%). d Amperit®380 + Metco 70F-NS (83/17 wt%). Error bars (+0.2 wt%) fall under the markers
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Fig.9 Hardness values of chromium carbide reinforced Ni-based coatings produced by high-speed laser cladding. a Hardness profiles measured

from cross-section. b Hardness values measured from surface

indicated by the results, the volume removed per unit of
sliding time/distance was rather constant throughout the
test for each material. It was also found that the differences
between different coatings were rather obvious, which
suggests that the coatings could be ranked in terms of wear
performance. The hardest high-speed laser clad coating,
Amperit®595.074 (#1), showed the best while the softest
Amperit®380+70F-NS (80/20 vol%) (#4) the worst wear
performance. Importantly, the hardest high-speed laser clad
coating, Amperit®595.074 (#1), even slightly outperformed
or behaved equally with the hard-chrome plated coating in
wear resistance.
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High magnification SEM images of wear scars are displayed
in Fig. 11a—d. The observation of the worn surfaces revealed
that the softest coating (~550HV), Amperit®380+70F-NS
(80720 vol%) (#4), showed large wear grooves parallel to
the sliding direction caused by micro-ploughing whereas
other coatings exhibited only shallow and narrow scratches
caused by micro-cutting. The width of the grooves caused
by the penetration of hard angular quartz sand particles
(~750-1200HV) in the softest coating was ~600 pm.
According to criteria Hyp, oo/ Hipawerias > 1.2 given in Ref. [11],
abrasion conditions were hard for this coating. Wear scar of the
softest coating showed also strong signs of plastic deformation
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Fig. 10 Volumetric wear losses of chromium carbide reinforced Ni-based coatings. a As a function of time. b In total

Fig. 11 High magnifica-

tion SEM images of wear
scars. a Amperit®595.074.

b Amperit®595.074 +
Amperit®380 (77/23 wt%). ¢
Amperit®380 + Metco 70F-NS
(56/44 wt%). d Amperit®380
+ Metco 70F-NS (83/17 wt%)
coatings. Primary chromium
carbides providing high local
wear resistance are pointed by
arrow A. The darkest regions
pointed by arrows B are rem-
nants of quartz sand (Si, O).
Wear direction is indicated by
white arrow

and a large amount of adhered quartz on the surface as shown
in Fig. 11d. It is also seen that occasional primary Cr;C,
particles, even if slightly cracked, exhibited high local wear
resistance since they clearly protruded from the matrix. The
mean free path between carbides (~290 pm) is, however,
too long to prevent the penetration of quartz sand abrasives
(0.1-0.6 mm) due to the low volume fraction of primary
carbides. Such non-uniform or preferential matrix wear was
much less distinctive in the coatings (#1, #2) reinforced with
agglomerated and sintered chromium carbides due to a smaller
hardness difference between the primary carbide and the
matrix.

The addition of a higher volume fraction (50 vs. 20
vol%) of dense sintered and crushed Cr;C, improved

the wear resistance by a factor of three owing to higher
hardness (~850 vs. 550 HV) and the shorter mean free path
between primary carbides, which was ~230 pm in coating
#3. Since most of the abrasives were larger than the mean
free path, the primary carbides effectively prevented the
penetration of abrasives into the softer matrix in coating
#3. The protective effect of primary carbides is clearly seen
in Fig. 11c, where the matrix wear is much less behind than
in the front of the carbide in relation to the wear/sliding
direction.

The significant role of the primary carbides in the
prevention of abrasive wear emerges strongly when
comparing Amperit®380+70F-NS (50/50 vol%) (#3) and
Amperit®380+595.074 (#2) coatings. Despite higher
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hardness (~930 vs. 850 HV), Amperit®380+595.074 (#2)
suffered from significantly higher wear loss due to a lower
volume fraction of primary carbides (0.8 vs. 3.6 vol%)
and the higher mean free path between carbides (~530 vs.
~230 pm). This finding suggests that the volume fraction
of primary carbides should be increased in the coating,
for instance, by using 20-45-pm carbide granulometry
instead of the 5—45 pm used in this study. The excellence of
Amperit®595.074 (#1) is based simply on hardness, which
is very close to that of abrasive. High-volume fraction of
M, C; chromium carbide is known to be effective particularly
in low-stress abrasion conditions [36]. High hardness of
M, C; evidently originates from the hcp structure and its low
c/a ratio of 0.32 [29], where ¢ and a are lattice parameters.
Hardness as high as ~23 GPa (~2300 HV) was reported for
Cr,C; in Ref. [29].

4 Discussion

The results showed that high-speed laser cladding can
produce relatively thin (0.2-0.3 mm) overlays of Ni-based
coatings reinforced with chromium carbides, which are
equal to hard-chrome plating in wear resistance. Compared
to hard-chrome plated coatings, high-speed laser-clad
coatings possess a fusion bond, which is a great benefit
and enables the use of coatings also in highly stressed
applications where strong adhesion/bonding is required.
When considering corrosion protection, the relatively
high crack density (5.2 mm™') in the hardest and the most
wear-resistant high-speed laser-clad coatings, as well
as in any other available to-date coatings, is obviously
a drawback. Interconnected cracks allow corrosive
liquids, fumes, and gases to penetrate to the less noble
base material and corrode it quickly. On the other hand,
thick and hard hard-chrome plated coatings exhibit the
same problem [37]. According to Ref. [38], hard-chromes
thicker than 10 pm form interconnected macrocracks
reaching the base material. Besides macrocracks, hard-
chrome plated coatings contain microcracks, which do not
initially reach the base material. As was shown in Ref.
[38], there is a correlation between microcrack density
and microhardness. The harder the hard-chrome plated
coating is, the higher the microcrack density appears.
Microcrack densities as high as 30-40 mm™" were reported
for hard-chrome plated coating ~950 HV in hardness in
Ref. [38]. Interconnected cracks lead to rapid deterioration
under corrosive environments as was shown in Refs. [39,
40]. Beneficial effects of cracks include relaxation of
residual stresses and working as oil pockets in lubricating
applications.

In high-speed laser-clad coatings, the cracks encountered
in this study are the type of brittle cracks. They evolve
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during fast cooling when the hot coating material tries
to undergo shrinkage but is prevented by the constraints
imposed by the relatively cool and rigid base material and
the previous bead. If the resulting shrinkage or thermal
stresses exceed the ultimate tensile strength of the coating
material and all the deformability/ductility is used up,
brittle cracks perpendicular to the coating/base material
interface develop relieving tensile residual stresses. The
magnitude of these shrinkage or thermal stresses can
be roughly estimated in a fully restrained situation with
equation [41]:

on = Eeacrg * AT, (n

where oy, 1s shrinkage stress (MPa), E is Young’s modulus
(GPa), acry, is coefficient of thermal expansion (CTE) (K™"),
and AT is the difference between melting temperature and
base material during processing (K). Roughly estimated,
the amount of shrinkage stress in the fully restrained
situation could be in the order of ~3500 MPa for coating
50NiCrMoNb-50Cr,C; in vol% using the values of Eq ¢
=295 GPa [42], Exicomons = 208 GPa, acrp(Cr,Cs) = 6.2 X
107° K~! (20-100°C) [42], acrp(NiCrMoNb) = 12.8 x 1076
K~! (20-100°C), and AT, = 1500°C. Additional stresses
form during further cooling due to the CTE difference
between the coating and base material. The magnitude of
these stresses can be estimated with an equation (even if it
assumes that the coating and base material are both at the
same temperature) [43]:

(CTE, — CTE,) x (T, - T}) X E,
c= 2

I —v,

where o is stress (MPa), CTE, coefficient of thermal
expansion for coating (K1), CTE; coefficient of thermal
expansion for base material (K™h, T, heat treatment or
process temperature (°C), T, room temperature (°C), E,
Young’s modulus of coating (GPa), and v, Poisson’s number
of coating. The equation suggests that forming stresses are
tensile if CTE, is higher than CTE, and compressive if CTE,
is lower than CTE,. Assuming that CTE for steels is 12.0
x 1076 K~! (20-300°C) and for 50NiCrMoNb-50Cr,C; in
vol% 9.5 x 107% K~! (20-100°C), forming stress caused
by CTE difference would be compressive counteracting
against the tensile stresses caused by the shrinkage stress.
Both equations (1 and 2) also suggest that preheating or
elevated cladding temperature has beneficial effect on
developing stresses. In high-speed laser cladding, where
the base material temperature remains low, residual stresses
are presumably higher than in conventional laser cladding,
which negatively affect brittle cracking in hardfacing alloys
and hot cracking in softer alloys.

Therefore, future research directions need to focus on
decreasing the crack density. Preheating and elevated
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cladding temperatures should be studied by using, for
instance, a closed-looped induction heater [44]. Chromium
carbide size distribution should preferably be narrowed from
5 to 45 pm, for instance, to 20—45 pm to prevent excessive
melting of carbides and embrittlement of the matrix. Other
techniques to improve corrosion resistance are likely to
include the use of a thin undercoat fabricated from ductile
corrosion-resistant alloy by high-speed laser cladding and
the use of sealers to fill in the cracks in a hardfaced layer.
Obvious brittleness of coatings sets also needs to study the
properties of coatings also in different wear modes such as
erosion, high-stress, and impact-abrasion, sliding wear, and
determination of coefficient of friction.

5 Conclusions

In the present study, low-diluted and fusion-bonded Ni-based
coatings reinforced with different types and volume fractions
of chromium carbides were fabricated by the high-speed
laser cladding process potentially to replace the hard-chrome
plated coatings. After microstructural characterization,
microhardness measurements, and wear tests, the following
conclusions can be drawn:

1. Fabricated coatings are ~200-300 pm in thickness
microhardness varying from 500 to 1300 HV, 5. Most
of the added chromium carbides (Cr;C,) are melted in
the process and precipitated as hard and wear-resistant
M, C; carbides forming hypoeutectic and hypereutectic
structures.

2. Larger sintered and crushed chromium carbides are
more likely to remain unmelted than finer agglomerated
and sintered chromium carbides, which makes the
coating more metal matrix composite (MMC) like
and decreases the susceptibility for embrittlement and
cracking.

3. The hardest high-speed laser clad coating exhibited the
wear resistance equivalent to hard-chrome plated coating
in a low-stress three-body abrasion wear test.
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