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Abstract Laser cladding is widely used for feature repair
and manufacturing of large structural components. How-
ever, due to processing parameters and thus energy densi-
ties variation, defects can form in laser clad materials.
There is a need to understand the relationship between
energy densities and cladding quality. This study therefore
investigates the critical parameters in producing structural
Stellite® 21 (Co-Cr-MoNiC) alloy by laser cladding.
Compared with conventional manufacturing, laser clad
materials possess ultrafine o-Co dendrites and o-CoCr
interdendritic eutectics due to the fast cooling rate. In
addition, adjustment of the energy densities can help con-
trol defects and improve corrosion resistance. The wear
resistance, microhardness, and phase analysis in the laser
clad materials are also discussed in this work.
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Introduction

As one of the most typical surface modification techniques,
laser cladding has been widely used for the repair and build
of structural components (Ref 1-3). Due to the fast cooling
rate, the solidification scenarios and solid-state transfor-
mations are the key controlling factors for the final product
performance. Laser cladding is also an effective hard fac-
ing method to improve the wear and crack resistance by
depositing surface layers of a hard material onto a softer
base (Ref 4, 5). This technology provides possibilities to
produce complex alloy and composite coatings with unique
properties (Ref 6).

Cobalt-based alloys, also known as stellite alloys,
exhibit excellent resistance to mechanical attack and
chemical degradation in aggressive environments (Ref 7).
They are capable of functioning in high-temperature
environments without compromising their high hardness
and wear resistance (Ref 7, 8). In particular, Stellite® 21 is
one of the typical materials used to greatly reduce wear
because of its high strength (Ref 9), which also exhibits
better erosion—corrosion behaviors than most of the stain-
less steels (Ref 10). Therefore, Stellite® 21 has been used
in conventional hardfacing processes to create excellent
metallurgical bonded and thick coatings, to make the best
of its wear resistance advantages (Ref 11, 12). This
includes highly demanding conditions such as for the
coating of fast breeder reactors and cutting machine com-
ponents (Ref 13, 14), repairing or adding structural com-
ponents, such as gear teeth, splines or shaft repair for
power generation and pump industries (Ref 13, 14).

Considering the coating quality of the laser clad Stel-
lite® 21 deposit, parameter optimisation is of vital impor-
tance to help control defects such as pores and cracks
initiated (Ref 9). In addition, the fast solidification rate

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-020-01129-z&amp;domain=pdf
https://doi.org/10.1007/s11666-020-01129-z

J Therm Spray Tech

during laser cladding introduces a fine network of dendrites
and associated undissolved fine carbides in the melt pools
of the Co matrix (Ref 6). It has been reported that due to
different cooling rates from the top surface to the substrate
interface, a graded microstructure is generated, involving
gradual transition in the mechanical properties of laser clad
Stellite® 21 (Ref 13).

This work studies the influence of laser processing
parameters and thus energy densities on the underlying
physics, and thus metallurgical/mechanical properties of
laser clad Stellite® 21 coatings. The microstructure anal-
ysis, chemical and phase compositions were reported.
Additionally, microhardness, as well as resistance to wear
and corrosion tests, was evaluated. Bonding between the
Stellite® 21 deposit and the substrate metal matrix was also
investigated in order to build the relationship between the
various properties.

Experimental Methods
Materials and Coating Application

The material studied was laser clad Stellite® 21. The
substrate used for the cladding was a G250 mild steel to
offer a good combination of strength and toughness. The
chemical compositions of these two materials are shown in
Table 1. Powder size and particle distribution are shown in
Fig. 1, where the general morphology of Stellite® 21
powder has a spherical shape in the range of
— 106 + 53 pm. The d(0.1) and d(0.9) measured using
laser diffraction by Mastersizer 2000 (Malvern Panalytical
Ltd, UK) were 51.47 pm and 103.40 pm, respectively.

Stellite® 21 coatings were prepared by laser cladding
technology at LaserBond using a 16 kW diode laser with
the laser beam diameter of 4.8 mm. A Cu powder feeding
nozzle was used, and the angle between the nozzle and the
specimen was 90°. The steel substrate was preheated at
200 °C. Both helium and argon were used as the carrier gas
for the powder and as the shielding gas to protect the melt
pools from oxidation, at the same time to balance the cost.
Samples a and b were produced with double layers while
samples ¢ and d were fully clad with one layer.

Since the laser heat energy is partially absorbed by the
powder and partially by the substrate to cause melting of
the feedstock powder, variables known as laser energy
densities, including area energy density E, and powder

energy density E,, have been studied in previous work to
evaluate the whole cladding process [15-17]. Volumetric
energy density E, was also introduced in this work to
investigate the effects of overall energy density on the final
properties of laser clad samples. The formula can be
expressed as follows:

E,= P/Dvy (Eq 1)
E,= P/F (Eq 2)
E, = P/Dvt (Eq 3)

where P is the laser power (W), D is the laser beam
diameter (mm), v is the laser scan speed (mm/s), F is the
powder feed rate (g/s), and ¢ is layer thickness (mm). The
specific energy densities of each laser clad sample are
shown in Table 2.

Microstructure Observation

Metallographic samples were prepared using SiC papers
and finished by polishing with colloidal silica suspension,
0.04 um (OPS). A light microscope (Olympus SC 50) was
used to evaluate the microstructure of the tested materials
and depths of the clad cross sections. Detailed
microstructural characterisation was carried out using a
Zeiss Merlin field emission gun (FEG) scanning electron
microscopy (SEM) with a 15 kV accelerating voltage and
an energy-dispersive x-ray (EDS) detector for semiquan-
titative indication of the chemical compositions of the test
materials.

Microhardness and Wear Resistance Measurement

Microhardness was measured using a Microindenter
Nanovea based on ASTM E92 standard with a load of 3 N.
Using the microscope and measuring device, the size of the
indentation marks and cracks was automatically measured
and calculated. Ten indentations were performed for each
sample with one maximum and one minimum value
removed. The mean values and standard deviations of the
rest eight tests were taken to give an average data point and
a corresponding error bar. A through depth microhardness
profile was also taken on each sample to establish how the
hardness altered with the cladding depth.

Sliding wear tests were performed by a Microtest MT
SERIES pin-on-disk tribometer, with a 10 mm wear
diameter using a 6 mm diameter steel ball at room

Table 1 Chemical composition

of Stellite® 21 powder and Element Co Fe Cr Mo Ni Mn Si C Cu
G250 steel (wt.%) Stellite® 21 Bal. <20 275 5.4 2.6 <20 0.25
G250 steel Bal. 0.25 0.1 0.5 1.7 0.55 0.12 0.4
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Fig. 1 SEM micrograph 20
showing the particle size and the
morphology of Stellite® 21 16
powder and the volume weight
percent powder size distribution =
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Table 2 Energy densities B 3
applied for laser cladding Sample number Number of layers E, (J/J/mm~) E, (kl/g) E, (J/mm’)
a 2 33.65 5.25 18.48
b 2 33.65 7 27.21
c 1 33.65 7 34.32
d 1 34.38 5.28 63.66

temperature, impinging vertically on the stellite alloy
coating. The sample surfaces were first finely ground and
polished to the roughness of less than 0.2 um. They were
then gravity-loaded with an applied load of 10 N, and the
sliding distance was 1000 m with the rotational speed of
0.1 m/s. Three tests were conducted per sample. Surface
topography was then analyzed by a Laser Confocal
Microscope (Olympus Lext OLS5000) with the 20 x lens.
Quantitative volume loss was measured based on three test
replicates.

Corrosion Tests

Corrosion tests were performed with WaveNano poten-
tiostats from Pine electrochemistry in a standard 3-elec-
trode electrochemical cell based on ASTM GIl—
03(2017)el standard. The working electrode is the to-be-
analyzed metal coupon, the counter electrode is platinum
wire with a surface area of about 4.7 cm?, the reference
electrode is silver chloride (Ag/AgCl) electrode, and the
electrolyte is 3.5% (w/v) sodium chloride solution with a
pH of 7. The stellite samples were ground with wet SiC
paper of 1200 grit for approximately 10 min until the
surface roughness was < 0.2 pm. The exposure area of
each metal coupon remains 1.6 cm® throughout all the
tests. The open circuit potential (OCP) test was conducted
for 1 h. Linear sweep voltammetry was conducted at a scan
rate of 15 mV/min from — 300 to + 200 mV (vs. OCP).
The polarisation curves (i.e., Tafel plots) and the related
parameters such as corrosion current density were deduced

from the linear sweep voltammogram. Three repeats of the
experiment were performed for each sample.

Results and Discussion
Microstructure Analysis

Laser clad structures of stellite coatings are shown in
Fig. 2. In each case the coatings were well bonded to the
substrate, and the melt pool morphology can be observed.
The melt pool boundary areas between the neighboring
melt pools are highlighted by the dashed white lines, where
different solidification scenarios occur compared with the
a-Co dendritic areas. With a lower volume energy density
and thicker deposition layers in samples a and b, the
boundary between the coating and the substrate in the
sample was a relatively straight line (Fig. 2a and b). Also,
larger spherical pores (in Fig. 2a) were more likely to form
when a low energy density was applied in sample a
(Table 2). This could be due to the insufficient melting of
Stellite® 21 matrix or oxygen gas porosity due to the gas
atomised powder, observed in previous work for additively
manufactured materials as well [17-19].

Furthermore, with an increased volumetric energy den-
sity (Fig. 2d), a much denser microstructure was formed in
sample d, with smaller pore size and no cracks observed. In
addition, to clarify the microstructural difference from the
parameter optimisation, samples ¢ and d were also
observed at a much higher magnification. Apart from the
obvious crack in sample c (Fig. 2e), similar morphology of
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Fig. 2 (a)-(d) Macrostructure
of laser clad Stellite® 21 coating
on G250 stainless steel, the
specimen designation and
applied energy densities
correspond to sample a, b, c, d
shown in Table 2, respectively;
backscattered electrons (BSE)
images for (e) sample ¢ and

(f) sample d. The melt pool
boundaries and defects,
including pores and cracks, are
marked by the dashed and solid
lines, respectively
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the dendrites is determined in these two samples. For
instance, ultrafine o-Co dendrites and o-CoCr interden-
dritic eutectics are observed as the dark areas and white
secondary phases in both samples ¢ and d, respectively
(Fig. 2e and f). Therefore, the formation mechanisms of
cracks in the Co matrix is not closely correlated to the
energy input for each sample.

With a typical dendritic type hypoeutectic microstruc-
ture, Stellite® 21 samples contain primary Co-rich den-
drites, surrounded by Cr-rich eutectics in a supersaturated
solid solution matrix (Fig. 3). A gradient microstructure is
formed toward the substrate boundary (Fig. 3a). On one
hand, the coarser dendrites are mainly because of the
deceased solidification rate when approaching the pre-
heated substrate and getting away from the cooling atmo-
sphere. On the other hand, partial melting of the substrate
not only created a better metallurgical joining with coat-
ings, but also promoted the Fe diffusion in the stellite

@ Springer

matrix of less than 5% (Fig. 3b). Since no other element
migration at the interface was clearly observed, only Fe is
shown here. Therefore, non-uniformity of the microstruc-
ture around metal bonding areas due to the Fe element
migration from the base material would not have a sig-
nificant impact on the shape of dendrites.

A characteristic feature of dendritic micro-segregation
due to a diversity of cooling rates on the cross section can
be observed (Fig. 4a). At higher magnifications (Fig. 4b),
few different regions can be determined around the melt
pool areas according to the eutectic morphology, which
have been studied in the previous work [17]: (c) melt pool
core, (d) melt pool border, (e) vertical dendritic region.
Melt pool cores, with the highest cooling rates, represent
regions with finest and isolated primary Co dendrites and
Cr eutectics, while melt pool borders represent the coarse
and fibrous ones. In particular, vertical dendritic regions
possess a special morphology with the Co dendrites
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Fig. 3 (a) OM image of sample
d showing the gradient
microstructure toward the
stellite—steel interface as the
solid arrow points; (b) SEM
image showing the highlighted
area at a higher magnification,
with EDS mapping image
showing the Fe element
migration around the interface
areas
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Fig. 4 (a) OM microstructure of sample d showing (b) the arrowed area at higher magnification with three different regions distinguished:
(c) melt pool core, (d) melt pool border, (e) vertical dendritic region (VDR)

growing vertically toward the interface. Apart from the
lowest defects level, the ultrafine microstructure in sample
d also contributed to the improved properties. Therefore,
future work is proposed to determine the further influence
of laser parameters on the microstructural evolution and
thus the properties of laser clad Stellite® 21.

Hardness Analysis

The average hardness for each sample was measured on the
sample surface as shown in Fig. 5(a), and the error bars
represent the scatter between eight replicates. The hardness
variation is not likely to be resulted from the change in the
energy densities (Table 2). For instance, although certain
levels of porosity and cracking were created for samples a

and c, their corresponding hardness is still higher than
sample b with the least defects observed.

Through thickness measurements were also made along
a straight line at the cross section, which starts from
100 pm below the sample surface (Fig. 5b). Although no
significant difference in the microhardness was found
between the zone close to the cladding surface and the one
away from it, the through thickness hardness in
Fig. 3(b) corresponds to the surface hardness values in
Fig. 3(a) pretty well.

Wear Resistance
During pin-on-disk tests, the changes in the friction coef-

ficient were recorded and analyzed. For instance, three
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Fig. 5 (a) Average microhardness for each laser clad sample; (b) microhardness profiles of each material against the surface depth

(a) Sample d

07

0.6 q
€ 0.5 A
.0
o
&= 04
@
Q ‘
O o3 4=
c
2
2 02 —Test 1
w

01 4 Test 2

—Test 3
0 T T T T T
0 200 400 600 800 1000 1200

Distance (m)

Fig. 6 (a) The friction coefficient profile of pin-on-disk tests for sample d, (b) representative 2D view of pin-on-disk wear scars,

(c) representative 3D view of wear scars

friction profiles for sample d are shown in Fig. 6(a). The
wear scar depth profiles were measured to assess the total
volume loss. An indicative wear scar is shown in
Fig. 4(b) and (c) as 2D and 3D views, respectively. The
volume loss was determined within the superimposed
orange rings, representing the zones directly underneath the
stainless balls used during pin-on-disk tests (Fig. 6).

All traces displayed a steady friction coefficient during
the 1000 m wear distance, no significant wear was
observed, and the average coefficient of friction for each
sample was calculated and is shown in Fig. 7, which agrees
well with the previous work [4, 20, 21]. For the volume
loss, sample d possesses the lowest value, while samples a
and c the highest, although the difference is not practically
significant.

The relationships of volume energy density (E,) versus
wear resistance are plotted in Fig. 8. At a relatively lower
energy density range, its influence on the wear resistance
properties is limited. However, as E, largely increases in
sample d, the volume loss becomes the lowest, indicating
the best wear resistance. This is likely to be correlated to
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Fig. 7 Average friction coefficient for each laser clad sample

the nearly dense microstructure generated in sample d, as
the influence of the defects is almost eliminated in this
case. In addition, based on previous work, friction coeffi-
cients are not directly correlated to volume loss [4, 20, 21].
They may be affected by various factors in a wear process
such as material defects and testing conditions.
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Fig. 9 Corrosion resistance of different laser clad Stellite® 21
samples

Corrosion Resistance

The corrosion resistance behaviors of the stellite samples
were investigated in 3.5% (w/v) sodium chloride solution
at room temperature with a potentiodynamic polarisation
method. The polarisation curves for each sample are shown
in Fig. 9. For samples ¢ and d, a spontaneously passive—
transpassive behavior can be clearly observed. The noise or
serration in the passive region of the curves suggests an
unstable passivity of the sample, i.e., the passive film on
the surface of samples undergoes a cycle of localised
breakdown and immediate re-passivation. This is also
suggested by the current increase for all samples. In
comparison, less passivation effect was observed on the
polarisation curves of samples a and b, as the current
density increases more steadily with the increase in the
potential.

Table 3 Corrosion parameters determined based on potentiodynamic
curves

Corrosion Sample a Sample b Sample ¢ Sample d
parameters
Leore (MA/ 1.68E — 06 1.60E — 06 2.07E — 06 2.12E — 06
cm2)
Ecorr (mV)  — 248.88 — 207.35 — 191.35 — 158.40
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Fig. 10 The relationship between volume energy density and corro-
sion resistance

The key corrosion parameters, deduced from the curves
by Tafel extrapolation method, are listed in Table 3. A
general trend can be observed that from sample d to a, the
corrosion potential (E.,,) of the steel sample goes to more
negative value, indicating a rise in the rate of corrosion
[22].

The relationships of volume energy density (E,) versus
corrosion resistance are plotted in Fig. 10. The influence of
E, on the corrosion current density (I.o) is much less
compared with that on the corrosion potential (E,). With
the increase in E,, corrosion potentials were found to
increase significantly. For sample d with the highest E.,
of — 158 V, its corrosion resistance is the highest. For
sample a, however, its lowest E.,, indicates a lower ability
to resist the onset of corrosion. In this regard, sample d,
with the lowest defect levels obtained so far, possesses the
best overall properties.

Conclusions

1. The partial laser heat absorption by the powder and the
substrate leads to localised heat flow in the melt pools,
generating several different regions with varied mor-
phologies of Cr-rich eutectic cells surrounding super-
saturated Co-rich dendrites around melt pool areas.
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The microhardness is not related to the various energy
densities applied, and thus not affected by defects
levels as well. A high hardness uniformity throughout
the cladding depth can also be observed.

Although an ultrafine gradient microstructure is
obtained in all the as-fabricated Stellite® 21 samples
because of the fast cooling rates, their porosity
formation mechanisms still vary from each other.

A novel variable, volumetric energy density (E,), was
introduced in this work to take all the key parameters
into account and to help correlate the relationship
between final properties of laser clad samples. This
cannot be easily obtained by conventionally derived
values such as area energy density (E,) and powder
energy density (E,).

An increased E, witnesses the rise in the wear
resistance and an enhanced corrosion resistance, pro-
viding an approach to improve future overall properties
of laser clad materials.
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