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A high-power diode laser was used to generate single- and multi-bead coatings of Stellite� 6 by coaxial
laser cladding over flat grey cast iron (EN-GJLP-200) as a preliminary study to develop a wear and
corrosion resistant coating for brake disks on a cost-effective substrate. In this article, we have focused on a
detailed quantitative analysis of the effect of different laser powers (1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 kW) on the
bead geometry, dilution, microstructure, and hardness. Coatings dilution or composition depends directly
on the laser power as well as bead geometry. The typical microstructure of the coatings comprises a solid
solution of a (hcp)- and b (fcc)-Co with a dendritic structure as a metal matrix and an interdendritic
lamellar eutectic, which contains predominantly b-Co, chromium carbides Cr7C3 and Cr23C6 as well as
blocky tungsten carbide W2C. Coating hardness depends on the chemical composition and microstructure
that is modified by the deposition parameters. Low laser power results in high carbide fraction and most
refined microstructures, accounting for harder coatings.

Keywords bead geometry, grey cast iron, hardness, laser power,
microstructure, Stellite� 6

1. Introduction

Co-based hardfacing alloys like Stellite� 6 are used in
surface engineering for applications requiring outstanding
sliding wear, oxidation, and corrosion resistance during service
at elevated temperatures such as under aggressive operating
conditions in the petrochemistry, nuclear reactors or food
processing facilities (Ref 1-6). The application of Stellite� 6
involves huge cost and laser surface cladding may be a viable
option for its cost-effective utilization to extend the function-
ality and performance limit of conventionally used grey cast
iron (EN-GJLP-200) as brake disk in mechanical protection
(friction, wear), barrier function (corrosion resistance), and
optical properties (reflection, absorption) (Ref 3, 6-8).

Co-28Cr-4.5W-1.2C wt.% are the main constituents of
Stellite� 6 in which Cr provides corrosion resistance while
carbides add strength (Ref 9). The refractory metals, Mo and W
are solid solution hardening elements (Ref 7), while the content
of C contributes to the strength via precipitation hardening by
forming carbides and intermetallic phases (Ref 5). For a C
content lower than 2 wt.%, the first phase of the microstructure
to form is dendritic b-Co with a metastable face-centered cubic

(fcc) crystal lattice at ambient temperature (Ref 5). The
remaining liquid solidifies by a eutectic reaction into an
interdendritic lamellar mixture of b-Co and Cr rich carbides,
depending on alloy composition and laser cladding process
parameters (Ref 2, 10).

Work carried out on the laser cladding of Stellite� 6 so far
has been focused on the effects of laser processing parameters
on the clad geometry, evolution of microstructure, hardness,
and wear resistance with steel as substrate (Ref 1-7). Sun et al.
and Alimardani et al. have investigated the effects of various
parameters such as the laser energy, powder feed rate, and the
number of laser tracks on the clad geometry and dilution of
single tracks. It was shown that the clad height and depth of
penetration zone into the substrate increase with laser energy,
pulse frequency, and percentage overlapping (Ref 11, 12). The
choice of low heat input (low dilution) has shown a processing
disadvantage for protective surfaces since a correspondingly
higher wettability angle and a smaller bead width increase the
required number of weld beads and reduces the surface quality
(Ref 13-15).

Frenk et al. investigated the solidification characteristics, the
type, size, and the fraction of phases in laser tracks by changing
the laser scan speed (Ref 16, 17). A similar study on the effect
of interaction time during laser cladding demonstrated a finer
microstructure with less dilution and high hardness in a short
interaction time (Ref 18). Van Mol Otterloo et al. carried out a
detailed TEM investigation and identified three different
mechanisms namely solid solution hardening by W and Cr,
dislocation interactions as well as dispersed metal carbides like
M7C3, M23C6, and Co3W (Ref 19). The hardness of the alloy
was shown to be dependent on the microstructure and size of
the dendrites, too (Ref 20). Multilayer cladding of Stellite� 6
has been performed to create a microstructural gradient coating,
that revealed alternate fine and coarse microstructures, which
resulted in non-uniform hardness across the clad (Ref 21).
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This study focuses on the qualification of applicable laser
powers for the construction of a wear and corrosion resistant
coating of Stellite� 6 for grey cast iron (EN-GJLP-200) as
brake disk, since there is only a small amount of research work
on this material combination so far. For this purpose, a
characterization of single-beads (SB) and multi-beads (MB) of
Stellite� 6 particularly, geometry, dilution, microstructure, and
hardness have been highlighted given the change in laser
power.

2. Materials and Experimental Procedure

2.1 Substrate and Coating

Stellite� 6 powder in spherical form as additive material
with particle size range between 50 and 150 lm was deposited
on sandblasted EN-GJLP-200 grey cast iron plates cleaned with
acetone and dimension of 120 9 120 9 20 mm3 (Table 1).

2.2 Process Setup

The experimental setup used for this work consists of a
high-power diode laser (HPDL) of type SL8600 (co. Preco Inc.)
connected to a three-axis CNC table as a positioning device and
a powder feeder with a mechanical wheel as a transport unit.
Considering previous studies, the process parameter laser
power LP, travel speed v, focal distance dF, laser spot size dL,
shielding gas flow _V SG, nozzle angle aN, feeding rate _mP and
forming gas flow _V FG were chosen (Table 2) (Ref 4-8, 13-15,
22). Single- and multi-beads were deposited on an 80 mm
straight path with the substrate initially at room temperature.
The laser powers from 1.5 to 4.0 kW in 0.5 kW increments are

used for single-beads and 1.5 to 2.0 kW for multi-beads. The
multi-beads are produced with a continuous zigzag pattern in
the y-direction and an overlap u of 30%.

2.3 Microstructural Investigations

2.3.1 Determination of Chemical Composition. The
optical emission spectrometer (OES) SpectroMAX (co. SPEC-
TRO Analytical Instruments GmbH) was used to determine the
chemical composition of the substrate material EN-GJLP-200.
The Fe content of the multi-beads was quantified with the x-ray
fluorescence spectroscopy (XRF) analyzer Niton XL2-air
(co. analyticon instruments GmbH).

2.3.2 Metallographic Preparation. First, the specimens
were removed from the coated substrate plates by wire erosion
or sawing. Afterward, the embedded cross sections were
prepared by grinding and polishing using the following
process: 120 and 220 SiC paper with water, 9 and 6 lm
diamant discs with alcohol-based diamond lubricant, and cloth
with 0.06 lm SiC suspension. The specimens were etched
additionally in alcoholic 3 wt.% nitric acid (HNO3). For
investigations with EBSD, vibration polishing was carried out
on an ATM Saphir Vibro (co. ATM GmbH) with the following
parameters: Iota polishing cloth, Eposil M-11 suspension,
90 Hz vibration frequency, 90 g rear weight per specimen, and
a duration of 13 min.

2.3.3 Optical Microscopy. The reflecting microscope
HCL3TP (co. Leica GmbH) was used for a characterization
of the geometry of single-beads including the reinforced height
hR, clad width w, bonding zone (BZ), height hB, heat affected
zone (HAZ) as well as the wettability angles for the right side
aR and left side al, respectively (Fig. 1).

Table 1 Stellite� 6 and EN-GJLP-200 chemical composition, wt.%

Coating Co Cr W C

Stellite� 6 (Ref 22) Bal. 27.9 4.7 1.3

Ni Fe Si Mn Mo

2.1 1.8 1.2 0.4 0.2

Substrate Fe C Si Mn S

EN-GJLP-200 (Ref 23) Bal. 3.3 2.4 0.3 0.1

Table 2 Process setup and parameters for coaxial laser cladding

Laser v, mm/min dF, mm dL, mm _VSG , l/min

800.0 20.0 5.0 8.0*

Nozzle Type aN , �

Coaxial 90.0

Powder _mP , g/min _VFG , l/min

Feeder 25.0 1.5* Ar*
*Gas argon
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2.3.4 Dilution. Dilution of single-beads gB [%] was
measured by area ratio between bonded substrate AB and
coating AC total area based on cross sections (Fig. 1) (Ref 10):

gA ¼ AB

AC þ AB
� 100% ðEq 1Þ

According to Toyserkani, the dilution for coatings gT [%] is
determined based on the content of substrate material (here: Fe)
in the deposited material Stellite� 6 (Ref 8):

gT ¼ qAðXAþS � XAÞ
qSðX S � XAþSÞ þ qAðXAþS � X SÞ

� 100% ðEq 2Þ

where qA [kg/m
3] is the density of the deposited material, qS [kg/

m3] is the density of the substrate material, XA+S is the percentage
by weight of element X in the welding bead, XS is the percentage
by weight of element X in the substrate material and XA is the
percentage by weight of element X in the additive material. The
SEM–EDS method was used to determine the Fe content
quantitatively in the welding bead center on an area of 0.25mm2.

2.3.5 Scanning Electron Microscope—Energy Disper-
sive Spectrometer. The scanning electron microscope (SEM)
Leo 1430 (co. Carl Zeiss AG) was used for imaging with a
secondary electron (SE) and backscattered electron (BSE)
detector at acceleration voltages of 15 to 20 kV. Coupled with
an energy dispersive spectrometer (EDS) of type XFlash 6I30
(co. Bruker Corporation), the SEM–EDS method was used for
space-resolved element distribution. For the quantitative
microstructure analysis of the Stellite� 6 welding beads, 8-bit
grey value SEM images with BSE detector of cross sections were
segmented and binarized. Through the image processing soft-
ware Image J�, consequently, the following components and
geometric parameters were examined in a reproducible manner:

• area fraction of Co solid solution (Co-SS), inter-dendritic
eutectic (IE), carbides and pores,

• secondary dendrite arm spacing (SDAS), and lamella
spacing (LS) of the interdendritic eutectic.

The determined volume fractions and geometric distances
correspond to the arithmetic mean of two individual image
analyses and 50 individual measurements for the respective
laser power.

2.3.6 Electron Backscatter Diffraction. For the electron
backscatter diffraction (EBSD) method, the detector e-Flash
(co. Bruker Corporation) was used (Table 3).

The computer-assisted grain size investigation was carried
out with the software Esprit 2.1 (co. Bruker Corporation),
which generates ellipses for grains with the same area moments

and calculates the arithmetic mean diameter (Ref 24). More-
over, the average grain size D [lm] was calculated using the
standard ASTM E112-12 (Ref 25):

D ¼
Pn

x¼1 ax ¼ ðDn � f nÞ
100%

ðEq 3Þ

where Dn [lm] is the respective grain size and ƒn [%] is the
corresponding proportion to form the product ax [lm�%].

2.3.7 X-ray Diffraction. The x-ray diffractometer
EMPYREAN (co. Malvern Panalytical GmbH) with a cobalt
anode (kKa = 1.79028 Å) was used for the qualitative phase
analysis at an acceleration voltage of 40 kV and a current of
40 mA (Table 4). The phase identification was carried out with
the evaluation software HighScore Plus (v. 4.5) (co. Malvern
Panalytical Ltd).

2.4 Mechanical Investigation

2.4.1 Brinell Microhardness. The hardness of EN-
GJLP-200 was determined using the Brinell method and the
ISO 6506 standard (Ref 26). A hardness testing machine of
type Testor 930/250 (co. Instron Wolpert GmbH) was used, and
the measurement was carried out on specimens polished to
9 lm under the test condition HBW 2.5/187.5/15. The
specified hardness values correspond to the arithmetic mean
of 10 measurements. For the comparability of the substrate
hardness and deposition material, the determined Brinell
hardness (HB) according to the standard ISO 18265 was
converted into the Vickers hardness scale (Ref 27).

2.4.2 Vickers Microhardness. The microhardness of the
Stellite� 6 beads was carried out according to Vickers using
the ISO 6507 standard (Ref 28). For the measurements, a

Fig. 1 Schematic geometrical measurement for a single-bead as
cross section polish

Table 3 Setup for SEM coupled with an EBSD detector

SEM Aperture, lm Current, nA

50 1.7

EBSD Distance, mm Angle, � Exposure, ms

16 70 80

Table 4 Setup for XRD measurements with h� h
goniometer

Tube Detector

X-ray lens Parallel plate collimator, � 0.18
b-Filter Fe
Soller slit, rad 0.02

Parameter Single-beads Multi-beads

Angular range, � 20.00-140.00
Step size, � 0.03
Step time, s 18 5
Divergence slita, � 1 10
Maska, mm 1 8
aUse on the tube side.
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microhardness tester of type VMHT/30 (co. Leica GmbH) was
used on specimens polished to 1 lm under the test condition
HV 0.05/15. The hardness values correspond to the arithmetic
mean of at least three individual measurements.

3. Results

3.1 Geometry of Single Beads

Figure 2 shows macro graphic images of single-bead cross
sections. At a laser power of 1.5 kW, the deposited material is
almost exclusively melted (Fig. 2a). Isolated agglomerate
formation occurs on the surface of the weld beads. Within the
welding beads with 2.0 to 2.5 kW the laser beam creates a deep
and narrow penetration zone in the substrate and an isolated
mass flow from the melt pool can be recognized (Fig. 2b and
c). At 3.0 kW there is an increased arising of porosity in the
interface area within single-beads (Fig. 2d, e and f).

The pores show characteristic features of gas inclusions with
a smooth-walled and circular morphology. A formation of gas
pores could be caused due to moisture content in the

shielding/carrier gas and/or oxide layer because the substrate
exhibited a thin layer of rust. In particular, the pores harm
adhesion, ductility, and fatigue properties. Furthermore, the
HAZ extends with increasing laser power, which is a direct
indicator of the need for preheating and/or post-weld heat
treatment to avoid excessive residual stresses and hence coating
cracking (Ref 29).

Based on SEM images, the geometrical single-bead prop-
erties were evaluated under different laser powers, as shown in
Fig. 3. The course of the wettability angle, width, and
reinforced height corresponds to a logarithmic convergence
and a performance of fit with a coefficient of determination
close to 1, which can also be observed in studies of Ocelı́k et al.
(Ref 30) and El Cheikh et al. (Ref 31).

The geometric relationship defined by Oliveira et al.
between the width and reinforced height for single-beads:
a = 180 � 2 Æ arctan(2 Æ hR/w) is also confirmed in the present
series of experiments. An increase in laser power leads to a
decrease in the reinforced height, which is a result of an
increase in the bead width which also agrees with Oliveira�s
investigations (Ref 32).

Fig. 2 Backscattered SEM micrographs of the cross-sectional area for (a), (b), (c), (d), (e), and (f) single-beads with the respective laser power
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The wettability angle is consistently greater than 90�, which
reduces the occurrence of inter-run porosity and improves the
coating quality (Fig. 6a and b) (Ref 30, 33-36).

The bonding zone has an abrupt rise between the laser
powers of 2.5 and 3.0 kW. This represents a performance
threshold and was also observed in previous investigations (Ref
7, 30, 32).

3.2 Dilution of Single- and Multi-Beads

Figure 4 illustrates the dilution and volume fraction of
porosity obtained for (a) single-beads and (b) in comparison
with multi-beads. The dilution increases with the laser power
and shows a rising curve progression between the laser powers
of 2.5 and 3.0 kW (Fig. 4a).

However, the small and close dilution observed for 1.5 and
2.0 kW indicates that both are inside the expected range for
laser cladding being initially qualified for continuing examina-
tions (Ref 37). Besides, the dilution does not vary significantly
with the chosen Area- and Toyserkani-method.

A comparison between the dilution of single- and multi-
beads—1.5 to 2.0 kW—confirmed the effectiveness of 30%
overlap on reproducing the single-bead dilution to multi-beads
(Fig. 4b). Overall, the dilution for multi-beads is lower
compared to single-beads, which results in less influence on
the substrate properties and is compliant with investigations of
Paes et al. (Ref 22).

Without exception, the porosity increases steadily with the
laser power, whereby the multi-beads have a higher volume
fraction of porosity compared to single-beads (Fig. 4a and b).

3.3 Microstructure of the Weld Zones

An overview of the welding zones and microstructures
within single-beads is shown in Fig. 5. The single-beads have a
structure that is composed of the unaffected substrate material

EN-GJLP-200, a HAZ, a BZ, an interface, and as well as the
deposition material Stellite� 6 (Fig. 5a and b). The unaffected
substrate has a pearlitic structure and the flake graphite has its
original shape (Fig. 5c).

The BZ and HAZ expand toward the substrate with
increasing laser power. On part of the substrate, structures of
upper bainite and plate martensite are formed with a needle-
shaped morphology in the interface (Fig. 5c and d).

On closer examination, upper bainite within a welding bead
spreads further from the center toward the edges with
increasing laser power (Fig. 5c). In addition, the hypoeutectic
alloy Stellite� 6 solidifies dendritically (Fig. 5d). These
observations agree with studies by Luo et al. (Ref 6) and
Atamert et al. (Ref 2).

Figure 6 shows the weld zones and microstructures in the
interface and overlap zone (OZ) for multi-beads. Compared to
single-beads, the multi-beads have similar compositions of
weld zones and solidification structures (Fig. 6a and b). From
the weld bead center, the height of the HAZ and BZ decreases
toward the outside, which is lowest below the OZ. Bainite and
martensite are also present in the interface, whereby the
formation of bainite is more pronounced with increasing laser
power on part of the substrate (Fig. 6c and d).

In the bead center, dendrites with a columnar shape grow
vertically from the interface to the surface (I) and dendrites of a
subsequent weld bead in, turn grow, orthogonally to the surface
of a previous weld bead (II) (Fig. 6e and f). The structure in the
OZ is coarser compared to its surrounding. These findings can
also be observed in studies by Lin et al. (Ref 38).

3.4 Microstructure of Stellite� 6

The microstructure of Stellite� 6 is comprised of a hypo-
eutectic dendritic matrix, which is a b-Co solid solution with a
metastable fcc lattice and an interdendritic lamellar eutectic,
which consists of predominant b-Co as well as Cr rich and

Fig. 3 Geometrical measurements of single-beads as a function of laser power. The specified wettability angle a corresponds to the average of
aR and aL (Fig. 1)
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blocky W carbides with a homogenous distribution (Fig. 7). On
closer inspection, a lozenge shape pattern can be seen within
the matrix for all laser powers that was also observed in further
studies (Ref 39-41). This pattern is caused by the low stacking
fault energy (SFE) (cfcc-Co = 10-50 mJ/m2 (Ref 42)) and
residual stresses within the deposits during cooling (Ref 2,
43). These induce the formation of stacking faults on {111}
planes (Ref 41, 44).

The area-resolved distribution of the main alloy elements in
the microstructure is given in Fig. 8. The dendritic metal matrix

is rich in Co and the interdendritic eutectic has an increased Cr
content. These findings about the microstructure and EDS
mapping are consistent with Luo et al. (Ref 6) and Houdkova
et al. (Ref 4).

3.5 Qualitative Phase Analysis

The diffractograms of (a) single-beads and (b) in compar-
ison with multi-beads are plotted for the respective laser power
in Fig. 9 to analyze the diffractogram patterns of the cross-

Fig. 4 Dilution measured with Area- (Eq 1) and Toyserkani-method (Eq 2) as well as the volume fraction of porosity as a function of the laser
power for (a) single-beads and (b) single-beads in comparison with multi-beads
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sectional phases within the coating system. On the substrate
side, the phases a-Fe and Fe3C of the pearlitic structure in
combination with the graphite of the lamellae can be seen
(Fig. 9a and b). Furthermore, a martensitic structure, the mixed
crystal Fe2Si, and carbide Fe4C0.63 have formed. The examined
angle range for single-beads is without exception a b-Co metal
matrix existent (Fig. 9a). The main hard phases are the
metastable Cr carbide Cr7C3 and W carbide W2C. In addition,
the mixed crystal FeCr3 was created. These determined phases
for single-beads are consistent with previous studies (Ref 4, 10,
22, 45-47). However, higher laser power or heat input induces
smaller peaks of the carbide Cr7C3. Besides, there is an
enlargement of the peak (50 to 53�), which probably results
from the presence of stacking faults (Ref 48). In comparison
with single-beads, the metal matrix of multi-beads still consists
of a- and b-Co solid solution (Fig. 9b), which was also proven
in the research of Houdková et al. (Ref 4). The hard phase
Cr23C6 and mixed crystal Co3W are present, too.

3.6 Quantitative Microstructural Analysis

In Fig. 10 the volume contents of the individual microstruc-
tural components for single- and multi-beads are characterized
quantitatively depending on the laser power. The volume
content of the metal matrix (b-Co solid solution) increases in
the single-beads concurrent with the laser power (i.e., heat input

or dilution), whereas the volume content of the interdendritic
eutectic and the carbides decrease.

Parallel, the curves have an escalating progression between
the laser powers 2.5 and 3.0 kW. Overall, this trend also agrees
with studies by Paes et al. (Ref 22). Investigations with
comparable process parameters to the single-bead at 1.5 kW
laser power have shown a similar phase composition (Ref 47,
49-52). The value patterns of the coatings have a similar
tendency compared with the single-beads, but they are less
pronounced.

Figure 11 shows (a) the secondary dendritic arm spacing k1
and (b) interdendritic lamellar spacing k2 for single-and multi-
beads as a function of the laser power. Both parameters of
single-beads increase linearly with the laser power (Fig. 11a
and b). For instance, Frenk et al. researches in laser cladding of
Stellite� 6 with comparable process parameters showed that
the local solidification times are in the range of 1-2 ms and
local cooling rates between 300 and 400 K/s to produce a
SDAS of 2-3 lm like in the present work (Ref 16). Paes and
Scheid deposited Stellite� 6 by plasma transferred arc (PTA)
and examined an SDAS between 10 and 15 lm. Furthermore,
in comparison with the results of the dilution (Fig. 3) and
quantitative microstructural analysis (Fig. 10), a performance
threshold between the laser powers of 2.5 and 3.0 kW does not
occur. The value ranges of SDAS and LS are compliant with a

Fig. 5 Optical microscope images of the (a), (b) welding zones and (c), (d) interfaces based on cross sections of single-beads with 1.5 and 2.0
kW laser power
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couple of studies on laser cladding with Stellite� 6 (Ref 16, 49,
51, 53). The SDAS and LS of the coatings have a similar
tendency to the single-beads, whereby the values are increased
by an average of 3%.

3.7 Microhardness of Single-Beads

Figure 12 illustrates the hardness profiles of single-beads
with 1.5 to 4.0 kW laser power, which can be divided into four
sections. Up to about 250 lm, there is the respective hardness
maximum of Stellite� 6. In the further course, the hardness

steadily decreases toward the interface. In the HAZ, there is an
escalating increase in the hardness present. With increasing
laser power, the HAZ shifts to longer distances due to a
performance threshold, which occurs abruptly between Mode I
and Mode II.

Subsequently, the hardness of the unaffected substrate
material is present. These determined hardness profiles are
comparable with studies on laser cladding (Ref 49, 52-55) and
also plasma transferred arc welding (Ref 10, 49) of Stellite� 6.

Fig. 6 Optical microscope images of the (a), (b) welding zones, (c), (d) interfaces and (e), (f) overlap zones based on cross sections of multi-
beads with 1.5 and 2.0 kW laser power. Multi-beads with 1.5 kW laser power are ground flat. wd = welding direction
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The EDS concentration profile for a single-bead with
1.5 kW laser power shows a homogeneous distribution of the
main alloying elements in the Stellite� 6 coating and substrate
material with a narrow interface area (Fig. 13). Though, the
present concentration profile is representative of the other laser
powers for single-beads, whereby a similar course was
observed. This suggests, that the hardness profiles are primarily
influenced by a microstructural change within the deposition
material and substrate, which is also described in studies by van
Mol Otterloo et al. (Ref 19) and Zhong et al. (Ref 20).

3.8 Microhardness of Multi-beads

In Fig. 14, the hardness profiles of the Stellite� 6 multi-
beads in the transverse direction are shown. Within the first two
weld beads, the hardness of the respective coating increases to a
nearly constant level with small deviations around the arith-
metic mean value until the last weld bead is reached. The
hardness of multi-beads with 1.5 kW laser power is increased
by 6%. Moreover, the multi-beads show a similar average value
of hardness with 565 and 532 HV0.05 for 1.5 and 2.0 kW

Fig. 7 BSE-contrast of the Stellite� 6 microstructure in the center based on cross section of a single-bead with 1.5 kW laser power

Fig. 8 SEM–EDS mapping of the Stellite� 6 microstructure in the center based on cross section of a single-bead with 1.5 kW laser power

Journal of Materials Engineering and Performance Volume 32(8) April 2023—3829



compared to single-beads processed with the same laser power
and distance to the surface. This course of hardness profiles is
confirmed in studies by Luo et al. (Ref 6) (used laser cladding)
and Paes et al. (Ref 22) (used plasma transferred arc). Across
the coating, there was a non-uniform hardness profile under
alternating fluctuations, which was already observed by
D�Oliveiraa et al. (Ref 53).

3.9 Grain Structure Analysis

The phase composition and grain size distribution of single-
and multi-beads determined by using EBSD are graphically
compared in Fig. 16. Without exception, b-Co is present in the
coatings (Fig. 15a, b, e, and f).

Furthermore, there is a fine-grained seam with an undirected
dendritic structure near the surface (Fig. 15c, d, g, and h),
which was also detected by Farnia et al. (Ref 56). In the center
of single-beads, numerous fine columnar grains grow uniformly
and perpendicularly from the interface to the surface. As the
laser power decreases, the crystallographic preferential direc-
tion of the columnar grains becomes more homogeneous
(Fig. 15c and d). The expansion rate of the grains is more
pronounced in the single-bead center compared to the surface
areas (Fig. 15d). These described tendencies can also be seen
within the multi-beads (Fig. 15e-h).

Fig. 9 XRD patterns as a function of the laser power for (a) single-beads and (b) single-beads in comparison with multi-beads based on cross
section polishes. Solid markings are phases in Stellite� 6 and blank markings are phases in grey cast iron

3830—Volume 32(8) April 2023 Journal of Materials Engineering and Performance



3.9.1 Grain Size Distribution. Figure 16 shows the grain
size distribution histogram for multi-beads. With increasing
laser power, the grain size distribution broadens, and the
averages shift to larger values. The EGS (Eq 3) calculation for
the applied coatings results in 52.6 lm2 for 1.5 kW and 76.1
lm2 for 2.0 kW laser power. The results for quantifying the
grain size are thus consistent with the findings from Fig. 15.

4. Discussion

4.1 Bead Geometry and Dilution

An increasing laser power induces an intensified melting of
the substrate and causes more pronounced melt dynamics/
dilution and temperature rise (Ref 29, 57). As a result, the
surface tension of the weld pool decreases (Ref 31), and the
wettability angle converges asymptotically: cos(a) fi 1,
whereas the height decreases in parallel with a constant powder
feeding rate (Ref 8). The Fe melt has a positive surface tension
gradient with a maximum in the weld pool center and a
minimum toward the edges (Ref 58, 59). This effects a
convergent Marangoni flow within the melt as a dominant
convection mechanism for uniform mixing of the present
elements in the entire volume of a weld bead/coating and
creates a deep and narrow BZ (Ref 7, 29).

According to Jouvard et al., the sudden increase in height in
the bonding zone between the laser powers of 2.5 and 3.0 kW
is due to a power threshold being exceeded. In this case, there is
more radiation energy than is necessary for the complete
melting of the Stellite� 6 powder particles, whereby the excess
radiant energy causes an increased melting of the substrate (Ref
60). The concentration gradient is another driving force for
mass transfer/diffusion, but due to the high cooling rate

(>102 K/s) during the laser cladding, the time interval is
limited to a few seconds and therefore subordinate (Ref 22, 29).

In the process, molten pool spreading, or enlargement is a
result of the laser Gaussian energy distribution as the laser
power increases (Ref 61), and the bead width tends to reach the
nominal laser spot size of 5 mm. The reduced dilution of multi-
beads to single-beads depends primarily on the laser power and
secondarily on the degree of overlap. The first weld bead of a
coating exhibits a nearly identical dilution to a single weld bead
(Ref 22). The second weld bead has a reduced dilution since the
substrate and previous weld bead are molten according to the
overlap, which subsequently affects an entire coating (Ref 30).
Research by Houdková et al. showed, that laser clad coatings,
containing lower amounts of Fe due to the dilution with the
substrate, exhibit a more pronounced wear resistance (Ref 4).

4.2 Microstructure

The microstructural properties of the substrate and Stellite�
6 coatings depend directly on the alloy composition, dilution,
and present temperature profile during the laser cladding (Ref
4). From the substrate analysis close to the welding inter-
face—after heating and rapid cooling associated with laser
cladding thermal cycling—the bonding zone showed high-
carbon martensite since the substrate has 3.3 wt.% average
carbon.

The formation of martensite is based on a diffusionless and
cooperative shear movement of atomic groups when the
austenite form a tetragonal lattice distortion (Ref 59). In
addition to martensite, upper bainite is also formed most
frequently at the bead center, in which a higher laser power
seems to spread its formation to the edges. This effect correlates
with the Gaussian distribution and a decrease in the cooling rate
with increasing laser power (Ref 61, 62). It should be noted that
the formation of martensite is linked to internal stresses, which

Fig. 10 Quantitative phase analysis by means of BSE images using ImageJ� to identify the volume content for the metal matrix, interdendritic
eutectic and hard phase (M6C) as a function of the laser power based on cross section polishes

Journal of Materials Engineering and Performance Volume 32(8) April 2023—3831



detrimentally influence tensile and fatigue strength as well as
corrosion resistance (Ref 2).

Besides, the structure of the Stellite� 6 alloy is based on
Frenk�s state diagram (Ref 16). In the binary system of b-Co
and M7C3, the solidification of the hypoeutectic melt occurs
primarily due to thermal conduction from the weld pool to the
substrate material since the thermal conductivity coefficient of
Fe (kFe = 50.00 W/mK) and Co (kCo = 14.82 W/mK) is
significantly higher compared to the protective gas atmosphere
of argon (kAg = 0.018 W/mK) (Ref 59). Thus, the substrate acts
as a heat sink, whereby the highest crystallization velocity is
present in the interface because the temperature gradient is low
(Ref 33). However, the metal matrix of the coatings consists of
a- and b-Co solid solution in comparison to single-beads. In
this connection, the cooling rate decreases holistically within
coatings, since more heat energy is introduced into the
component overall (Ref 11, 63). At the same time, there is
partial remelting in the overlapping zones (Ref 4). These
conditions favor the local formation of the thermodynamically

more stable a-Co with a hexagonal closest packed (hcp) crystal
lattice (Ref 4, 64).

The primary metal matrix grows as dendrites from the
interface toward the solidification isotherms due to the highly
directed heat dissipation into the substrate (Ref 65). The overall
high cooling rate during laser cladding increases the temper-
ature gradient and reduces the crystallization rate, inducing the
growth of columnar dendrites (Ref 59). In the upper part of the
welding beads, there are equiaxed dendrites (Ref 65) since the
uniform heat dissipation in three directions prevents a preferred
direction of growth (Ref 32). Thereby, the equiaxed dendrites
continue to shrink with increasing distance from the welding
bead center, since the Gaussian distribution of the laser power
decreases toward the laser beam diameter, which further
accelerates the cooling (Ref 62).

The grain size or the number of primary dendrites formed
from a melt pool depends on the size of crystal nuclei (Ref 66).
They must have exceeded a critical nucleus radius, which
increases with the temperature (Ref 67). So, a decreasing laser
power raises the number of available nuclei for the crystalliza-
tion and decreases the crystallization velocity. Consequently,
welding beads with 1.5 kW show a more fine-grained primary
structure, which in turn shows a more homogeneous crystal-
lographic orientation and growth direction along the solidifi-
cation isotherms (Ref 59).

The dendrites consist of a Co-Cr-W solid solution, which
also contains Fe with increasing dilution because the high
cooling rate of laser cladding generates the metastable b-Co
and c-Fe with a fcc crystal lattice. Besides, they are 100%
soluble in each other due to a difference in atomic radii (Ref
63). Therefore, the volume fraction of the primary matrix or
solid solution increases compared to the inter-dendritic eutectic
and hard phases with increasing laser power (Ref 9, 21, 48),
which improves the ductility and adhesion of the coatings (Ref
68). On the other hand, Luo et al. have verified that the wear
resistance of Stellite� 6 coatings decreases with the reduction
of M7C3 and W2C carbides at the interdendritic regions (Ref 6).

The SDAS increases linearly in parallel with the laser power
because the crucial process parameter in secondary dendrite
coarsening is the heat input, which in turn alters the temperature
gradient solid–liquid and, thus, the crystallization velocity (Ref
15, 52, 67). This leads to maturation processes in which the
small secondary arms dissolve in favor of the larger ones with
increasing laser power (Ref 66). The coarse dendritic structure
in the overlap zone of Stellite� 6 coatings is at the beginning
of a new bead solidification because the previous bead acts as a
heated substrate and reduces the cooling rate respectively
increases the crystallization velocity (Ref 3, 5). With further
cooling, the eutectic residual melt solidifies and surrounds the
dendrites with a lamellar eutectic consisting of b-Co solid
solution and hard phases (Ref 15, 68), whereby Co, Cr, and W
are the metallic base, respectively (Ref 51). Besides, the
thermodynamically more stable Cr carbide Cr23C6 can form
within the coatings starting from the metastable Cr7C3 (Ref 69,
70), since there is a lower cooling rate compared to single-
beads (Ref 10, 62). The temperature gradient or solidification
cooling rate is decisive for the eutectic lamellar growing
kinetics, dictating its lamella spacing. The increase in laser
power affects an increasing melting temperature, which results

Fig. 11 Evolution of the (a) secondary dendritic arm spacing k1
and (b) inter-dendritic lamella spacing k2 for single- and multi-beads
as a function of the laser power based on cross-section polishes
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Fig. 12 Hardness profiles of single-beads with 1.5 to 4.0 kW laser power depending on the distance to the surface based on cross section
polishes
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Fig. 13 EDS concentration profile for a single-bead with 1.5 kW laser power based on cross-sectional area, which is supportive visualized by a
BSE image
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in a reduction of available nuclei. Accordingly, the number of
lamellae decreases which ultimately increases the lamella
spacing (Ref 66).

4.3 Microhardness

The four sections of the hardness profiles correlate with the
characteristic sections of a weld bead (Fig. 12). The respective
hardness maximum of single-beads is close to the surface
because there is a fine-grained edge of equiaxed den-
drites/grains (Fig. 15). In the further course, the hardness
decreases toward the interface. This effect is linked with an
increasing Fe content to the interface according to different
investigations, which raises the SFE and stabilizes the b-Co
matrix (Ref 1, 3, 6, 44, 67). The SFE of Stellite� 6 (cfcc�Co=
10-50 mJ/m2) is low compared to Fe (cFe = 140 ± 40 mJ/m2)
(Ref 41), whereby the dislocations tend to have a planar sliding
character (Ref 6). Consequently, Fe reduces the critical stress
for the transverse sliding of dislocations and caused a softening
(Ref 67), in which the ductility and the tendency to adhesion
are more pronounced (Ref 68). However, in the present EDS
concentration profiles determined for single-beads, there is
without exception a constant Fe content between the surface
and welding interface (Fig. 13). Thus, the influence of Fe on
the hardness profiles is subordinate in the present study.
Besides the obvious reduction in the solid solution hardening
elements (Cr and W) due to the increased and homogenous
dilution of Fe, there were adopted two additional mechanisms
accounted for the hardness reduction of single-beads. Accord-
ingly, the SDAS and grain size are also presumably responsible
for a hardness reduction toward the welding interface because
they increase in parallel with the laser power (Ref 19, 37, 48,

56). The steep increase in hardness in the bonding zone can be
attributed to the formation of plate martensite (Ref 71).

The displacement of the bonding zone to higher distances
from the surface is exceeding the power threshold from a laser
power of 3.0 kW, which causes a deeper penetration zone into
the substrate. Further, the hardness of the bonding zone
decreases with increasing laser power since a lower cooling rate
affects the augmented formation of bainite along with the
interface (Ref 5).

The hardness of the Stellite� 6 coatings increases within the
first two to three weld beads which is in correlation with a
reduced dilution/Fe content due to the overlap (Ref 21). The
non-uniform hardness profiles across the coatings are based on
an alternating fine and coarse microstructure as well as the
dilution (Ref 48, 52). Furthermore, in the weld bead center
there is a coarser microstructure and more pronounced dilution
in comparison to the overlap zones (Ref 20).

5. Conclusion

In this preliminary study, grey cast iron EN-GJLP-200 was
coated with cobalt-base alloy Stellite� 6 by using laser
cladding to produce a cost-effective brake disk with enhanced
wear and corrosion resistant as well as optical properties.
Therefore, the effect of various laser powers was evaluated
according to the bead geometry, dilution, microstructure, and
hardness. The main conclusions can be summarized as follows:

• The geometric characteristics of a weld bead depend di-
rectly on the selected laser power and spot size. The

Fig. 14 Hardness profiles of multi-beads for the laser powers 1.5 and 2.0 kW in transversal alignment with a schematic mapping of the
measurement history. The distance between the indentations across the multi-beads is variable for the detection of possible hardening effects. The
vertical distance between the measurement series and the surface is 0.5 mm
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bonding zone increases with the laser power while the
height of a weld bead decreases. The wettability con-
verges with cos(a) fi 1 and the width converges against
the spot size.

• From the single-bead qualification, the porosity increases
in parallel with higher laser powers (from 3.0 kW on),
probably because of the substrate gas generation. Thus, la-
ser powers of 1.5 and 2.0 kW with an overlapping ratio
of 30% enabled the processing of coatings with an accept-
able dilution (< 5%) and porosity level (< 0.2 vol. %).

• The microstructure of the coatings consists of a- and b-

Co rich, columnar dendrites as matrix and an inter-den-
dritic network, which contains eutectic lamellar Cr car-
bides (Cr7C3, Cr23C6) and blocky W carbide W2C. From
the SDAS and eutectic lamellar spacing, the finer and
promising microstructures were obtained at 1.5 and 2.0
kW laser powers.

• The respective hardness maximum of the coatings was
measured close to the surface, associated with a fine-
grained edge revealed by EBSD. A non-uniform hardness
profile across the coatings is based on alternating fine and
coarse microstructural characteristics as well as the dilu-

Fig. 15 EBSD images of (a), (b)/(e), (f) phase maps and (c), (d)/(g), (h) IFPX maps of cross sections for single- and multi-beads with 1.5 and
2.0 kW laser power. The coating with 1.5 kW laser power was ground flat before the measurement
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tion. Within the heat-affected zones, the formation of
martensitic leads to an increase in hardness.
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