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To explore the effect of laser scanning speed on the microstructure and performance of CrsC2-NiCr cermet layers
fabricated by in-situ laser cladding, CrsC2-NiCr cermet layers were laser cladded from Ni/Cr/Graphite (25:65:10 wt.%)
elemental powder mixtures. The microstructures of the laser cladded cermet layers and the formation mechanism were
investigated. In addition, the effect of laser scanning speed on the microstructure, friction and corrosion performance of
the CrsC2-NiCr cermet layers was studied. The results indicated that the in-situ laser cladded CrsC2-NiCr cermet layers
were composed of NiCr binder and CrsC2. The laser scanning speed had a significant influence on the carbide content,
composition and size. Furthermore, it affected the in-situ laser cladded cermet layer’s hardness and wear resistance. The
corrosion resistance of the in-situ laser cladded cermet layer was superior to that of laser cladded nickel-based alloy and

was improved with decreasing laser scanning speed.
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1. INTRODUCTION

Cermets combine the hardness, oxidation resistance
and high melting temperature of ceramic particles with the
ductility, toughness and high thermal conductivity of
metals; thus, they are ideal for use in high-temperature
applications [1-3]. Nickel-based superalloys are
characterized by high-temperature oxidation and corrosion
resistance. In addition, the tribological properties of a
metal applied by laser processing may be improved by
introducing ceramic particles into a filler material.

The CrsC, particles used as additives for the
reinforcement of MMC (Metal Matrix Composites) in laser
processing usually decompose to M7Cs, M23Cgs and other
carbides before solidification [4, 5]. Because the melting
point and hardness of Cr;Cz and Cr»3Cs are both lower than
that of CrsC,, the wear resistance of laser processed CrsCs
MMC is inferior to that of CrsC; in high wear resistance
applications [6—10]. Some work has been done on in-situ
laser processing of CrsC,-NiCr MMC, and the results have
indicated that the ratios of the starting C/Cr/Ni elemental
powder mixtures affect the phase of the in-situ laser
processed CrsC,-NiCr MMC [11, 12]. As the C/Cr ratio or
C content is increased in the elemental powder starting
material, the compositions and volume percent of carbides,
and the properties of the in-situ laser processed cermet,
vary considerably.

In addition, there are many parameters that affect the
microstructures and performance of laser processed
composites [13-16]; the laser specific energy (P/dv,
where P is power, d is the laser spot diameter, and v is the
scanning speed of the laser beam) is usually the most
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important parameter influencing material and laser
interactions [16]. In the present study, in-situ laser
cladding from C/Cr/Ni elemental powders was used to
fabricate CrsC,-NiCr cermet layers, and the effect of laser
parameters on the composition and properties of the
processed CrsC,-NiCr cermet layers was determined. It has
been found that when the laser power and spot size are
fixed, the laser scanning speed is of the greatest
importance. Thus, the effect of laser scanning speed on in-
situ cladded CrsC,-NiCr single tracks will be discussed
first, followed by the effect of laser scanning speed on the
microstructures of in-situ laser cladded CrsC,-NiCr cermet
layers. Finally, the influence of scanning speed on the
friction performance and corrosion resistance of in-situ
laser cladded CrsC2-NiCr cermet layers will be discussed.

2. MATERIALS AND METHODS
2.1. Materials

The powder mixtures were prepared from high-purity
elemental powders of Cr, Ni, and graphitic carbon. These
are summarized in Table 1, along with the purity and size
of the powders used. The substrate used for laser
processing was steel 45# (GB/T 699-1999), and the
composition (wt.%) was: 0.45C, 0.26 Ni, 0.68 Mn,
0.008 P, 0.013 S, and the balance Fe. These powders were
measured and mixed to a nominal composition of 65 wt.%
Cr, 25wt.% Ni, and 10 wt.% C. The elemental powders
are the same to the previous work [12] and has been shown
in Fig. 1.
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Fig. 1. Optical images of the element powders used in laser processing: a— Cr; b—Ni; c—graphite (Powder samples were prepared with
polymer binder, the light parts of Fig. 1 a, b—are metals whereas black part in Fig. 1 c is graphite) [12]

Table 1. Chemical composition, particle size and purity of the
powders used in in-situ laser cladding

Ni Cr Graphite
Sample, wt.% 25.00 65.00 10.00
Particle size, pm 10-50 10-50 30-50
Purity, wt.% 99.9 99.9 99.85

2.2. In-situ laser cladding processing

The powders were uniformly preplaced on an 8 mm
thick 45# steel substrate with the height control set at
1.2 mm. In-situ laser cladding was carried out in air using a
DL-HL-T type 5kw CO; CW laser and keeping the
following parameters constant for all samples: laser power
3 kW and laser spot diameter 3.5 mm. Laser scanning
speed is a practical technical parameter, although the laser
impact on material depends on laser input energy densities.
CNC (Computerized Numerical Control) platform was
utilized to make uniform move in x-y directons. For single
track cladding, the scanning speeds were 10 mm/s,
15 mm/s, 20 mm/s, 25 mm/s and 30 mm/s, respectively.
For multi-track cladding (1 mm—2 mm thick), the routes
were s-shaped, the overlaps were all 30 %, and the
scanning speeds were 10 mm/s, 20 mm/s, 30 mm/s and
40 mm/s, respectively.

2.3. Characterization of microstructures

Specimens for X-ray diffraction (XRD) were prepared
via polishing the top of the cermet layer, and XRD (X Pert
Pro MPD-Pw3040/60) studies were carried out using Cu
Ko radiation to analyze the constituent phases. The cross
sections (perpendicular to the laser scanning direction) of
the layers were investigated using a laser confocal
microscopy  (Olympus-0ls3100), scanning  electron
microscopy (SEM, SuperSean55-550) and energy
dispersive X-ray analysis (EDX). Image analysis was also
used to analyze quantitatively the surface fractions of the
graphite.

2.4. Microhardness, wear and corrosion tests

The microhardness test was carried out using a
401MVD Digital Vickers Hardness tester on the cross
section of the samples; the load was 0.3 kg. Wear tests
were performed using a MFT-4000 ball-on-disk
reciprocating tribometer (Lanzhou Institute of Chemistry
Physics) at an ambient temperature of approximately 25 °C
and a relative humidity of 40 %. SisNs balls with a
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diameter of 4 mm were used as the counterparts. The
sliding speed was 100 mm/min with a load of 0.3 kg and a
sliding stroke length of 5 mm.

Electrochemical measurements were made at room
temperature in a three-electrode cell containing a 0.2 M
H.SO. aqueous solution. The instruments used were a
Solartron1250 frequency response analyzer and a model
EG&G273 potentiostat. A saturated calomel electrode
(SCE) was used as the reference electrode, and the counter
electrode was graphite. Potentiodynamic polarization tests
were carried out at a scanning rate of 0.332 mV/s.
Electrochemical Impedance Spectroscopy (EIS) was
measured by perturbing the open circuit potential of the
specimens with a 10 mV ac signal with a frequency
decreasing from 105 Hz to 0.01 Hz.

3. RESULTS AND DISCUSSION

3.1. Effect of laser scanning speed on the in-situ
cladding of CrsC,-NiCr single tracks

3.1.1. Effect of laser scanning speed on the shape of in-
situ cladded CrsC2-NiCr single tracks

The cross section of the laser cladded single track is
depicted in the schematic diagram in Fig. 2. As shown in
Fig. 2, substrate is melted and the height of the laser
cladded single track is h; the melting depth of the substrate
is hy, the width of the cladded track is W, the width to
height ratio of the cladded track is W/h, the contact angle
of the cladded track is # and the maximum depth of the
Heat Affected Zone (HAZ) is H, the geometry dilution
ratio is hi/(h + h;). Laser cladding parameters determine
the dilution ratio and the shape of single tracks generally.

Substrate

Fig. 2. Schematic diagram of a cross section of in-situ laser
cladded CrsC2-NiCr cermet single track

According to the definition of specific energy
(E =P/dv) [17], when the laser power, spot size and



powder composition are fixed, scanning speed is the
primary determinant of the temperature distribution in the
laser melt and of the resulting microstructures. The shape
parameters (contact angle 6, dilution rate #, the maximum
cladding height h, and the maximum thickness of the heat
affected zone H) of the laser cladded single tracks are
shown in Fig. 3 the curves in dashed lines are fitted
linearly. The figure demonstrates that the laser scanning
speed v has a decisive influence on the cladded tracks’
shape parameters. Laser energy is enough to melt powder,
when laser scanning speed increase, less radiate energy
goes through the powder into substrate and make less
melted powder move (diffuse, spread) to the substrate
position. In general, h and H increase with the increasing v,
but »# and & decrease with increasing v.

3.1.2. Effect of laser scanning speed on the bonding
zone of in-situ laser cladded Cr3C2-NiCr single
tracks

Fig. 4 shows the microstructures near the binding
region of in-situ laser cladded single tracks generated at
different scanning speeds. It is apparent that the binding
zone (planar zone, the interface was indicated by red dash
lines) becomes smoother as the laser scanning speed
decreases. As the laser scanning speed increases, the
cladding of melt droplets onto the substrate becomes more
unbalanced. Further, the interaction between cladding
material and the substrate is enhanced, resulting in the
binding zone grow thinner and the formation of dendrites
that are finer and shorter [18-20]. As the laser beam
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irradiates the C/Cr/Ni powder, the Ni and Cr powders melt
first and the NiCr melt comes in contact with the 45# steel
substrate. The NiCr and substrate diffuse into each other,
so that the concentrations of Cr and Ni in the substrate
increase.

As determined experimentally, the spacing (Aspas)
between the secondary dendrite arm spacing and the
solidification cooling rate may be expressed as [21 - 23]:

(169.1- 720.9 Cc) Cr 04%% (0< Cc<0.15)
Jspas(um) = '
143.9 Cr 031 ¢ (0550119%¢ ) (50 15)
1)

where Cc is the carbon content (wt.%), and Cr is cooling
rate. The solidification cooling rate can be estimated from
different laser scanning speeds. The carbon content at the
interface can be approximated as 1 wt.%, and the scanning
speeds corresponding to the estimated cooling rates are
shown in Table 2. From the table, it is apparent that the
cooling rate of the cladded material varies with the laser
scanning speed. Therefore, the laser scanning speed
directly causes changes in the size of the solidified
structures near the bonding zone.

Table 2. Solidification rate of the bonding zone in in-situ laser
cladding correlates with scanning speed

20
4.2 x 105

10
9.3 x 104

15
2.2 x10°

25
5.5 x 105

30
1.2 x 106

v, mm/s
CR, K/s

Fig. 3. Relationship curves between laser scanning speed and the characteristic parameters of laser cladded CrsC2-NiCr single track: a—

hi-v; b—»-v; c—H-v; d—6-v
3 ‘W/’ NN RIS

d-25 mm/s

c-20 mm/s

e—30 mm/s

Fig. 4. Effect of laser scanning speed on the bonding zones of in-situ laser cladded CrsC2-NiCr
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3.2. Effect of laser scanning
microstructure of in-situ
Cr3C2-NiCr cermet layers

speed on the
laser cladded

3.2.1. Phase analysis of in-situ laser cladded CrzCo-
NiCr cermet layers

From the curves, it is clear that Ni-based solid solution
(NiCr) and carbide (CrsC,/Cr;Cs) are the main phase in
each layer. Using a method previously employed to
calculate the volume content of Crs3C,/Cr;Csz in composites
[24, 25], the volume content of CrsC, and Cr:Cs is
estimated to be more than 74 %. Furthermore, the scanning
speed has a great influence on the cermet composition:
with an increase in scanning speed, the diffraction peak
intensity ratio between NiCr and carbide decreases,
indicating that the content of carbide increases while the
content of NiCr decreases. Moreover, the type of carbide
cladded is also affected by laser scanning speed. By
comparing the diffraction peak intensities of CrsC, and
Cr;Cs in Fig. 5, it can be observed that more CrsC; is
generated as the laser scanning speed increases, while less
Cr;Cs appears in the laser cladding layer.

3 1=Cr3C; 2=Cr,C3  3=NiCr

Intensity a.u.

T T T T T T T T T T T T T U
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
20, degree

Fig. 5. XRD spectra of in-situ laser cladded cermet layers formed
at various scanning speeds

The reason for the cladding layer composition

b—20 mm/s

g

f-20 mm/s

changing as a function of laser scanning speed is as
follows: when the scanning speed becomes slower, the
input energy density increases and the cooling rate
declines, resulting in the solidification process being closer
to equilibrium. Due to the formation enthalpy of Cr:Cs
being less than that of CrsC,, it is easier to produce Cr;Cs
at lower scanning speeds; conversely, it is easier to
produce CrsC; at higher scanning speeds.

3.2.2. Microstructures of in-situ laser cladded

Cr3Ca-NiCr cermet layers

Fig. 6 shows images of longitudinal and transverse
sections of laser cladded CrsC»-NiCr cermet layers. The
figure demonstrates that laser cladded cermet layers are
mainly composed of a binder phase and carbides.
Furthermore, the size, distribution and morphology of the
carbide are closely related to the scanning speed. With
faster laser scans, the temperature distribution becomes
more unstable, resulting in a more uneven distribution of
carbides with reduced size, more carbide growing in the
horizontal direction, and more elongated cross sections. By
cross-section image analysis, it is apparent that the carbide
area ratio varies with different laser scanning speed: the
faster the speed, the higher the area fraction of carbides
(Table 3). This is consistent with the XRD analysis results
above.

Table 3. Area fractions of carbides in the in-situ laser cladded
CrsC2-NiCr cermet at different scanning speed

Scanning speed, mm/s 10 20 30 40
Area fraction of carbides, % 49.2 | 53.0 | 54.2 | 65.8

Fig. 7 shows SEM images and EDX spectra of laser
cladded CrsC-NiCr cermet layers. It can be observed that
a variety of shapes precipitate in the cermet, including
hexagonal, square, strips and branched, etc. EDS analysis
was carried on the different shapes (indicated as spots A,
B, C, D in Fig. 8); together with the results of TEM
analysis [11, 12], it can be concluded that the hexagonal
precipitate is Cr;Cs (A), and the square precipitates are
CrsC; (C)

h—40 mm/s

Fig. 6. Cross-section images of in-situ laser cladded CrsCz-NiCr cermet with various scanning speed: (a), (b), (c) and (d) are

longitudinal sections; (e), (), (g) and (h) are transverse section
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Fig. 7. SEM images and EDX spectra of in-situ laser cladded CrsC2-NiCr cermet at different scanning speeds

However, the composition of the strip-shaped carbide

was not determined, and it may be CrsC, or Cr;Cs. The 1$ = 10ms
binder between these carbides is eutectic carbide (B), sz » . B
composed of fine carbides and Ni austenite; some of the o 1300 % 9 ’ v 40ms
fine carbide grew coarser and aggregated to a size of z :f‘;g A—a Lol v
several microns (D). & im0l v/e N
If the laser scanning speed reduced, the laser %’ :zg e y 4
irradiation time on the same position increase (and thus the 2 7001 °
powder absorbs more energy density), the solidification g WO Ny e e
time becomes longer and the average size (estimated from ﬁ: 2 AR
images) of the carbide increases. At the same time, when 300 A
laser scanning speeds become slower, the melt cools more fgg i . i i ' ' : ‘
slowly and is closer to an equilibrium solidification 00 02 04 06 08 10 12 14
process; thus, it is easy to generate CrsCs; with low Distance from top of the Cermet, mm
synthetic thermodynamic enthalpy. As a result, the carbide  Fjg g Effect of laser scanning speed on the microhardness
in the 10 mm/s sample grew in a hexagonal fashion. distributions of in-situ laser cladded CrsC2-NiCr cermet
3.3. Effect of scanning speed on the friction Fig. 9 illustrates the effect of scanning speed on the
performance and corrosion resistance of laser  friction coefficient of laser cladded CrsC,-NiCr cermet
cladded Cr;C,-NiCr cermet layers layers.
0.7

Fig. 8 shows microhardness distributions of in-situ
laser cladded CrsC,-NiCr cermet layers fabricated at
different scanning speeds. It can be observed that the
cladding layer formed at the slowest speed afforded the
lowest microhardness: only approximately 550 HVoa.
However, the hardness distribution of the 10 mm/s sample
was uniform, which was due to its uniform ceramic phase
distribution, and the ceramic relatively same in size. As the
laser scanning speed increased, the content of CrsC, was ;
enhanced and the microhardness was improved, which 0:2:9
results in the hardness improvement and slightly decline of
the friction coefficient. However, while the microhardness
increased with faster laser scans, the microhardness Time, min
distribution became more non-uniform. The XRD results
indicated that the 40 mm/s sample had the maximum CrsC;
content. Among the three carbides, CrsC,;, Cr:Cs; and
Cr23Cs, the microhardness of CrsC; is the highest, so the 40 It can be observed from the curves that the friction
mm/s sample had the highest hardness; in fact, its  coefficient of every sample was large in the initial running-
microhardness approached 1230 HVo3, or approximately  in stage; however, that of the 40 mm/s and 30 mm/s
5.6 times that of the matrix hardness (220 HVq.3). samples declined to stable values after two minutes of the

0.6
0.5
0.4

0.3

Coefficient of friction

Fig. 9. Effect of scanning speed on the friction coefficient of in-
situ laser cladded CrsC2-NiCr cermet
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friction test. The friction coefficient of the 10 mm/s sample
maintained a high fixed value throughout the test. After six
minutes, the friction coefficients of the 20 mm/s and
40 mm/s samples began to increase slowly to a value as
high as that of the 10 mm/s sample. Overall, the average
friction coefficients were 0.46 for 10 mm/s, 0.32 for
20 mm/s, 0.27 for 30 mm/s and 0.24 for 40 mm/s; that is,
the friction coefficient decreased with decreasing laser
cladding scanning speed.

The above experiments demonstrate that as the
scanning speed of in-situ laser cladding increases, the
composition and content of the reinforcement phase of the
cladding layer changes; specifically, the carbide content
(especially Cr3C,) increases, and with it the cladded layer’s
hardness. This results in an increase in the resistance
grindability of the in-situ laser cladded cermet layer.

In order to study the effect of laser scanning speed on
the corrosion behavior of the in-situ laser cladded CrsC,-
NiCr cermet samples, cyclic potentiodynamic polarization
experiments were carried out in 3.5 % NaCl aqueous
solution. Fig. 10 shows the potentiodynamic curves of the
samples in 3.5 % NaCl aqueous solution. It is clear that all
of these samples show nearly complete passivation. The
values of the corrosion potential (Ecorr) and the corrosion
current density (icor) in 3.5 % NaCl aqueous solutions as a
function of different laser scanning speeds are shown in
Table 4.

281 = 10mm/s

20mm/s

044 | 30mmis

0.2

0.0
024
0.4
0.6

-0.8

1 —
1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1

1,Acm?

Fig. 10. Effect of scanning speed on the potentiodynamic curves
of in-situ laser cladded CrsC2-NiCr cermet in 3.5%
NaCl aqueous solutions

Table 4. Corrosion potential and corrosion current density of in-
situ laser cladding CrsC2-NiCr cermet at different
scanning speeds

?ggg!en:gqagmng Ecorr, MV icorr, A.cm?
10 - 271 1.8E®
20 — 465 3.7E8
30 — 653 47E7

It is clear that the order of icor is as follows:
30 mm/s > 20 mm/s > 10 mm/s, which indicates that the
corrosion rate value increases with increasing laser
scanning speed, and forward the optimum corrosion
potential and corrosion current density are —271 mV and
1.8 x 108 Acm?, respectively. Although the content of
carbide grows and the galvanic corrosion tendency
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weakens, but pitting corrosion and crevice corrosion
increases due to the defects (microcracks/cavities)
increase, as shown in Fig. 10.

At the same time, Ecor declines when the laser
scanning speed is increased. Thus, the corrosion resistance
of in-situ cladded Cr3C,-NiCr cermet layers in 3.5 % NaCl
aqueous solution improves as the laser scanning speed is
decreased. Based on the corrosion data for nickel-based
alloy (Hastelloy-C22, laser cladded) in the same solution
[26], it is evident that the corrosion resistance of in-situ
laser cladded CrsC,-NiCr cermet layers is better than that
of laser cladded Hastelloy-C22 layers in 3.5% NaCl
aqueous solution.

The standard electrode potentials of carbide in nickel
based composite is higher than that of base alloy, thereby
forms an electrochemical corrosion micro battery in the
electrolyte. Furthermore, this effect is presumed to be
strengthened with the increase of carbide content (only
when the carbide content is less than 50 %), resulting in
growth of corrosion rate in dilute sulfuric acid solution. So
corrosion resistance of in-situ cladded CrsC»-NiCr cermet
layers improves as the laser scanning speed decreases.
From the morphology of the specimen after corrosion
(Fig. 11), it can be seen that the most serious corrosion
happens at the interfaces between carbide and matrix,
graphite and matrix, respectively.
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Fig. 11. Corrosion morphology of laser cladded CrsCz-NiCr
cermet (scanning speed 30 mm/s) in 3.5% NaCl aqueous
solution

4. CONCLUSIONS

Three major conclusions emerge from the present
study. First, in-situ laser cladded CrsC,-NiCr cermet layers
are composed of NiCr solid solution (binder) and carbides
(CrsC,, CrsCs). The laser scanning speed v has a significant
influence on the carbide content. When v increases, the
solidification rate of the laser melt pool increases, and the
carbide size becomes smaller; moreover, the carbide
content increases, the content of CrsC, increases, and the
content of CrsCs is reduced. As v increases to greater than
30 mm/s, the dominant carbide becomes Cr3Co.

Due to the variation of carbide composition, content
and size distribution as a function of laser scanning speed
v, the scanning speed affects in-situ laser cladded cermet
layer hardness and wear resistance. As v increases, the
microhardness of the CrsC,-NiCr cermet layer increases



and its wear resistance is enhanced. The in-situ laser
cladded CrsC,-NiCr cermet layer hardness may approach
1230 HVo3. The minimum friction coefficient of the CrsC,-
NiCr cermet layer is 0.24, which is 0.52 times that of the
maximum.

With regard to galvanic corrosion occurring between

the carbide and the NiCr binder in 3.5% NaCl aqueous
solution, the corrosion resistance of in-situ cladded CrsCo-
NiCr cermet layers improves as v decreases. The corrosion
resistance of the in-situ laser cladded cermet layer is
superior to that of laser cladded nickel-based alloy; the
optimum corrosion potential and corrosion current density
are -271 mV and 1.8 x 108 Acm?, respectively.
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