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Abstract

Laser cladding, which is surface modification technology, is based on melting with a laser beam by spraying
powder on the base metal and generated by depositing the layers. In this study, the Metco 42C martensitic
stainless steel powder material was cladded on the FGS600-3A ductile cast iron used in sheet metal forming
molds. The effect of energy input on porosity and microhardness was investigated. The digital image
processing method was used for porosity analysis. The energy input had a significant effect on the pore
formation. The lower energy input (1.1 kW laser power, 14 mm/s scanning speed) resulted in lower porosity.
The cladding thickness varied depending on the scanning speed parameter due to affecting powder efficiency,
high thickness was obtained at 6 mm/s low scanning speed. In the upper layer of the cladding, high hardness
values were achieved due to the martensitic phase formation. The bottom layers of cladding had lower
hardness values because of the tempering of the hard martensitic phases by subsequent cladding processes.
Significant increase in hardness at cladding zone was attributed to carbon transfer from the base metal. This
remarkable increase in hardness was much higher at lowest energy input (1.1 kW laser power and 14 mm/s
scanning speed). However, it is clear that this will increase the risk of crack formation because of brittleness.
On the other hand, at the higher energy input, this significant increase in hardness is at a lower level due to
rest-austenite formation and excessive annealing with subsequent cladding processes.
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1. INTRODUCTION

The laser cladding, that is surface modification technology and a precision repair method, is based on the
principle of melting with a laser beam by spraying powder on the base material. It can be produced by
depositing the material in the form of layers of multi-track. This advanced method is preferred in the industry
with its advantages such as high energy density during deposition, minimum dilution rate, high production rate,
shallow heat-affected zone, minimum distortion, fast cooling, good mechanical properties and good surface
quality [1]. Laser cladding is a popular surface modification technique using to repair or remanufacture worn
parts operating in high and low temperature environments such as turbine blades, aerospace components,
nuclear reactors, automobile engine units, sheet metal forming molds in automotive industry etc. [2,3]. It is
suitable for repairing fatigue cracks, corroded, damaged, and worn components. However, this process has
some disadvantages such as crack and porosity.

Manjanah et al. [4] studied laser metal cladding with 316L powder material on stainless steel for single-track.
They investigated the effects of laser power, scanning speed and powder flow rate on cladding geometry and
microstructural details. They observed that the cladding height and width decreased with increasing scanning
speed and decreasing laser power. Also, they observed columnar and equiaxed dendritic grains in the direction
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of solidification. Pan et al. [5] implemented 18Cr-0.2C Fe- powder on AlSI420 stainless steel substrate using
laser cladding method. Microstructure, phase transformations, mechanical properties, thermal cycle, corrosion
properties were investigated. They observed the lath martensite formed in the microstructure at the top of
cladding layer, a portion of the base metal melted during the cladding process and lots of carbides collected
in this region causing the existence of a Cr depleted zone. Ferreira et al. [6] investigated multilayer deposited
of martensitic stainless steel (Metco 42C) powder on 42CrMo4 structural steel. Laser power, scanning speed
and feed rate were tested with preheating and without preheating. The effect of the parameters on the
microstructure and microhardness and cladding geometry (height, width, and depth) were analyzed. They
found that the metallurgical bonding required higher than 1 kW laser power. The increase in laser power and
feed rate enhanced the probability of cracking. But, preheating reduced the crack problems. They stated that
the determination of optimal conditions were essential for cladding quality.

In the next years, laser cladding technology is expected to become more extensive in a variety of sectors,
including mold repair. But, porosity problems in this method need to be minimized. There are limited studies
on multi-layer laser cladding in the literature, mostly researches for a single layer. The purpose of this study is
to investigate the effect of process parameters (laser power and scanning speed) on microhardness and
porosity in the laser cladding process of martensitic stainless steel powder (Metco 42C) on ductile cast iron
(FGS600-3A) used in automotive molds. The porosity rate was calculated by the digital image processing
method.

2. EXPERIMENTAL DETAILS

Metco 42C powder, which corresponds to AISI 431 martensitic stainless steel, was deposited on FGS600-3A
ductile cast iron used in sheet metal forming molds by the laser cladding process. Table 1 shows the chemical
compositions of FGS600-3A ductile cast iron and Metco 42C powder used in this study.

Table 1 Chemical composition (wt.%) of Metco 42C powder and FGS600-3A ductile cast iron

Material C Si Mn P S Sn Cu Mg Cr Ni
FGS600-3A 3.06 2.06 0.52 0.044 0.009 <0.01 0.68 0.049 -- --
Metco 42C 0,18 - - - - - - - 17 2

In the laser cladding process, 6-axis filling welding unit KUKA KR 90 R3100 Extra and the KUKA KL 1500-3T
linear table were used in cartesian coordinates (Figure 1). LASERLINE-LDF 4000-100 laser has 4000 W of a
maximum laser power. The laser beam diameter was 3 mm, and the laser wavelength was 900-1070 nm.
Laser beam quality was 30 mm-rad, the minimum focus was 450 um on 150 mm distance. The software used
was Toplas 3D V3. ERLAS Gmbh laser nozzle and DELTATHERM LTK 1-4 Laser Nozzle Cooling Device were
used. Fiber cable length was 30 m, optical fiber was 600 um (NA 0.2), and laser torch workpiece distance was
12 mm.

Figure 1 The laser cladding unit
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Laser cladding was implemented under Argon shielding gas which has a flow rate of 5 I/min. Oerlikon Twin-
120A Powder Feed has a 13.6 g/min powder flow rate, 3 rpm powder feeder rotation speed. The other technical
properties, cooling water flow rate was 1.8 I/min, and cooling water pressure was 0.22-0.3 MPa.

In this study, three test groups were formed (Table 2 and Figure 2). Our expertise in commercial applications
was beneficial to determine the parameter values used in this study. The energy input was calculated based
on laser power and scanning speed (Equationl) [7] :

LaserPower

Energylnput = 1
gyinp ScanningSpeed @

Figure 2 Test specimens produced with different process parameters

Table 2 The laser cladding parameters used in this study

Experiment No Laser Power (kW) Scanning Speed (mm/s) Energy Input (J/mm)
1 1.9 6 316.67
2 1.5 10 150
3 1.1 14 78.57

Laser cladding was implemented to 150 mm x 60 mm in length and width on FGS600-3A molds which were
machined 1 mm thickness using a CNC milling machine before laser cladding to obtain a flat surface as in real
applications. The cladding was built in three layers, a single layer was approximately 1 mm thick, and the hatch
spacing was kept constant at 1.5 mm. The specimens were cut in a cross-section plane (transverse and
longitudinal) using an electrical discharge machining (EDM) machine. For layer characterization, it was ground
on 180, 400, 600, 800, 1000, 1200 grit SiC papers, and polished 1 um and 0.3 pm colloidal alumina with
FORCIPOL 2V metallographic grinding and polishing machine.

The NIS Elements-D program in the optical microscope was used to quantitatively examine specimen surfaces
using the digital image processing approach. The pore fractions of the specimens were determined. Vickers
microhardness measurements from the surface along with the depth at 100 um intervals were taken using a
DUROLINE-M hardness tester with a 10s dwell time and 50 g load for transverse surface.

3. RESULTS AND DISCUSSION

3.1. Porosity Analysis

Energy input had a significant influence on the pore formation and shapes in the cladded layers in this study.
The energy input have to be controlled to obtain a low porous cladding, since pore formations affect
significantly the mechanical properties. The images of the transverse and longitudinal surfaces of the
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specimens numbered "1" were shown in (Figure 3). The pores based on gases were become large and their
fraction has increased because the molten pool flow dynamics have increased through the highest energy
input [8-12]. The larger pores were greater the buoyancy in the molten pool. So, it can be seen that the larger
pores spread to the upper layers with the increase in energy input (Figures 3-5). However, it is understood
that, although the cooling rate in the specimen with the highest energy input was the lowest, this cooling rate
was not sufficient to get rid of the gases floating in the cladding layer. The images of the cross-sections of the
specimen “2” were shown in (Figure 4). The pore formation was less than "Specimen 1” due to the medium
energy input (lower laser power and higher scanning speed). The images of the cross-sections of the specimen
“3” can be also seen in (Figure 5). This specimen had the lowest porosity. But, the microcrack formations have
appeared in this specimen due to the higher cooling rate (Figure 5b). In this study, the pore fractions of the
specimens can be seen in Table 3 and (Figure 6). An increase in energy input increases the pore fraction.

Figure 5 Cross section pore analysis of "Specimen 3" a-) transverse and b-) longitudinal
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Table 3 Pore fractions of the specimens

Experiment Cross-Section Energy Input Pore Area Cladding Area Pore Fraction
No (3/mm) (mm2) (mm2) (%)
Transverse 8.55 153.88 5.56
1 316.67
Longitudinal 3.98 76.56 5.20
Transverse 3.89 85.73 4.54
2 150
Longitudinal 2.72 53.57 5.08
Transverse 3.92 86.3 4.54
3 78.57
Longitudinal 1.85 54.29 341
6

L J
—@— Transverse

Longitudinal

Pore Fraction (%)
(9]

1 2 3

Specimen No

Figure 6 Graphical illustration of pore fractions of specimens

3.2. Microhardness

The microhardness values measured on the cross-sectional surfaces of the specimens are given in Figure 7.
Cladding layer thickness can be clearly seen with hardness measurements carried out along the depth. The
cladding thickness was related to the scanning speed. Since the scanning speed was very low (6mm/s) in the
specimen with the highest heat input, the powder efficiency was high and the cladding layer height was higher
than the others. The lowest cladding thickness was observed in the specimen produced with a scanning speed
of 14 mm/s. In specimen “1” having the highest heat input (1.9 kW, 6 mm/s), hardness values were above 600
HVo.05 in the top layer close to the surface having no subsequent thermal cycle. That is, the final cladding layer
had not undergone any additional heat treatment cycle. Due to the rapid cooling of powder material after laser
cladding, high hardness values were obtained through the occurrence of hard martensitic phases in the
microstructure. On the other hand, while the hardness values in the second layer decreased to around 450
HVo.0s, the hardness value approached around 400 HVo.cs in the first layer. The first and second layers were
exposed to thermal cycle twice and once during laser cladding deposition, respectively. It was caused the
martensite phase to temper, resulting in a reduction in hardness. In specimen “2” having medium heat input
(1.5 kW, 10 mm/s), the hardness was approximately 600 HVo.0sin the near-surface areas. The hardness values
in the second layer decreased to 450-500 HVo.os, while the hardness values in the first layer were slightly
above 400 HVo.0s. In specimen “3” having the lowest heat input (1.1 kW, 14 mm/s), the hardness values in the
third, second and first layer were 600 HVo.0s, over 500 HVo.0s and 400-450 HVo.0s, respectively. Since the
martensite in the initial two layers was less tempered in this specimen due to lower heat input, the hardness
losses as a result of thermal cycling were relatively less than the other specimens.
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Figure 7 Microhardness measurements of the specimens along the depth

The remarkable increase in hardness from the surface through the depth has occurred at the transition zone
that was identified as the fusion zone between the first cladding layer and the base metal. By way of the carbon
transfer from the base metal to the cladding zone, the carbon ratio has increased significantly in transition
zone. So, the hardness of the martensite phase having higher tetragonality was high in this zone that has a
high carbon content. This increase in hardness was very noticeable in the lowest heat input: the microhardness
was around 950 HVo.s. In other specimens which have higher heat input, the hardness values were roughly
620 HVo.0s. This can be associated with more tempering of martensite and more carbon transfer from base
metal to this zone at higher heat input. So, more carbon led to soft rest-austenite phase. It seems that carbon
transfer was not at a level to form rest-austenite in the specimen having the lowest heat input. So, the
microstructure in this specimen was completely transformed into the martensitic structure and increased the
hardness significantly.

The first layer was the most critical region for crack formation due to embrittlement. The microcracks were
observed in the specimen having the lowest heat input with high hardness. Crack risk can be prevented by
decreasing the hardness via increasing the heat input and preheating, using different process parameters.

4. CONCLUSION

In this study, the porosity and microhardness in martensitic stainless steel cladded layer on the FGS600-3A
ductile cast iron were investigated in terms of different energy inputs. The conclusions have been drawn as
follows:

. Energy input has a significant effect on pore size and fraction. An increase in energy input increases the
pore size and fraction. But, the lower energy input increases the risk of microcrack formation in the
cladding layer.

. The powder deposition efficiency decreases with increasing scanning speed. So, cladding layer
thickness decreases with the increase of scanning speed.

o The upper cladding layer has higher hardness values due to the martensitic structure. Since the first
and second layers were exposed to the thermal cycles during cladding process, these layers have lower
hardness.

. The transition zone between the first layer and the base metal has a remarkable increase in the

hardness. This increase in hardness is very noticeable at lowest energy input. This increase decreases
with the increase of energy input.
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