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Abstract: The article presents the results of the laser alloying process of a ductile cast iron EN-GJS
350-22 surface with titanium powder in nitrogen atmosphere. The aim of this research was to test the
influence of nitrogen atmosphere on the structure and properties of the ductile cast iron surface layer
produced by a laser alloying process with titanium. The laser alloying process was conducted using
a Rofin Sinar DL020 2 kW high-power diode laser (HPDDL) with rectangular focus and uniform
power density distribution in the focus axis. The tests of the produced surface layers included
macrostructure and microstructure observations, X-ray diffraction (XRD) analysis, energy-dispersive
spectroscopy (EDS) on scanning electron microscope (SEM) and transmission electron microscope
(TEM), Vickers hardness and solid particle erosion according to ASTM G76-04 standard. As a result
of the laser alloying process in nitrogen atmosphere with titanium powder, the in situ metal matrix
composite structure reinforced by TiCN particles was formed. The laser alloying process of ductile
cast iron caused the increased hardness and erosion resistance of the surface.

Keywords: laser alloying; ductile cast iron; metal matrix composite; solid particle erosion

1. Introduction

Ductile cast irons (DCls) are alloys commonly used in industrial applications due to their
high mechanical and fatigue strengths, plastic properties, low stress-concentration tendency,
vibration-damping abilities and good casting properties and machinability, which make these
materials relatively cheap and easy to form, even into complex shapes [1-3]. However, for
some applications where the machine parts are operating under wear conditions, ductile cast
irons exhibit insufficient wear resistance. For this purpose, surface engineering technologies
are used to improve the wear resistance of the surface, while maintaining the beneficial
mechanical and plastic properties of the ductile cast iron core. For these alloys, laser surface
treatment technologies are commonly used [4-8].

The use of a laser beam for surface treatment of materials has many beneficial prop-
erties, such as rapid heating and cooling, which contributes to the formation of unique
structures of surface layers or coatings and causes low heat impact on the base material
structure and low deformation. Moreover, the laser beam can be used for precise surface
treatment of even small areas with high efficiency [9,10]. Among the laser surface treatment
technologies, laser surface transformation hardening, laser surface melting, laser surface
alloying and laser cladding are mainly used. In the case of ductile cast irons, laser surface
melting and alloying are most commonly used. The laser surface melting process of DCI
surface causes up to 4 times surface hardness increase and has a beneficial effect on the tribo-
logical and erosive wear resistance [11-14]. The increased properties of laser-melted ductile
cast iron surface are related to the microstructure change of the surface layer, in which
during the melting process, the graphite dissolves in the liquid metal, leading to carbon
enrichment of metal pool. During rapid cooling the carbon precipitates as cementite [15].
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The laser surface alloying process in comparison to laser melting allows for a wider
influence on the structure and properties of surface layers by adjusting the chemical
composition of a liquid metal pool by the addition of the alloying elements. Previous
studies in this field have shown that the addition of elements with high affinity to carbon in
the laser alloying process may result in the formation of an in situ composite structure in the
surface layer area [16-19]. An example of such an element is titanium, which when added
in the laser alloying of a ductile cast iron surface causes the formation of high-hardness
titanium carbides in the structure of the surface layer, which has a beneficial effect on the
wear resistance of the surface. Research in the field of laser alloying of ductile cast irons
with titanium has shown that with the appropriate selection of process parameters, it is
possible to produce homogeneous surface layers and control their structure and properties,
including the fraction, size and morphology of titanium carbides [20-25].

Titanium, besides high affinity to carbon, also has a high affinity to nitrogen and
can form titanium nitrides and carbonitrides, which, like carbides, exhibit high hardness
and can reinforce the composite structure for high wear resistance [25,26]. Many studies
on titanium surface nitriding have been conducted, and the results are available in the
literature [27,28], while only a few studies have been conducted on ductile cast iron surface
alloying with titanium and nitrogen [29]. In the available research in this field [29], SizNy4
was used as the source of nitrogen in the alloying process, and no titanium carbonitrides
were found in the produced surface layers. The research presented in this work was aimed
at carrying out the laser alloying process of ductile cast iron surface with titanium powder
in nitrogen shielding in order to form the in situ composite surface layer structure reinforced
by titanium carbonitrides. The research included macrostructure and microstructure
analysis, hardness measurements and solid particle erosion tests, and it aimed to determine
the impact of the laser surface alloying process used on the structure and properties of the
surface layer.

2. Materials and Methods

The EN-GJS-350-22-grade ductile cast iron (Bumar-Labedy S.A., Gliwice, Poland) was
used as a base material for the research. The chemical composition of the ductile cast
iron used is presented in Table 1 and its microstructure is presented in Figure 1. The base
material structure is composed of a ferritic matrix with about 20 vol.% of spheroidal graphite
precipitates with an average diameter of 65 pm. The substrate surface was prepared before
the laser alloying process by grinding to surface finish R, of 0.5 um and degreased with
95% ethyl alcohol.

Table 1. The ductile cast iron EN-GJS-350-22 chemical composition.

Chemical Composition, wt.%
C Si Mn P S Cu Ti Mg Cr
3.66 2.71 0.527 0.042 0.001 0.068 0.032 0.012 0.124

For the laser alloying process, the 99.0% pure titanium powder H.C. Starck Amperit
154 with 45-70 pm gradation and 99.999% pure nitrogen were used. The titanium powder
was dried at 50 °C for 30 min before the alloying process.

The laser surface alloying process was carried out using a Rofin Sinar DL020 high-
power diode laser (HPDDL, Rofin-Sinar Laser GmbH, Hamburg, Germany) (Table 2) with
a direct beam transmission to the material surface. The rectangular laser beam focus with
dimensions of 1.5 mm X 6.6 mm was characterized by a uniform density distribution along
the focus axis. The laser beam was focused on the base material surface. The station was
also equipped with a numerically controlled positioning system for the laser head and base
material. The movement of the traverse was parallel to the short axis of the laser beam
focus. For the powder feeding, a disk powder feeding system with a vibrator was used.
The titanium powder was fed directly into the area of laser beam impact at an angle of 45°
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to the substrate surface. The powder nozzle shape and size were adapted to laser beam
focus shape and size in order to ensure uniform powder injection. Nitrogen was used as
powder transporting gas with the flow rate of 3 L/min and as a shielding gas with the flow
rate of 15 L/min. For the research, single laser-alloyed beads were produced. The process
parameters included laser beam power of 1500, 1750 and 2000 W; powder feed rate of 4,
5.33, 6.67 and 8 mg/mm; and process speed of 0.075 m/min (Table 3). The laser surface
alloying process was carried out without preheating the substrate.

-~ v

Figure 1. The ductile cast iron EN-GJS-350-22 microstructure (optical microscope).

Table 2. Technical specifications of the Rofin Sinar DL020 HPDDL.

Wavelength of the Laser Radiation, nm 808-940 £ 5
Range of Laser Power, W 100-2000
Focal Length, mm 82
Laser Beam Spot Size, mm 15 x 6.6
Range of Laser Power Intensity, W/mm? 10.1-202.0

Table 3. The laser surface alloying process parameters.

Designation Laser Beam Power, W Traverse Speed, m/min Powder Feed Rate *, mg/mm
Ti-N1 1500 0.075 4
Ti-N2 1500 0.075 5.33
Ti-N3 1500 0.075 6.67
Ti-N4 1500 0.075 8
Ti-N5 1750 0.075 4
Ti-N6 1750 0.075 5.33
Ti-N7 1750 0.075 6.67
Ti-N8 1750 0.075 8
Ti-N9 2000 0.075 4
Ti-N10 2000 0.075 5.33
Ti-N11 2000 0.075 6.67
Ti-N12 2000 0.075 8

* Powder feed rate is given as the powder weight (in mg) per 1 mm of bead.

The macroscopic analysis included macrostructure observations, measurements of
bead cross-section geometrical parameters (width, depth and area) and uniformity analysis.
The macrostructure observations of processed surface layers were carried out using an
Olympus SZX9 optical stereoscopic microscope (Olympus, Tokyo, Japan). The geometrical
parameters of the bead cross-sections (width, depth and area) were measured using macro-
graphs in AutoCAD 2018 software (version 22.0). In order to determine the uniformity of
the distribution of in situ formed precipitates, observation on a Phenom-World PRO scan-
ning electron microscope (SEM, Thermo Fisher Scientific, Waltham, MA, USA) was carried
out on the bead cross-sections on nonetched specimens in four areas near the surface and
four areas near the fusion line. The average TiCN precipitate fractions were measured in
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those areas using Image-Pro Plus software (version 4.5.0.29), and surface energy-dispersive
spectroscopy (EDS) analysis was conducted to determine the average titanium content.
The laser-alloyed surface layers with over 30% relative standard deviations of the TICN
precipitate fraction and titanium content results, together with the surface layers in which
the TiCN precipitate aggregates were observed, were discarded from further research
as nonuniform.

The microscopic analysis included microstructure observations on a scanning electron
microscope and a transmission electron microscope (TEM) together with EDS analysis
and X-ray diffraction (XRD) analysis. The microstructure observations and EDS analysis
were carried out using Phenom-World PRO scanning electron microscope and FEI TITAN
80/300 transmission electron microscope (Scientific and Technical Instruments, Hillsboro,
OR, USA). The thin foil for TEM observations was prepared using Xe-PFIB technology.
The XRD analysis on previously ground laser-alloyed surface layers was carried out on a
PANalytical X'Pert PRO MPD diffractometer (Malvern Panalitycal, Malvern, UK) equipped
with PIXcel3D 1 x 1 detector using filtered radiation from the lamp with cobalt anode. The
fraction of the cementite in the structure was measured using Image-Pro Plus software
(version 4.5.0.29).

The Vickers hardness was measured for each surface layer in cross-section with a load
of 200 g and dwell time of 10 s using a Wilson Wolpert 401 MVD tester (Wilson Instruments,
Instron Company, Norwood, MA, USA). The hardness measurements were conducted in
three measuring lines from the surface to base material with 0.1 mm step (Figure 2).

heat-z;ffected zone fusic}n zone

y

Figure 2. The Vickers hardness measurement point distribution on the cross-sections of laser-
alloyed beads.

The solid particle erosion tests of homogeneous laser-alloyed surface layers and the
base material surface were conducted on a test stand that met the requirements of the
ASTM G76-04 standard [30]. The erodent material used for the test was angular 50 pm
Aly)Os in a stream of dry compressed air. The erodent velocity was 70 m/s, and the feed
rate was 2 g/min. The erodent was injected for 10 min on the tested material surface
using a nozzle with a diameter of 1.5 mm and length of 50 mm. The distance between the
nozzle and material surface was 10 mm. The solid particle erosion tests were carried out for
impingement angles of 30° and 90° (for each angle and material, three tests were carried
out). As a result of solid particle erosion tests, the mass loss was obtained using a laboratory
scale with 0.001 g accuracy. The tested surface layers and base material densities were
determined using the Archimedes method. As test results, the erosion rate and erosion
value were counted in accordance with the ASTM G76-04 standard. In order to determine
the erosive wear mechanism, SEM microscopic observations of the crater surfaces were
carried out.

3. Results
3.1. The Macroscopic Analysis

The macrostructure of the cross-section of the representative laser-alloyed surface
layer is presented in Figure 3. The shape of the fusion zones of laser-alloyed surface layers
is hemispherical, which results from the fact that the main mechanism of the fluid flow
during the laser alloying process is the surface tension gradient (Marangoni convection).
The fusion shape indicates that the highest surface tension was in the central area of the
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molten pool. The results of bead depth, width and cross-section area measurements are
presented in Table 4. On the basis of these results, it was found that with the constant laser
beam power, the increased titanium powder feed rate had a negligible effect on the beads’
width, depth and cross-section area. The increase in the laser beam power with a constant
process speed and powder feed rate resulted in a slight increase in bead width, depth and
cross-section area, due to higher heat input.

Figure 3. The macrostructure of the representative laser-alloyed surface layer.

Table 4. The laser-alloyed beads’ depth, width and cross-section area measurements results (designa-
tion in accordance with Table 3).

Designation Bead Width, Bead Depth, Bead Cross-Section Area,
(According to Table 3) mm mm mm?
Ti-N1 6.3 +£0.12 1.4+ 0.11 6.4 +0.12
Ti-N2 6.3 +0.1 1.4 +£0.08 6.7 +0.18
Ti-N3 6.4+ 0.16 1.5 +0.07 6.1 £0.22
Ti-N4 5.8 +0.13 1.1 £0.05 4.6 +0.15
Ti-N5 6.4 +0.11 1.4 £0.07 6.9 +0.25
Ti-N6 6.4+0.2 1.5+0.1 7.0+0.23
Ti-N7 6.4 +0.1 1.7+ 0.1 75+0.16
Ti-N8 6.1 +0.13 1.3 £0.08 5.9+ 0.18
Ti-N9 6.6 + 0.19 1.4 +£0.07 82+0.13
Ti-N10 6.6 £0.12 1.6 +0.1 74+0.2
Ti-N11 6.8 +0.15 1.9 +£0.12 8.9+ 0.19
Ti-N12 6.5+0.1 14 +0.1 8.0+0.21

As a result of the laser alloying process, titanium powder introduced into the liquid
metal resulted in the formation of an in situ composite structure. Based on the relative
standard deviations of titanium content and TiCN precipitate fraction, out of all produced
laser-alloyed surface layers, three were qualified as homogeneous: Ti-N6, Ti-N9 and Ti-N10
(designations according to Table 3). The average titanium content from EDS (SEM) and av-
erage TiCN precipitate fraction of homogeneous laser-alloyed surface layers are presented
in Table 5. The applied laser alloying process parameters allowed for the production of
surface layers with the maximum average titanium content of 5.82 wt.% and the maximum
average TiCN precipitate fraction of 10.12 vol.%. With the increase in titanium content, the
average TiCN precipitate fraction increased, which is due to the fact that in the analyzed
thermodynamic system, the TiCN precipitates are formed first (the Gibbs free energy is
the lowest) [31]. The EDS line-scan analysis (Figure 4) carried out on the cross-section
of the beads also showed that the process caused the homogeneous introduction of both
titanium and nitrogen throughout the depth of the beads, by the fluid flow caused by
Marangoni convection.
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Table 5. The average titanium contents and Fe3C and TiCN precipitate fractions of homogeneous
laser-alloyed surface layers.

Designation Average Titanium Content, Average TiCN Precipitate Fraction, Average Fe3C Fraction,
(According to Table 3) wt.% vol.% vol.%
Ti-N6 3.62 + 0.88 6.47 +£1.71 33.4+2.25
Ti-N9 3.15+1.26 475+ 1.57 344 +576
Ti-N10 582+ 1.35 10.12 £2.23 27.1+3.93
80
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240
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Figure 4. The titanium and nitrogen profile on the cross-section of a representative homogeneous
laser-alloyed surface layer, from SEM/EDS line-scan analysis. Profile was taken in the center of the
bead from surface to fusion line.

3.2. The Microscopic Analysis

The microstructures of the homogeneous laser-alloyed surface layers are presented in
Figure 5. As a result of proceeded surface treatment, an in situ composite structure was
formed in the surface layer. By heating the DCI surface with a laser beam, a thin surface
layer was melted and the graphite precipitates dissolved in the liquid metal, causing the
enrichment of the liquid metal with carbon. The additional enrichment of the molten pool
with titanium powder and nitrogen during the laser alloying process caused the in situ
formation of TiCN precipitates. Then, the TiCN precipitates were the crystal nucleus for
primary austenite dendrites, and finally, the ledeburite was formed in the interdendritic
spaces. The EDS mapping results (Figure 6) of the cross-section of the laser-alloyed surface
layer indicate that the in situ formed precipitates are rich in carbon, titanium and nitrogen.
Depending on the process parameters and titanium content, the morphology of the primary
TiCN precipitates changes. In the case of surface layers with lower titanium content
(3.15 wt.% and 3.62 wt.%), the morphology of TiCN precipitates is cubic, and with the
increase in the titanium content to 5.82 the morphology changed to dendritic. The TEM
EDS line-scan (Figure 7) proved that the precipitates are composed of carbon, titanium and
nitrogen, and their chemical composition does not vary in the particle volume.

The fine-grained matrix is composed of primary austenite dendrites, partly after
martensitic transformation, and ledeburite (with austenite partially transformed into
martensite) in the interdendritic spaces. The matrix structure is a characteristic struc-
ture formed in the conditions of nonequilibrium cooling of liquid ductile cast iron, which
was also obtained in the laser surface melting process [15]. The XRD analysis (Figure 8)
confirmed the retained austenite occurrence in the surface layer structure. The cementite
fraction (Table 5) decreased with the increase in titanium content and TiCN precipitate
fraction, because during crystallization of the liquid metal pool, first the TiCN precipi-
tates are formed, which is consistent with the results of thermodynamic calculations of
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Ti-N6

the Fe-Ti-C-N system [31]. The high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADE-STEM) observations (Figure 9) showed that the matrix of in
situ composite laser-alloyed surface layer is composed of martensite laths and cementite.
Additionally, the presence of nanometric plate-like secondary cementite precipitates was
observed. The presence of such precipitates was also confirmed in the matrix structure of
in situ composite surface layers of laser-alloyed ductile iron with titanium powder in an
argon shield [32].

Ti-N9 Ti-N10
\ NP

Figure 5. The microstructure of homogeneous laser-alloyed surface layers (designation according to
Table 3).

Figure 6. The EDS mapping of the composition of the representative laser-alloyed surface layer.
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Figure 8. The XRD results of the representative homogeneous laser-alloyed surface layer.
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Figure 9. The microstructure of the matrix of in situ composite laser-alloyed surface layer, HAADEF-
STEM. (a) is the matrix microstructure; (b) is the detailed view of the microstructure and the
secondary Fe3C.

3.3. The Hardness Tests

The Vickers hardness results are presented in Table 6 and Figure 10. The average hard-
ness of homogeneous laser-alloyed surface layers depending on the process parameters, in
comparison to the average base material hardness (235.9 HV0.2), increased by 166%—195%.
With the increase in titanium content and TiCN precipitate fraction, the average hardness
of the surface layers decreased, which is related to the decreased cementite fraction in
the structure. The hardness depth profiles show that in the homogeneous laser-alloyed
surface layers, hardness measurements are uniform along the entire depth of the fusion
zone, and the hardness then decreases in the heat-affected zone and base material. The
standard deviations of average hardness in each position in the heat-affected zone and
base material are higher than those in the fusion zone due to the presence of low-hardness
graphite precipitates.

Table 6. The average Vickers hardness results of homogeneous laser-alloyed surface layers.

Designation Average Hardness,
(According to Table 3) HV0.2
Ti-N6 663.2 + 54.1
Ti-N9 695.7 +30.5
Ti-N10 626.9 £ 40.8
900
800
700
(o]
S 600
»
= 500
E 400
2 300

200

100

0
0.0 0.5 1.0 1.5 2.0 25 3.0

Distance from the surface to fusion line, mm

—+—Ti-N6 ——Ti-N9 —<Ti-NI0

Figure 10. The Vickers hardness depth profiles of homogeneous laser-alloyed surface layers.
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3.4. The Solid Particle Erosion Tests

The solid particle erosion test results are presented in Table 7. The laser alloying
process of ductile cast iron surface with titanium powder in nitrogen shielding had a
positive influence on increasing the erosion resistance of base material. In comparison
to the DCI surface, the laser alloying process resulted in a decrease in the erosion value
by a maximum of 33.4% for the impingement angle of 30° and by a maximum of 22.9%
for the angle of 90°. The average erosion rates and values received for the impingement
angle of 30° for each tested surface layer and base material are higher than those received
for the impingement angle of 90°, which is characteristic of plastic materials [33]. For
both tested impingement angles, out of the tested laser-alloyed surface layers, the highest
erosion value was noted for the Ti-N9 surface layer (designation according to Table 3),
which has the lowest Ti content and TiCN fraction. Together with the titanium content
increase and average hardness decrease, the erosion value for both impingement angles
slightly decreased.

Table 7. The solid particle erosion test results.

The Average Erosion Rate ¥, The Average Erosion Value **,
Density, mg/min mm3/g
Designation (According to Table 3) glem® Impingement Angle, °
30 90 30 90
Ti-N6 7.3 0.6 +0.05 0.39 £+ 0.03 0.0411 £0.0031  0.0265 £ 0.0022
Ti-N9 7.3 0.55 £ 0.04 0.43 £ 0.04 0.0468 +0.0035  0.0368 + 0.0037
Ti-N10 7.2 0.6 = 0.03 0.38 £ 0.04 0.0414 +0.0021  0.0262 + 0.0028
EN-GJS-350-22 7.1 0.88 £ 0.01 0.48 £+ 0.05 0.0617 £0.0004  0.034 £ 0.0032

* erosion rate = mass loss (mg)/test time (min), ** erosion value = volume loss (mm?)/total mass of erodent (g).

The SEM micrographs of crater surfaces after solid particle erosion tests are presented
in Figure 11. The crater observations allowed the erosion mechanism of the tested surface
layers and the base material to be specified. In the case of the reference DCI surface
(Figure 11a,b), the plastic deformation (scars, grooves and craters) of the structure occurred
during erosion under both investigated impingement angles, which allowed stating that
the erosion mechanism was ductile. On the micrographs, the graphite precipitates can
be observed. Additionally, the embedded erodent particles were observed on the crater
surfaces. On the crater surfaces of laser-alloyed surface layers, the plastic deformation
was also observed in the matrix material, but in this case, no embedded erodent particles
were observed. The in situ formed high-hardness precipitates in the structure under the
erosion conditions showed the brittle mechanism (cracks can be observed). In addition,
voids were also observed in the crater surfaces, from which the TiCN precipitates were torn
out during erosion. The erosion mechanism for the laser-alloyed composite surface layers
is then different for the matrix and reinforcement material.
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Figure 11. The SEM micrographs of craters surface after erosion test: (a) EN-GJS-350-22, impingement
angle 30°; (b) EN-GJS-350-22, impingement angle 90°; (c) the representative laser-alloyed surface layer,

impingement angle 30°; (d) the representative laser-alloyed surface layer, impingement angle 90°.

4. Conclusions

Based on the analysis of the achieved test results, the following conclusions have

been reached:

1.

The laser alloying process of the EN-GJS-350-22 ductile cast iron surface with titanium
in nitrogen shielding allows for the formation of homogeneous in situ composite
surface layers reinforced by TiCN precipitates.

During the laser alloying process of the DCI surface, the graphite dissolved in the
molten pool, causing carbon enrichment. The addition of titanium and nitrogen in
the process resulted in the metallurgical reaction of TiICN particle formation occurring
uniformly in the molten pool. The applied process parameters allowed the production
of homogeneous surface layers with a TiCN precipitate fraction of 4.75 + 10.12 vol.%.
Depending on the titanium content, the in situ formed TiCN precipitates show cubic
or dendritic morphology. The chemical composition of TiCN precipitates is uniform in
their depth.

The matrix microstructure of laser-alloyed surface layers is composed of primary
austenite dendrites partially after martensitic transformation, the mixture of austenite
(partially after martensitic transformation) and cementite in the interdendritic spaces
and the nanometric secondary plate-like cementite precipitates. The eutectic cementite
fraction in surface layers decreases with the increase in titanium content, due to the
order of phase crystallization during cooling.

The laser alloying process of ductile cast iron surface resulted in an increase in the
average hardness of the base material used by up to 195%. The average hardness
decreased with the increase in titanium content, due to the decrease in cementite in
the structure.

The solid particle erosion test results showed that the applied laser alloying process
has a positive effect on the erosion resistance of base material, which increased by
up to 33.4% and 22.9% for the impingement angles of 30° and 90°, respectively. The
titanium content increase in the surface layer affects the increased erosion resistance
of surface layers. The erosion mechanism of the base material is ductile, while in the
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case of in situ composite surface layers, the matrix was plastically deformed and the
TiCN precipitates showed brittle failure.

Future research will be focused on the elevation of titanium concentration in the melt

by affecting the intensity of the fluid flow in the molten pool.
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