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Abstract

In the realm of surface modification, repair, and reinforcement of components exposed to challenging operational
conditions, such as tillage tools, laser cladding stands out as an innovative manufacturing technique. Employing this
additive manufacturing approach, a functionally graded material with outstanding strength and properties is incorpo-
rated to enhance the desired attributes of the base material. This comparative investigation scrutinized and assessed the
microstructural characteristics, hardness, wear resistance, and corrosion behavior of high carbon ferrochrome FeCrV15
coatings fabricated at two distinct powder feed rates, namely 5 and 6 g/min, respectively. The analysis delved into how
the resultant coatings’ molten bead deposition, microstructural evolution, hardness, wear resistance, and corrosion resist-
ance were influenced by the powder feed rate. Evaluation of hardness was conducted using a Vickers microhardness
testing apparatus, while phase identification was accomplished utilizing an X-ray diffractometer. The morphologies of the
microstructures were scrutinized employing optical microscopy and scanning electron microscopy coupled with energy
dispersive spectroscopy (SEM/EDS). Furthermore, the corrosion response of the deposits in a soil-water environment was
probed utilizing an Autolab potentiostat. A comprehensive assessment of the coatings’sliding wear performance was
undertaken using an Anton Paar Tribometer. The findings of the study reveal that an escalation in the powder feed rate
engenders heightened grain refinement within the microstructure, yielding a defect-free sample and augmenting the
wear performance (with a wear rate of 2.42x 107 mm*N/m for sample B, surpassing 2.39x 10~> mm?3/N/m for sample A
and outstripping 1.72 x 1073 mm3/N/m for the steel substrate). Additionally, the corrosion resistance is enhanced (with a
corrosion rate of 0.0032 mm/yr for sample B, surpassing 0.0036 mm/yr for sample A, which, in turn, exceeds 0.1168 mm/
yr for the steel substrate) in the case of sample B.

Article Highlights

e High-carbon FeCrV15 coatings were laser-deposited onto steel baseplates using a 3 kW CW IPG Fiber laser system,
with two powder feed rates tested.

e Theimpact of varied powder feed rates on microstructure, mechanical, and electrochemical properties was examined
and compared.
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¢ A feed rate of 6 g/min resulted in better wear and corrosion resistance by promoting intermittent M,C; precipitate
formation and microstructure enhancement.

Keywords Microstructural modification - Laser additive manufacturing - Hard coating - In-situ VC-Cr;C,-Cr,C; - Powder
feed rate - Sliding wear - Corrosion - Tillage tool

1 Introduction

High carbon ferrochrome alloy is in the group of high Cr typecast irons amalgam described by the ASTM A532 as an
amalgam belonging to the ternary system of Fe-Cr-C with roughly 15-30 wt% Cr, 2.4-4 wt% C with some other elements
in minor quantity [1-4]. Some high carbon ferrochrome alloys contain other hard elements in high quantity, such as
vanadium (roughly 15 wt%); such have a quaternary system of Fe-Cr-V-C. This has been used to produce in-situ vanadium-
chromium-iron carbides overlay on steel baseplates for mining and tillage applications [5, 6]. The combination of hard
carbides incongruent with the relatively mild matrix around it, with averagely low cost and abundant availability [7-9],
makes FeCrV15 alloy an attractive tool-making material in these industries. According to Nayak et al. [1], increasing the
chromium content of an iron-base alloy alters the nature and type of carbides formed in the eutectic matrix to an M,C;,
a discontinuous type, from a continuous M;C carbide [10, 11]. The authors stressed that the continuous M,C is associated
with inherent brittleness, making it less preferred for abrasion resistance [12]. However, the percentage precipitation,
orientation, and grain refinement of the carbides in the microstructure [6] and the closer collaboration of the carbide
and the matrix surrounding it determines the overall wear and corrosion resistance [13-15]. Despite the precipitated
carbides’indispensable involvement in generally enhancing the wear opposition of iron-base alloys, the degree of struc-
tural support provided by the matrix structure is pivotal for wear opposition [16, 171.

Extensive experimentation by researchers has yielded promising results in their quest to improve the durability of
equipment regularly subjected to harsh conditions. By combining chromium carbide with vanadium carbide, wear and
corrosion resistance in iron-based coatings has been significantly enhanced [18]. The introduction of this structural sup-
port has led to a reduced wear rate, effectively extending the lifespan of tools exposed to abrasive and impact-based
environments. The primary VCs, eutectic VCs, and Cr-rich eutectic carbides continue to provide effective protection
against grinding media [5, 19, 20]. They contribute to improving grain refinement, which results in high toughness and
improved wear resistance [6]. One method for depositing these carbides on the surfaces of the tools is laser additive
manufacturing technology (laser cladding).

The benefits of laser cladding encompass minimal stress distortion and a narrow heat-affected zone (HAZ), along
with shallow and limited dilution ratios, fostering an improved metallurgical bond between the coating and substrate.
By enabling precise monitoring and regulation of both the HAZ and power input onto the material, this technique
enhances material strength through controlled crystallization rates—an essential factor determining microstructural and
mechanical properties [21]. Given that conventional high-temperature welding methods, which are harsh on materials,
are presently employed for tool refurbishment and repair, laser cladding holds a competitive advantage over alternatives
such as gas metal arc welding (GMAW), submerged arc welding (SAW), and similar techniques.

Aramide et al. [5] explored the influence of chromium-vanadium carbide on the microstructural development and
hardness of laser-deposited coatings on steel baseplates. They examined the effects of varying laser beam power and
scanning speed (with a constant powder flow rate) on the evolution of coating microstructure, observing significant
improvements in both hardness and microstructural features. In another study, Aramide et al. [6] investigated the impact
of additional chromium content on the mechanical behavior of FeCrV15 laser coatings. They noted reduced carbide
precipitation, increased coarse grain formation in the microstructure, decreased hardness, and higher corrosion rates
in FeCrV15+ Cr coatings compared to FeCrV15 coatings lacking additional chromium. Akinlabi and Akinlabi [22] studied
the influence of powder feed rate variation on metal deposits produced by a TiC laser on a Ti6Al4V substrate. They found
that increasing the powder feed rate led to increased defects, improved hardness, and reduced grain size. This study
investigates how different powder feed rates impact various aspects of laser-deposited coatings made from high-carbon
ferrochrome FeCrV15. While past research has focused on factors like laser power and scanning speed [23, 24], this study
uniquely emphasizes the importance of the powder feed rate on microstructure formation, mechanical behavior, and
electrochemical performance of composite coatings, making a significant contribution to the field.
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2 Materials and methods

High carbon ferrochrome FeCrV15 coatings, produced via laser deposition with a powder distribution of — 150+ 50 um,
were applied onto steel baseplates using a 3 kW Continuous Wave (CW) IPG Fiber laser system, along with a DPSF-21
type coaxial powder feeder. Argon gas, utilized as both shielding and carrying gas, flowed at rates of 15 L/min and 2 L/
min, respectively, within the powder feeder. The deposition process involved the creation of five coating tracks with 50%
overlaps, resulting in three coating layers. This experimental procedure was repeated three times for reliability. The SEM
micrograph depicting the powder is presented in Figs. 1, 2 presents CW IPG Fiber laser system, while Table 1 provides
the weight composition of the powder and baseplate. Additionally, Table 2 outlines the manufacturing parameters of
the samples along with their definitions.

The samples underwent meticulous preparation, involving grinding and polishing using silicon carbide paper of vari-
ous coarseness levels, namely 80, 380, 1200, and 1400 grit sandpapers, to achieve a smooth surface before microstructural
examination. Subsequently, the test surfaces underwent further polishing to achieve a reflective finish. Etching of the
finished samples’surfaces was performed using a modified version of Fry’s Reagent composed of 150 ml H,0, 50 ml HCI,
25 ml HNO;, and 1 g CuCl,. Microstructural analysis was conducted utilizing an optical polarizing microscope (OPM) and

Fig. 1 The micrograph of high
carbon ferrochrome powder
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Fig.2 The IPG fiber laser setup (a), powder dispenser (b), and the illustrative diagram showcasing the laser head (c).

Table 1 The elemental weight

. Elements C Mo Mn (0} Cr Si Vv Al Fe
configuration of the powder
and the base plate FeCrv1s 45 13 1.1 - 14.0 1.1 15.4 - Balance
Baseplate 2.54 - 1.32 - - 0.12 - 0.17 Balance
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Table2 The samples, Samples Laser Beam power Scanning speed Powder used Powder feed

depositing powders and their (W) (mm/s) rate (g/min)
manufacturing parameters
1200 8 FeCrV15 5
B 1200 8 FeCrV15

a scanning electron microscope equipped with energy-dispersive spectroscopy (SEM/EDS). Additionally, X-ray diffrac-
tion analysis was performed using an X-ray diffractometer with Cu radiation and a parallel beam of 2 mm diameter. The
hardness profile of the coatings was assessed using a fully automated FM-ARS900 Vickers testing equipment (Future-
Tech Corp., Kanagawa, Japan), applying a load of 300 g dispersed over 200 um from the top of the coating to the center
of the substrates.

The wear experiment was conducted using an Anton Paar Tribometer, with the objective of determining wear rates and
friction coefficients (COF). A silicon nitride ball with a radius of 1.5 mm was employed for this purpose. The experimental
parameters included a 10 N load, a speed of 200 rpm, and a duration of 15 min. Wear rate evaluation was performed
using a profilometer to profile the wear track.

For the electrochemical polarization study, an automated Autolab Potentiostat (PGSTAT302) was utilized. The experi-
ment was carried out in a three-electrode cell configuration, where the samples served as working electrodes with an
exposed surface area of 100 mm? The reference electrode employed was AgCl/Ag, while a platinum electrode functioned
as the counter electrode. Upon attaining system stability, the open-circuit potential was measured, followed by polari-
zation tests to maintain a consistent potential at a scan rate of 1 mV/s. This methodology was implemented using a soil
water solution derived from typical agricultural soil and conducted under ambient temperature conditions.

3 Experimental results and analysis

The SEM images depicting samples A and B are showcased in Fig. 3. In these images, dark precipitates have been dis-
cerned and designated as vanadium carbides (VCs) (position 1), while the grey or whitish lamellar phase corresponds to
the amalgamation of iron, eutectic VCs, and Cr-rich carbides (position 2). Additionally, the dark grey region represents
the martensite and austenite phase (position 3) [5, 20].

In sample A, the precipitation of vanadium carbides (VCs) exhibited star-like formations characterized by larger grains
and lower percentage concentrations compared to sample B. Conversely, sample B demonstrated enhanced grain refine-
ment and higher percentage concentrations of the precipitated carbides, as illustrated in Fig. 3. The comprehensive
elemental compositions of both samples are detailed in Table 3, as per the overall Energy Dispersive Spectroscopy (EDS)
analysis results. Furthermore, X-ray Diffraction (XRD) diffractometric analysis results, depicted in Fig. 4, substantiate the
in-situ formation of carbides within the deposited coatings, as previously mentioned.

3.1 The effect of the powder feed rate on the melt bead features

Samples A and B denote the coatings fabricated from FeCrV15 powder, utilizing identical laser-beam power and scanning
speed parameters but employing distinct powder feed rates (PFR) of 5 g/min and 6 g/min, respectively, as delineated in
Table 2. The experimental findings reveal the presence of defects and pores in sample A, accompanied by a notably high
heat-affected zone and a prominent dilution ratio, as illustrated in Fig. 5A. In contrast, sample B exhibits a defect-free
surface with minimal dilution and a reduced heat-affected zone, as depicted in Fig. 5B. The graphical representation of
the dilution ratio is presented in Fig. 5C, where the dilution ratio for sample A approximates 18%, whereas for sample B,
it stands at approximately 0% [5, 20]

A
Dilution Rate [%] = ——t— 100
A+ A,

@ Discover



Discover Applied Sciences (2024) 6:247 | https://doi.org/10.1007/542452-024-05935-w Research

Fig.3 SEMimage showing
the microstructure A sample
A, Bsample B

3 VAN < | s s o
@Vanadium Carbides @ Fe, eutectic VCs & Cr-rich carbides @ Martensite & Austenite

Table 3 The overall EDS

Samples\Ele- CK OK SiK VK CrK Fe K Mn K Mo K
measurement of both samples ment
in wt%
A 11.16 0.00 0.96 14.28 10.55 61.07 0.84 1.14
B 6.31 0.00 1.02 19.08 15.10 56.30 1.31 0.11
Fig. 4 XRD Plot of the coat- ——Sampe Al 4\/C oCr,C, 1Cr,C, aMn;SIC VFe
Ings —— Sample B

Relative Intensity

60 80 90
2 Theta (0)

3.2 The effect of the powder feed rate on the microstructures of the clad

In Sample A, the reduction in Powder Feed Rate (PFR) resulted in a diminished concentration of elements from the
powder, accompanied by an increased specific heat input per unit mass of the molten pool (comprising both powder
and substrate). Consequently, this discrepancy led to a higher dilution ratio in comparison to Sample B (as illustrated in
Fig. 5A). The relatively elevated specific heat input per unit mass of the powdered constituents in Sample A facilitated
the formation of star-like aggregations and the precipitation of Vanadium Carbides (VCs) with increasing depth into the
clads (as depicted in Figs. 3A, 6A, 7A, B, Q).
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Fig.5 Effect of powder

flow rate on the melt bead
features, sample A developed
with 5 g/min PFR has pores
and defects (A), sample B
developed with 6 g/min PFR
exhibits a defect free surface
(B), and a representation of
dilution ratio (C)

Substrate

500 ym

Sample B

A
Dilution Rate [%] = 77~ * 100

Conversely, in Sample B, the higher PFR resulted in a lower specific heat input per unit mass of the molten pool of
powdered constituents, thereby preserving the spherical morphology of VCs throughout the microstructure (as shown in
Figs. 3B, 6B, 7D-F). Within Sample A, carbide precipitates underwent partial or complete melting within the microstruc-
ture due to the elevated specific heat input, consequently diminishing their resistance to abrasive wear. This phenomenon
also elucidates the observed morphologies assumed by the precipitated carbides.

In contrast, carbide precipitates in Sample B remained unmelted, a characteristic believed to contribute to its reinforce-
ment and enhancement of hardness, thereby augmenting its resistance against abrasive wear.

Furthermore, a meticulous analysis of the micrographs depicted in Fig. 7 reveals discernible alterations in the phase
distribution as one progresses deeper into the clad, utilizing the substrate as the point of reference [5, 19]. The precipi-
tation of eutectic carbides, incorporating vanadium carbides (VCs), iron, and chromium-rich phases, was discerned as
whitish-grey regions enveloped by dark martensitic phases distributed across the micrograph. The agglomeration and
genesis of primary VCs were noted to commence, exhibiting an average diameter of 0.69 um, enclosed by dark martensitic
phases roughly 500 um distant from the substrate (refer to Fig. 7A) [5]. The molten vanadium carbides (VCs) exhibited
further aggregation, resulting in the formation of star-shaped configurations of primary VCs, measuring approximately
2.55 pm in diameter, located at a depth of approximately 900 um into the cladding for sample A. Moreover, a comparable
trend of augmented carbide grain size with distance into the cladding was noted in sample B (refer to Fig. 7D-F).

Fig.6 Sample A’s star-

like microstructural pre- 5
cipitation (A), and sample

B’s rounded precipitates of Primary VC
primary VCs (B) [25]
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Fig.7 The OPM images of the
samples at different depth
into the clads, (A, B, and C) for
sample A, (D, E and F) for
sample B
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3.3 The microhardness of the coatings

The hardness and mechanical characteristics of the developed coatings are influenced by several factors, including the
percentage concentration of precipitated carbide phases [26, 27], the arrangement or refinement of grain and its bounda-
ries [28], and the synergistic interaction between the carbide and the surrounding matrix in the microstructure [13-17].
Hardness measurements were conducted both longitudinally and transversely across the samples, at intervals of 200 pm,
using a load of 300 g and a dwell time of 10 s. The average hardness observed for samples A and B was 835 HV 0.3 and
1000 HV 0.3, respectively, while the substrate had 170 HV 0.3. As mentioned earlier, the hardness profiles of the coatings
were also taken; Fig. 8 represents the hardness profiles of both samples. The higher microhardness values of coatings
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Fig. 8 The hardness profile of the samples

Table 4 Wear rate for control

. Samples Material Wear rate (mm3/N/m)
and the coatings
Control EN48 Steel 1.72x1073
A FeCrv15-5 239x107°
B FeCrV15-6 242x107°

compared to the substrate could be explained by the precipitation of hard VC-Cr;C, in sample A and VC-Cr;C,-Cr,C; in
sample B; the XRD results confirm this. Increasing the powder feed rate increases the volume of vanadium, chromium,
carbon, etc., in the microstructure of sample B, which explains the additional precipitation of the discontinuous M,C;
and better grain refinement in this coating than in sample A.

Produced using a lower PFR, Sample A displayed hardness profiles affected by melted carbide precipitates within its
microstructure. The star-like configurations of vanadium carbides (VCs) in Sample A, featuring larger grains and lower
percentage concentrations than those in Sample B, resulted in diverse hardness profiles throughout the coating thickness.
However, Sample B, produced with a higher PFR, displayed hardness profiles characterized by intact/unmelted carbide
precipitates throughout the microstructure. The enhanced grain refinement and higher percentage concentrations of
precipitated carbides in Sample B resulted in more uniform and higher hardness profiles across the coating thickness
compared to Sample A.

3.4 The wear characteristic of the coatings

The sliding wear test conducted on the substrate and the samples at ambient temperature is presented in Table 4,
along with Figs. 9 and 10. Notably, Sample B exhibits superior wear resistance compared to Sample A, as evidenced by
its notably higher wear resistance and lower wear rate. Specifically, Sample B demonstrates a wear resistance approxi-
mately tenfold greater than that of Sample A. Moreover, both coatings display significantly enhanced wear resistance
compared to the substrate [29], as illustrated in Fig. 9 and detailed in Table 4. The disparities in the coefficient of friction
(COF) over time, depicted in Fig. 10, elucidate the observed differences in wear resistance between the samples. Sample
B manifests a relatively consistent COF curve, commencing at approximately 0.41, maintaining a steady trajectory, and
concluding at a similar value. Conversely, Sample A exhibits a fluctuating COF curve, starting with a substantially higher
COF of ~0.48 and following an irregular pattern before reaching ~0.39. This notable initial COF value [30, 31], coupled
with its erratic behavior, elucidates the lower wear resistance observed in Sample A.

Moreover, the mechanical properties of Sample A were possibly compromised due to the varying hardness profiles
stemming from the presence of melted carbide precipitates. The partial or complete melting of these carbide precipitates
reduced their ability to resist abrasive wear, consequently impacting the coating’s overall durability and performance.
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In contrast, Sample B showcased enhanced mechanical properties relative to Sample A, attributed to intact carbide
precipitates and more uniform hardness profiles. The retention of carbide precipitates, along with improved grain refine-
ment, played a vital role in reinforcing the coating and augmenting its resistance to abrasive wear, ultimately bolstering
its durability and service life.

3.5 The electrochemical characterisation of the coatings

The polarization curve utilized to assess the corrosion performance of the coatings in a soil-water environment at room
temperature is depicted in Fig. 11.The anodic and cathodic polarization curves display uniform patterns throughout their
profiles and demonstrate asymmetry, as discernible from their forms. Adhering to Tafel’s behavior principles, the anodic
segment of the curves portrays the coating’s dissolution, while the cathodic segment illustrates hydrogen generation
via water molecule reduction. The augmentation of the powder feed rate yielded a heightened formation of carbides
within the coatings, consequently enhancing corrosion resistance by diminishing the corrosion current density (Icorr) and
elevating the corrosion potential (Ecorr). These observations underscore the inhibitory characteristics of the deposited
coatings, which establish a protective barrier, impeding corrosion mechanisms and thereby augmenting the coating’s
resistance to corrosion [32]. Upon inspection, it is evident that the curve for Sample B shifts marginally towards the anodic
region with Ecorr value of — 0.54698 and Icorr of 2.83E—07, whereas Sample A shifts towards the cathodic region of the
potential with Ecorr value of — 0.57776 and Icorr of 3.13E—07. This shift suggests that Sample B exhibits superior corrosion
resistance compared to Sample A. The corrosion parameters of the coatings are detailed in Table 5, where it is observed

@ Discover



Research Discover Applied Sciences (2024) 6:247 | https://doi.org/10.1007/s42452-024-05935-w

Fig. 11 The polarisation curve
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that the corrosion rate increases proportionally with the corrosion current density. Specifically, Sample A, fabricated with
a powder feed rate of 5 g/min, exhibits a higher corrosion rate of 0.0036 mm/year, whereas Sample B demonstrates a
lower rate of 0.0032 mm/year. The augmentation of the powder feed rate leads to the formation of discontinuous M,C;
carbides and enhances the grain refinement of the coating’s microstructure. Consequently, this fosters favorable condi-
tions for the development of a passive film, resulting in reduced corrosion rates observed in Sample B [33-35].

4 Conclusion

Laser-deposited high carbon ferrochrome FeCrV15 coatings were made on steel baseplates with two different powder
feed rates using a 3 kW Continuous Wave (CW) IPG Fibre laser system. The impact of the powder feed rate and the laser-
specific heat input on the microstructural formation, hardness, wear and corrosion performance of the coatings were
investigated, and the following outcomes were observed:

e Pores and defects were observed in the coating of a lower powder feed rate (sample A) with a high dilution ratio of
approximately 18% due to the higher specific heat input on both the powder and substrate. In contrast, sample B is
a defect-free coating with a dilution ratio of approximately 0%.

¢ The precipitation of in-situ VC-Cr;C, and a hardness value of 835 HV 0.3 was observed in sample A, while in sample B,
the formation of VC-Cr;C,-Cr,C; with a hardness value of 1000 HV 0.3 was recorded.

e The higher specific heat input on both individual powder elements and substrate resulted in the star-like formation
of carbides with bigger grains in sample A; however, sample B has considerably refined grains of carbides with round
moulded shapes.

¢ Optimal wear and corrosion resistance were observed at 6 g/min powder feed rate due to discontinuous M,C; pre-
cipitates and improved grain refinement.

e The variation in powder feed rate impacted the hardness profiles of the coatings, resulting in distinct mechanical prop-
erty variations between samples A and B. Sample B, characterized by preserved carbide precipitates and consistent

Table 5 Potentiodynamic

o Samples Powder feed rate Ecorr (V) leorr (A/cm?) Corrosion
polarisation tafel data (mm/s) rate (mm/
yn
A 5 —-0.57776 3.13E-07 0.003632
B 6 —0.54698 2.83E-07 0.003288
Control - -0.71087 1.00E-05 0.1168
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hardness profiles, exhibited enhanced mechanical characteristics in contrast to Sample A. In Sample A, where carbide
precipitates experienced partial or complete melting, the mechanical integrity and performance were compromised.
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