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Abstract 14 

 15 

In the laser cladding process, control of the process parameters and knowledge of the 16 

characteristics of the materials used are essential for obtaining depositions with excellent 17 

metallurgical union, satisfactory dilution values, absence of defects, and acceptable geometric 18 

characteristics. Without such precautions, depositions can exhibit low or excess dilution, low 19 

wettability, and the presence of pores, consequently reducing the performance of the materials. 20 

The aim of the present work was to evaluate the effects of the laser beam power, with maximum 21 

power of 4000 W and continuous wave mode, and scanning speed in laser cladding processes 22 

employing the AISI 316L austenitic stainless steel and the AISI 431 martensitic stainless steel, 23 

considering the geometric characteristics, dilution, and structural defects of the depositions. It 24 

was found that the laser power had a greater effect on the width and dilution of the depositions, 25 

while the scanning speed influenced the deposition height. The depositions of AISI 431 steel 26 

presented dilution values between 9 and 25%, using power settings between 1400 and 1600 W. 27 

The depositions of AISI 316L steel required higher power values between 1900 and 2600 W to 28 

achieve dilution values between 15 and 41%. The existence of pores and satisfactory hardness 29 

values were observed for both materials, with the average of microhardness of 522 HV0.5/15 and 30 

356 HV0.5/15 on the AISI 431 and AISI 316L depositions. It was also found that the different 31 

characteristics of the addition metals, considering their morphology, particle size distribution, 32 

and flow rate, led to significant changes in the geometric features of the depositions. 33 

 34 

Keywords: Laser cladding, dilution; geometric features; power; scanning speed; stainless 35 

steels. 36 
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1. INTRODUCTION 1 

In many industrial applications, equipment and components may be exposed to aggressive operational 2 
conditions, such as elevated temperatures and pressures, corrosive media, and high mechanical loads 3 
[1]. Given the very many industrial uses of such equipment and components, rigorous criteria are needed 4 
in the selection of materials that are durable under extreme conditions, in order to maintain reliability 5 
and safety during operation [1,2]. 6 
It is essential to develop materials suitable for highly demanding applications, although this can increase 7 
the operational costs. Carbon steels are among the most widely used materials, especially considering 8 
their low costs. However, these steels have limitations, notably when they are exposed to extreme 9 
temperature fluctuations and corrosive environments [3,4]. 10 
One way to reduce costs, while maintaining good mechanical properties of the material, is to apply a 11 
coating [4]. The deposition of a surface coating can improve the physicochemical and mechanical 12 
properties of the material, consequently increasing the useful life of the component. The coating, which 13 
should have more noble characteristics, acts as a barrier protecting the substrate against conditions that 14 
could cause its deterioration [4,5]. 15 
Many materials can be used as coatings, with stainless steels being suitable due to their superior 16 
mechanical and physicochemical properties, compared to carbon steels [4]. In particular, austenitic and 17 
martensitic stainless steels are used where high performance is required [4,6]. Austenitic stainless steels 18 
are mostly used in components and equipment that need to be resistant to corrosion and oxidation at 19 
high temperature, such as in the chemical and petrochemical industries [4,6–8]. Martensitic stainless 20 
steels are indicated for situations where high resistance to wear, cavitation, and erosion is required, so 21 
they are used for components such as propellers, valves, engine shafts, and steam turbines [9–14]. 22 
Laser cladding is a process involving fusion deposition of a thin layer of addition metal on the surface 23 
of a substrate, using a high power density laser beam as the heat source [12,15,16]. Advantages of the 24 
laser cladding process, compared to competing processes, is that it can be used to produce complex 25 
components, offering high processing speed, high precision, potential for automation, and good 26 
repeatability. Despite a low thermal input, the technique provides a high energy density, while the heat-27 
affected zone is small [6,7,15,17–19]. An important advantage of the process is the low dilution values 28 
that can be achieved. A dilution range of 10-20% for a single pass produces depositions with good 29 
metallurgical union, satisfactory mechanical properties, and acceptable corrosion resistance[9,19–21]. 30 
The characteristics of the depositions in laser welding processes are influenced by variables including 31 
wavelength, beam diameter, power density, laser scanning speed, electromagnetic transverse mode, 32 
physical properties of materials (such as reflectivity and thermal diffusion), the type and flow of 33 
shielding gas, and the plasma induced by the laser [18,22]. These factors influence the geometric, 34 
microstructural, mechanical, and physicochemical characteristics of depositions [4,7,10,17]. Although 35 
laser cladding is now widely used in industry, appropriate control of the various process variables is 36 
essential for the treatment of different materials. Furthermore, the different types of materials 37 
incorporated in production of the coatings require specific process conditions. Moradi et al.[13], Alvarez 38 
et al. [19] and Moradi et al. [10]  detailed the influencing of both the laser parameters and the proprieties 39 
of the addiction metal powder on the geometry of the final depositions. Therefore, it is important to 40 
define the operational window of the process, with the fusion with the substrate being controlled in order 41 
to ensure depositions with no defects and good metallurgical bonding between the substrate and the 42 
coating [2,15,19,20,23]. 43 
In the present study was produced beads of AISI 431 and AISI 316L on an ASTM A-36 carbon steel 44 
substrate, varying both the laser power and scanning speed. It was investigated the relations among 45 
geometric characteristics such as height, width, penetration, H/W ratio, dilution, and wettability angle, 46 
in order to understand the use of this technology in the processing of materials. Therefore, this 47 
manuscript contributes to the understanding and development of laser deposition processes suitable for 48 
achieving high quality laser cladding coatings of AISI 431 and AISI 316L stainless steels on carbon 49 
steel substrates, considering important properties such as dilution, wettability, and coating overlap, 50 
which are influenced by the laser beam power input and scanning speed, which is a key-point to produce 51 
coating. As we expected, the coating demands bead overlap, thus produce large width bead with 52 
appropriate reinforcement is essential to make possible the good properties coatings by laser cladding. 53 
 54 
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2. MATERIALS AND METHODS 1 

The addition metals used for the laser cladding depositions were a martensitic stainless steel (AISI 431) 2 
and an austenitic stainless steel (AISI 316L). The two powdered materials are shown in Figure 1. The 3 
AISI 431 steel was manufactured using water atomization, resulting in particle sizes between 69 and 4 
101 µm. The AISI 316L steel was manufactured using gas atomization, with particle sizes from 45 to 5 
106 µm. It can be seen from Figure 1 that the particles produced by atomization using water were more 6 
homogeneous than those atomized using gas, presenting spherical shapes with small satellite particles. 7 
The substrate employed was ASTM A-36 carbon steel, in the form of a plate with thickness of 6.35 mm. 8 
Table 1 shows the chemical compositions of the materials used in this work. 9 

 10 
Figure 1. Scanning electron micrographs of the AISI 341 (a) and AISI 316L (b) stainless steels. 11 

Table 1. Chemical compositions of the base metal and the powdered addition metals. 12 
Wt. Pct. (%) C Cr Mn Mo N Ni O P S Si Fe 

316L 0.01 16.24 1.09 2.42 0.05 12.37 0.04 0.04 0.01 0.50 Bal. 

431 0.17 16.5 0.1 - - 1.97 - 0.01 0.01 0.7 Bal. 

A-36 0.12 0.05 0.78 0.01 - 0.06 - 0.02 0.012 0.11 Bal. 

 13 
The samples were produced using a disk laser (TruDisk 6002, Thumpf Inc.) with maximum power of 14 
6000 W, beam quality of 8 mm-mrad, wavelength of 1030 nm, and fiber diameter of 200 µm. The 15 
movement system consisted of a high precision robot (Model KR 60 HA, KUKA) and a disk metal 16 
feeding system (Model PF21-GTV). The laser head, produced by Fraunhofer Institute Laser Technology 17 
(ILT) with integrated autofocus, allows the autofocus determination automatically and with accuracy, 18 
in order to, the focus distance was maintained constant of 25 mm above the plane. The powder feeder 19 
had a disk with a groove 5 mm wide and 0.6 mm deep, with the feed delivery being constant and directly 20 
proportional to the disk rotation speed. The coaxial feeding occurred through the laser head axially to 21 
the laser beam through the Direct Metal Deposition technic [13,14]. 22 
The process parameters were selected considering their influence on the coating, based on a review of 23 
the literature, where the main authors consulted were Sharifitabar and Halvee [11], Goodarzi et al. [24], 24 
Moradi et al. [10], Sun et al. [17], and Apolinario et al. [7]. These studies indicated that the laser beam 25 
power and scanning speed were among the parameters with greatest influence on the final characteristics 26 
of the depositions produced by the laser cladding process. Therefore, these were the central parameters 27 
considered during production of the samples. 28 
In preliminary tests, the input parameters varied were the laser beam power (P) and scanning speed (v), 29 
as shown in Table 2. For both addition metals, the other laser parameters were kept constant throughout 30 
the process, as follows: focal length of 25 mm, zero incidence angle, argon shielding gas, ~3.2 mm focus 31 
diameter, carrier gas flow rate of 7 SLPM, and disk rotation speed of 10 rpm. 32 
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It should be noted that for the AISI 316L addition metal, the depositions were initially produced using 1 
the same values for the power (800, 1000, 1400, and 1600 W) and scanning speed (9, 14, and 16 mm/s) 2 
as employed for the AISI 431 addition metal. However, preliminary analyses of the cross sections of 3 
these depositions showed that there was no significant union zone. Therefore, the power values were 4 
increased to 1900, 2100, 2400, and 2600 W, in order to obtain acceptable dilution values. 5 
 6 

Table 2. Experimental configurations for depositions of the AISI 431 and AISI 316L stainless steels. 7 

Condition P (W) v (mm/s) 
Cladding 

material 
Condition P (W) v (mm/s) 

Cladding 

material 

1 

800 

9 

AISI 431 

and 

AISI 316L 

13 

1900 

9 

AISI 316L 

2 14 14 14 

3 16 15 16 

4 

1000 

9 16 

2100 

9 

5 14 17 14 

6 16 18 16 

7 

1400 

9 19 

2400 

9 

8 14 20 14 

9 16 21 16 

10 

1600 

9 22 

2600 

9 

11 14 23 14 

12 16 24 16 

 8 
For both addition metals, the powder flow rate was determined as the average of five measurements of 9 
the amount of powder (in g) injected over a period of 2 min, using a carrier gas flow rate of 7 SLPM 10 
(standard liters per minute) and disk rotation speeds of 1, 3, 6, 8, and 10 RPM. The aim of these 11 
measurements was to quantify the addition metal powder flows during the deposition process, since 12 
differences in particle size distribution and morphology influence the powder flow rate, consequently 13 
affecting the final characteristics of depositions. 14 
For metallographic analysis, the samples were cut transversely and embedded in bakelite, followed by 15 
preparation using sandpaper (180 to 1500 mesh) and polishing with diamond pastes (3 and 1 µm particle 16 
sizes). 17 
The geometric characteristics, H/W ratios, dilution values, and wettability angles were obtained from 18 
the images of the depositions, employing ImageJ software. Figure 2 shows a schematic illustration of 19 
the deposition cross section, indicating the calculated geometric characteristics. The H/W ratio indicates 20 
the degree of convexity of the bead, calculated as the ratio between the height of the reinforcement and 21 
the width of the bead. The dilution is the portion of the base metal/substrate in the mixture with the 22 
addition metal, measured by the geometric method using the quotient between the area of the deposition 23 
below the substrate surface line (A2) and the total bead area (A1 + A2). The wettability is the angle (°θ) 24 
between the substrate line and the surface of the bead. 25 

 26 

 27 
Figure 2. Illustrative cross sections of the weld deposition: (a) macro regions including the fusion zone (FZ), heat-28 
affected zone (HAZ), and substrate; (b) depth, width, and height measurements; and (c) the regions used for the 29 

dilution calculation.  30 
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Quantification of hardness employed the Vickers hardness test, using an Emcotest DuraScan G5 1 
microhardness meter with a load of 500 g, load time of 15 s, and distance of 0.25 mm between 2 
indentations, performed on the cross section of the specimen. The results were obtained as the mean of 3 
three measurements, mapping the hardness profile in the different deposition regions (fusion zone, heat-4 
affected zone, and substrate). 5 
All the conditions were evaluated considering four parameters: dilution, geometric characteristics, bead 6 
wettability, and presence of defects. The analyses identified depositions meeting the required production 7 
criteria, in addition to providing an assessment of the influence of the parameters on the deposition 8 
characteristics. 9 
 10 

3. RESULTS AND DISCUSSION 11 

3.1. Characterization of the depositions 12 

Macrographs and micrographs of the cross sections of the samples produced using the AISI 431 and 13 
AISI 316L stainless steels were used for the evaluation of dilution, geometric characteristics, wettability, 14 
and presence of defects. 15 
Tables 3 and 4 provide the geometric characteristics of the depositions for each condition shown in 16 
Table 2, together with the values for the H/W ratio, wettability, power density (PD), and laser beam 17 
interaction time (ti), which is illustrated on the Eq.1; D and v represent the Incident beam length and the 18 
laser scanning speed, respectively [25]. From analysis of the cross sections, it could be concluded that 19 
the laser beam power and scanning speed had a combined influence on the height, width, penetration, 20 
fusion zone, and wettability of the depositions. 21 
 22 

Table 3. Geometric characteristics of the depositions using AISI 431 stainless steel. 23 

Condition  P (W) v (mm/s) 
Height 

(mm) 

Width 

(mm) 

Depth 

(mm) 
H/W 

Wettability 

(°θ) 
ti (s) 

PD 

(W/mm2) 

1 

800 

9 0.71 2.28 0.028 0.31 50.47 0.27 

176.84 2 14 0.41 1.91 0.010 0.21 27.84 0.17 

3 16 0.23 1.89 0.005 0.12 32.10 0.15 

4 

1000 

9 0.63 2.20 0.019 0.28 68.08 0.27 

221.05 5 14 0.50 2.13 0.020 0.23 48.77 0.17 

6 16 0.39 1.71 0.020 0.22 45.69 0.15 

7 

1400 

9 0.74 2.84 0.072 0.26 59.25 0.27 

309.47 8 14 0.54 2.71 0.070 0.20 45.15 0.17 

9 16 0.42 2.63 0.110 0.16 32.45 0.15 

10 

1600 

9 0.85 2.93 0.081 0.29 63.05 0.27 

353.68 11 14 0.5 2.84 0.140 0.18 25.24 0.17 

12 16 0.47 2.81 0.130 0.17 35.63 0.15 

Table 4. Geometric characteristics of the depositions using AISI 316L stainless steel. 24 

Condition P (W) v (mm/s) 
Height 

(mm) 

Width 

(mm) 

Depth 

(mm) 
H/W 

Wettability 

(°θ) 
ti (s) 

PD 

(W/mm2) 

1 

800 

9 1.03 1.87 0.014 0.55 91.89 0.27 

176.84 2 14 0.77 1.11 0.011 0.69 71.85 0.17 

3 16 0.60 1.03 0.017 0.58 65.44 0.15 

4 

1000 

9 1.29 1.75 0.023 0.74 106.64 0.27 

221.05 5 14 0.79 1.90 0.008 0.42 69.57 0.17 

6 16 0.72 2.11 0.012 0.34 57.88 0.15 

7 1400 9 1.31 2.33 0.024 0.56 102.54 0.27 309.47 
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8 14 0.88 2.37 0.032 0.37 78.69 0.17 

9 16 0.76 2.37 0.014 0.32 63.82 0.15 

10 

1600 

9 1.45 2.62 0.033 0.55 113.14 0.27 

353.68 11 14 0.94 2.50 0.055 0.38 69.82 0.17 

12 16 0.81 2.46 0.018 0.33 55.42 0.15 

13 

1900 

9 1.41 3.01 0.081 0.47 79.47 0.27 

419.99 14 14 1.00 2.85 0.197 0.35 65.41 0.17 

15 16 0.84 2.78 0.212 0.30 60.03 0.15 

16 

2100 

9 1.39 3.37 0.303 0.41 73.50 0.27 

464.20 17 14 0.89 3.15 0.292 0.28 60.46 0.17 

18 16 0.82 3.00 0.386 0.27 55.31 0.15 

19 

2400 

9 1.43 3.39 0.469 0.42 70.31 0.27 

530.52 20 14 0.97 3.12 0.715 0.31 62.25 0.17 

21 16 0.81 3.07 0.549 0.26 55.93 0.15 

22 

2600 

9 1.40 3.35 0.815 0.42 78.08 0.27 

574.73 23 14 0.96 3.15 0.705 0.31 60.23 0.17 

24 16 0.81 3.10 0.662 0.26 45.94 0.15 

 1 

ti =  
𝐷

𝑉
                 Eq. 1 2 

 3 
Figures 3 and 4 show macrographs of the cross sections of the depositions of the AISI 431 and AISI 4 
316L stainless steels, respectively, produced using different processing parameters. It can be visually 5 
seen that the geometric characteristics of the depositions were modified by varying the laser beam power 6 
and scanning speed. The depositions presented zones of mixing with the substrate, with the fusion zone 7 
increasing with increase of the laser power. It can also be seen that the height of the deposition decreased 8 
with increase of the scanning speed. It is important to mention that the effects of the laser beam power 9 
and scanning speed on the geometric characteristics of the depositions were similar for the two addition 10 
metals. 11 

 12 
Figure 3. Cross sections of the depositions using AISI 431 stainless steel. 13 

 14 
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 1 
Figure 4. Cross sections of the depositions using AISI 316L stainless steel. 2 

As shown in Figure 5, the depositions of both addition metals were homogeneous, crack-free, and with 3 
roughness caused by the process. Irrespective of the addition metal used, the scanning electron 4 
micrographs of the deposition surfaces showed attached solid particles and empty spaces, resulting in a 5 
rough surface. The shapes of the particles trapped on the surface were characteristic of the addition metal 6 
powder, indicating that some particles that had not melted were adhered to the surface during the 7 
deposition process. This could be attributed to the high powder flow and/or insufficient power density 8 
to melt all the particles introduced during the process, as also noted by Shah et al. [26]. 9 
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 1 
 2 

 3 
Figure 5. Scanning electron micrographs of the depositions obtained using the AISI 341 (a) and AISI 316L (b) 4 

stainless steels. The higher magnifications show the top surfaces of the depositions. 5 

 6 
For both depositions, the cross sections showed the presence of dispersed pores (Figure 6), possibly 7 
caused by gases that were trapped in the material during solidification of the melt pool, due to 8 
insufficient time for their escape. A characteristic of materials submitted to laser processing is that a 9 
high speed of the solidification front favors the trapping of gases in the melt pool. The gases are produced 10 
during the fusion process from contaminants present in the materials or from vaporization of the addition 11 
metal and the substrate, as also observed by Miranda et al. [27] and Sun et al. [17]. 12 
The depositions of AISI 431 stainless steel presented greater quantities of pores, compared to the AISI 13 
316L depositions, which could be attributed to the gases generated during the fusion process, as well as 14 
the irregular morphology of the AISI 431 addition metal particles. In previous studies, Pajukoski et 15 
al.[28] and Aubry et al. [18] found that the powder quality and production method influenced the 16 
creation of defects during the deposition process, with such defects being reduced when the particles 17 
were spherical and uniform. Benedetti et al. [29] reported that spherical particle morphology led to 18 
greater coalescence between the particles, compared to irregular morphologies, with better interaction 19 
during energy transfer leading to lower pore creation. 20 
 21 
 22 

 23 
Figure 6. Cross sections showing the presence of pores: (a) AISI 431 and (b) AISI 316L. 24 

 25 

3.2. Influence of laser power on deposition geometry 26 
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For both materials, the laser power influenced the height and width of the depositions (Figure 7), as 1 
reported previously by Liu et al. [2], Nabhani et al. [15], Aghili and Shamanian [23], El Cheikh et al. 2 
[30], Zhong et al. [31], and Corbin et al. [32]. For example, using a laser beam scanning speed of 16 3 
mm/s, increase of the power from 1000 to 1400 W resulted in the AISI 431 deposition height and width 4 
increasing from 0.39 and 1.71 mm to 0.42 and 2.63 mm, respectively. For AISI 316L, the values 5 
increased from 0.72 and 2.11 mm (1000 W) to 0.76 and 2.37 mm (1400 W). 6 
For the same laser beam scanning speed, increase of the power led to moderate increases of the 7 
deposition heights. This was due to the higher energy density directed towards fusion of the addition 8 
metal and the substrate, which resulted in a greater amount of fused powder and, consequently, a deeper 9 
deposition. 10 
The laser power had a greater influence on the widths of the depositions, as can be seen from Figure 7 11 
and the values in Tables 3 and 4. This could be attributed to the Marangoni forces, which have the 12 
greatest influence on the heat distribution in the melt pool [12,15,22]. Marangoni forces arise from the 13 
surface tension difference due to the temperature variation between the center of the melt pool and the 14 
adjacent regions, creating a convective flow (the Marangoni effect) from the center to the sides. This 15 
results in greater heat transfer to the extremities of the melt pool, hence increasing the deposition width. 16 
 17 

 18 
Figure 7. Influence of laser beam power on deposition height and width using (a) AISI 431 and (b) AISI 316L. 19 

 20 

3.3. Influence of laser beam scanning speed on deposition geometry 21 

Figure 8 shows the behaviors of the heights and widths of the depositions, according to variation of the 22 
laser beam scanning speed. For both materials, it can be seen that a faster scanning speed reduced the 23 
heights and widths of the depositions (Tables 3 and 4). A faster speed also decreased the H/W ratio, 24 
with the depositions presenting a lower degree of convexity, implying better wettability. Previous 25 
studies have recommended a wettability angle of less than 80° for single pass depositions, since this 26 
reduces the possibility of subsequent pore formation and lack of fusion between passes, optimizing the 27 
metallurgical union between the coated layers [12,32,33]. The results showed that the deposition height 28 
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was influenced to a greater extent by variation of the laser beam scanning speed, while the width showed 1 
a greater influence of the laser beam power, in agreement with the findings discussed in the previous 2 
section. 3 
The reduced widths and (especially) the heights of the depositions with increase of the scanning speed 4 
were due to the smaller volume of addition metal deposited per unit area, together with a shorter 5 
interaction time (Eq.1) and, consequently, a smaller amount of energy. Hence, increase of the speed 6 
resulted in a shorter residence time over a particular area, reducing the amount of addition metal 7 
introduced, so a smaller amount of material was melted to produce the deposition. The effects of a faster 8 
laser beam scanning speed on decreasing the deposition height and width, while increasing the 9 
wettability, have also been reported by El Cheikh et al. [30], Zhong et al. [31], Corbin et al. [32], Nabhani 10 
et al. [15], Aghili and Shamanian [23], Apolinario et al. [7], Liu et al. [2], and Alvarez et al. [19]. 11 
 12 

 13 
Figure 8. Effect of laser beam scanning speed on deposition height and width using (a) AISI 431 and (b) AISA 316L. 14 

3.4. Influence of laser beam power and scanning speed on dilution 15 

Figure 9 shows the dilution values for the depositions produced using the two addition metals. For the 16 
depositions of AISI 431, using power values of 1400 and 1600 W, increase of the scanning speed, with 17 
shorter interaction between the beam laser and the material surface, led to significantly greater dilution. 18 
When power values of 800 and 1000 W were used to produce the depositions, alteration of the speed 19 
did not significantly change the dilution. 20 
In the case of the AISI 316L depositions, the effect of scanning speed on dilution was not significant for 21 
power values up to 1600 W. The effect of a faster speed on dilution was only observed for power values 22 
between 1900 and 2600 W, where a faster speed led to a moderate increase of dilution. 23 
It should be noted that the effect of greater dilution with change of the laser beam scanning speed was 24 
only observed for the samples processed using the highest power values (which delivered the highest 25 
power densities). In addition, it was evident that the influence of scanning speed on dilution occurred in 26 
different power ranges for the two materials employed, which could be attributed to the different powder 27 
flows, surface tensions, particle sizes, and morphologies of the materials. 28 
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 1 
 2 

 3 
Figure 9. Results of the dilution calculations for the AISI 431 and AISA 316L stainless steel depositions. 4 

 5 
Increase of the scanning speed may reduce dilution, since the amount of energy transferred to the 6 
substrate is lower at higher speed, so the dilution zone becomes smaller. However, increased dilution at 7 
higher speed has also been reported in studies of laser cladding and laser welding [7,22,30,31]. 8 
The direct relation observed between scanning speed and dilution could be explained by reduced 9 
efficiency of absorption of the laser beam energy by the plasma (plasma shielding), when the scanning 10 
speed was increased, which would allow greater energy transfer from the laser beam for melting of the 11 
substrate, consequently leading to higher dilution values. This mechanism has been mentioned 12 
previously by Aguilera et al. [34], Vadillo et al. [35], Katayama et al., [22], Apolinario et al. [7], and Xu 13 
et al. [36]. 14 
However, Katayama et al. [22] reported that the effect of the absorption of energy from the laser beam 15 
by the plasma was only significant for a laser beam with longer wavelength, which is not applicable for 16 
a disk laser such as the one used in the present study. Hence, it is not possible to attribute an increase of 17 
dilution with increase of the scanning speed to reduction of the plasma shielding effect. 18 
In a process with directed energy, using coaxial injection of the addition metal, the laser beam is incident 19 
on the focal point of the powder flow. However, increase of the laser beam scanning speed leads to a 20 
condition where the focal point of the laser no longer coincides with the focal point of the powder, 21 
because the mass of powder is retarded by the effect of inertia. Hence, the increased dilution with 22 
increased scanning speed could be explained by the difference in the distance between the focal point 23 
of the laser beam and the focal point of the powder flow. Accordingly, a greater quantity of laser beam 24 
energy was directed at the substrate, producing depositions with higher dilution values, as the scanning 25 
speed was increased. This also led to reductions of the width and (especially) the height of the 26 
depositions. 27 
Evaluation of the effect of the laser power showed that for power values of 800 and 1000 W, dilutions 28 
lower than 5% were obtained for the depositions of AISI 431 stainless steel, at all laser beam scanning 29 
speeds. This could be explained by the low power density imposed during formation of the deposition, 30 
which was insufficient to generate a satisfactory fusion zone of the addition metal and the substrate. 31 
However, power values of 1400 and 1600 W led to acceptable dilutions of between 9.3 and 25.4%, due 32 
to the higher imposed power density. Furthermore, the depositions produced using power values of 1400 33 
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and 1600 W presented better wettability, compared to the depositions produced using powers of 800 1 
and 1000 W (Table 3). It could also be seen that for 800 and 1000 W (with lower power densities), 2 
increase of the scanning speed led to no significant increase of dilution. Increased dilution was only 3 
observed for powers of 1400 and 1600 W. 4 
The depositions of AISI 316L stainless steel required the use of higher power values to achieve adequate 5 
dilution, since powers between 800 and 1600 W resulted in depositions with dilutions lower than 5%. 6 
The use of powers of 1900, 2100, 2400, and 2600 W resulted in depositions with dilutions from 15.4 to 7 
41.6%. Analogously to the AISI 431 depositions, increase of the power led to higher dilution, while 8 
increase of the laser beam scanning speed also resulted in higher dilution for power values above 1900 9 
W. It should be noted that some depositions showed excessively high dilution values of between 30 and 10 
41%. These high values observed at the highest powers could alter the physicochemical and mechanical 11 
properties of the coating and the substrate, as reported by Da Luz et al. [4], Zhong et al. [20], and 12 
Goodarzi et al. [24]. 13 
Nevertheless, Pajukoski et al. [28] found that when depositions with excessive dilutions of around 30 to 14 
44% were used for the production of continuous coatings with an overlap rate of between 50 and 60%, 15 
the overall dilution for the coating decreased to around 6.5%. The reduction of dilution with the 16 
formation of overlapping can be explained by the fact that part of the laser energy is used for a second 17 
fusion of part of the adjacent material deposited previously. Nabhani et al. [15], Costa et al. [37], and 18 
Ansari et al. [33] recommended that for single pass depositions, the dilution should be between 15 and 19 
25%, in order to ensure perfectly bonded coatings after overlapping of the beads. It was also reported 20 
that coatings with 5-10% dilution presented perfect metallurgical bonding between the materials after 21 
laser processing. These findings suggest that it is advisable to study the effect of variation of the overlap 22 
on dilution, while taking into account that reduction of dilution also depends on several other factors, 23 
including the power setting, laser beam scanning speed, and powder flow rate, as well as the type of 24 
material used and the particle size and morphology. 25 
The results indicated that for both materials, increase of the laser power led to higher dilution and 26 
improved wettability of the depositions. Similar behavior was observed in previous studies by Zhong et 27 
al. [31], Pajukoski et al. [28], Näkki et al. [21], Nabhani et al. [15], Aghili and Shamanian [23], and 28 
Apolinario et al. [7]. Higher dilution values were closely related to increase of the laser power and, 29 
consequently, higher power density. The findings demonstrated that the laser power was the parameter 30 
that had the greatest effect in increasing the dilution, in agreement with Nabhani et al. [15] and Aghili 31 
and Shamanian [23]. 32 
The laser power determines the amount of energy (energy density) directed towards fusion of the 33 
materials to be joined. Therefore, control of the laser power is essential in the production of coatings, 34 
because power outside the operational window of the process can cause either excessive fusion or 35 
absence of metallurgical union of the materials. As discussed previously, high power values can cause 36 
high dilutions that may negatively affect the properties of the materials, favoring the emergence of 37 
defects such as cavities, transient holes, and poor homogeneity of the fusion zone. On the other hand, 38 
low power values can cause lack of fusion, low or no metallurgical union of the materials, and greater 39 
wastage of the addition metal. 40 
Figure 10 shows cross sections of AISI 316L depositions obtained under different conditions. For 41 
depositions produced using higher power values, there was non-uniformity of the fusion zone across the 42 
width of the bead. Non-uniformity of the fusion zone results from excessive fusion at the center or at 43 
the extremities of the deposition. This type of asymmetry has also been described by Goodarzi et al. 44 
[24], Pajukoski et al. [28], Pekkarinen et al. [38], and Näkki et al. [21]. 45 
According to Goodarzi et al. [24], asymmetry of the deposition fusion zone mainly occurs due to 46 
modification of the Gaussian distribution of the laser beam energy with increase of the power, or to the 47 
injection of a non-homogeneous powder flow in the regions subjected to the laser beam. In the present 48 
work, it was not possible to confirm a change in the Gaussian distribution of the laser beam energy, 49 
since this is not a trivial task. Nonetheless, the findings indicated that this occurred at the highest power 50 
values. 51 
 52 
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 1 
Figure 10. Asymmetric fusion zones observed for the depositions of AISI 316L stainless steel. 2 

 3 
Considering the powder flow, it is possible that there may have been a non-homogeneous injection of 4 
the addition metal, which could have led to asymmetry of the deposition fusion zones. A non-5 
homogeneous powder flow could be caused by blockage or reduction of the powder flow in the addition 6 
metal delivery tubes in the head. This would act to reduce the amount of powder in a particular 7 
deposition region, favoring asymmetry of the fusion zone. 8 
 9 

3.5. Comparison of the depositions obtained using the AISI 431 and AISI 316L 10 

addition metals 11 

As shown in Tables 3 and 4, the use of laser powers of 800, 1000, 1400, and 1600 W, with scanning 12 
speeds of 9, 14, and 16 mm/s, resulted in depositions with geometric characteristics that differed for the 13 
two addition metals. The depositions of AISI 316L stainless steel were higher, with higher H/W ratios 14 
and wetting angles, compared to the values obtained for the depositions of AISI 431 stainless steel. In 15 
addition, the dilution values (Figure 9) for the AISI 431 depositions were up to 25%, while those for the 16 
AISI 316L depositions were below 5%. 17 
Moradi et al. [10] pointed out on their work that the physical proprieties of the materials influence on 18 
the geometric characteristics of the beads. De Oliveira et al. [39] indicated that both energy from laser 19 
beam and the one from the powder particles heated influences on the  geometry of the deposition; in  20 
other words, particles that reach the metal pool with higher temperature, favor higher value of width and 21 
lower of height. Based on Bonnet et al. [40] and the Online Materials Information Resource 22 
(www.matweb.com) [41], the austenitic stainless steel (316L) has higher value of specific heat than the 23 
martensite one. Therefore, it reasonable to affirm that the powder AISI 431 reached the melt pool with 24 
higher temperature, which contributed to a higher and lower values of width and height, respectively, 25 
for the depositions. On the other hand, Näkki et al. [21] noted that for directed energy deposition 26 
processes, such as laser cladding, the nature of the powder plays a fundamental role in determining the 27 
final properties of the products. The differences found for depositions are associated with factors 28 
including the chemical composition, physical properties, particle morphology, size distribution, and 29 
flow rate of the addition metal.  30 
Figure 11 shows a comparison of the particle size distributions of the addition metals. The AISI 316L 31 
powder presented a higher average particle size (d0.5), compared to the AISI 431 powder, with values of 32 
101.76 and 95.77 µm, respectively. The AISI 431 powder showed a higher percentage of larger particles, 33 
compared to the AISI 316L powder (Figure 11a), as well as greater variability of particle size, as shown 34 
by the asymmetric size distribution curves (Figure 11b). It could be concluded that the geometric profiles 35 
of the depositions were influenced by both the particle size distribution and the powder flow rate. 36 
 37 
 38 

http://www.matweb.com/
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 1 
Figure 11. (a) Particle size distributions of the powders and (b) asymmetric particle size distribution curves. 2 

 3 
The larger average particle size of the AISI 316L addition metal led to depositions with greater height 4 
and lower dilution, because larger particles require a greater quantity of energy to be completely melted 5 
for inclusion in the fusion zone. In other words, part of the energy that would be directed towards fusion 6 
of the substrate would be used to melt these particles. 7 
Figure 12 shows the wettability angles for the depositions of the two materials, indicating that better 8 
wettability was obtained for AISI 431, which could be attributed to the smaller particle size of the AISI 9 
431 addition metal. In the data on the wettability angles of the depositions, a tendency with the variation 10 
of the scanning speed or with the laser power for the AISI 431 stainless steel was not verified. On the 11 
other hand, for the deposition of the AISI 316L stainless steel, the reduction of the wettability angle was 12 
observed with increasing the speed to power values of 800, 1000, 1400 and 1600W. This reduction is 13 
also linked to the shorter nozzle residence time on the deposition region, which influenced the amount 14 
of material that was deposited. Tanigawa et al. [42] also found that the wettability of beads improved 15 
when the particle size was reduced. 16 
 17 
 18 

 19 
Figure 12. Comparison of wettability values for the AISI 431 and AISI 316L stainless steel depositions. 20 

The powder flow rate is another variable that directly influences the geometric characteristics of the 21 
deposition. Figure 13 shows the powder flow rates obtained with variation of the disk rotation speed. 22 
For the depositions produced in this study, all the conditions (for both addition metals) employed the 23 
same disk, the same rotation speed, and the same carrier gas flow, so these parameters should not have 24 
affected the powder flow rates of the two addition metal powders. However, the two powders presented 25 
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different particle size and morphology, which would be expected to influence the amount of powder 1 
passing through the head and being added to the process. In order to confirm this, measurements were 2 
made of the amounts of powder injected during a certain time at a given rotation speed. It was found 3 
that the flow rate of the AISI 316L powder was much higher than that of the AISI 431 powder, with 4 
values of 0.44 and 0.23 g/s, respectively. 5 
The size distribution analysis showed that the d(0.9) value (considering 90% of the particles) was smaller 6 
for the AISI 316L powder than for the AISI 431 powder, leading to a greater quantity of particles stored 7 
in the disk and transferred by the carrier gas, in agreement with the different calculated powder flow 8 
rates. 9 
 10 

 11 
Figure 13. Flow rates of the AISI 316L and AISI 431 addition metal powders, according to disk rotation speed. 12 

The greater quantity of powder injected in the AISI 316L deposition process resulted in higher 13 
depositions, lower width and dilution values, and low wettability. Shah et al. [26] reported that negative 14 
correlation between the powder flow rate and the fusion zone could be explained by the fusion 15 
thermodynamics of the materials, with occurrence of the shadowing effect. This phenomenon occurs 16 
when a high flow of powder onto the substrate surface absorbs most of the heat from the laser beam, 17 
preventing energy transfer for fusion of the substrate, resulting in depositions presenting a smaller fusion 18 
zone, less dilution, higher height values, and lower width values. Figure 14 shows a comparison of the 19 
height and width values for the depositions of the two materials. It can be seen that the AISI 316L 20 
stainless steel depositions were higher and narrower, compared to the AISI 431 depositions, confirming 21 
the influence of all these factors on the characteristics of the depositions. 22 
 23 

 24 
Figure 14. Comparison of the heights and widths of the AISI 431 and AISI 316L stainless steel depositions. 25 



16 

 1 

 2 

 3 

3.6. Hardness assays 4 

Figure 15 shows the hardness values for the cross sections of the AISI 431 and AISI 316L depositions, 5 
considering the coating, the HAZ, and the substrate. For the AISI 431 stainless steel deposition, the 6 
highest hardness values were found in the coating zone, as expected. An average hardness value of 522 7 
± 4 HV0.5 was obtained for the coating region, which was in agreement with the hardness of the material 8 
used to produce the deposition. The refinement of the structure due to the high cooling rate of the laser 9 
cladding process also contributed to greater hardness in the coating zone, as reported by Hemmati et al. 10 
[9], Liu et al. [12], and Sun et al. [17]. Higher hardness was observed in the HAZ, compared to the 11 
substrate, which was probably related to the diffusion of elements near the coating/substrate interface 12 
and/or refinement of the microstructure [11]. 13 
 14 

 15 
Figure 15. Vickers hardness profiles of the AISI 431 (a) and AISI 316L (b) depositions. 16 

 17 
The coating zone of the AISI 316L deposition presented an average hardness of 356 ± 12 HV0.5, in 18 
agreement with the hardness of AISI 316L stainless steel. As in the case of the AISI 431 deposition, the 19 
refinement of the microstructure due to the rapid cooling rate contributed to the high hardness values, 20 
as also observed by Sun et al. [15]. The HAZ showed greater hardness than the substrate, which was 21 
also probably due to the diffusion of elements near the coating/substrate interface and/or refinement of 22 
the microstructure. In the substrate region, the average hardness values were 146 ± 5 HV0.5 and 153 ± 3 23 
HV0.5 for the samples produced using the AISI 431 and AISI 316L stainless steels, respectively, in 24 
agreement with the hardness of ASTM A-36 carbon steel. As expected, the highest overall hardness 25 
values were obtained for the AISI 431 stainless steel depositions. 26 
The hardness results indicated that there was no significant change in the mechanical properties of the 27 
materials, even for the highest dilutions. This demonstrated that under the conditions employed, the laser 28 
cladding process did not negatively affect the properties of the materials. 29 
 30 

4. CONCLUSIONS 31 

1. The characteristics of metal depositions produced using the laser cladding process, such as 32 
height, width, wettability, and dilution, were influenced by process parameters including the 33 
laser beam power and scanning speed, metal particle morphology and size distribution, and 34 
addition metal powder flow rate.  35 

 36 
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2. The laser beam power and scanning speed had significant effects on the geometric and 1 
metallurgical characteristics of the depositions. The laser power was the main factor influencing 2 
the fusion zone, with higher power values leading to greater dilution and better wettability of 3 
the depositions. 4 

3. For the AISI 431 stainless steel addition metal, the use of power values of 1400 and 1600 W, 5 
with scanning speeds of 9, 14, and 16 mm/s, enabled the formation of depositions with 6 
acceptable dilution values. The AISI 316L stainless steel addition metal required power values 7 
above 1900 W, at the same scanning speeds, in order to obtain satisfactory dilution values. 8 
Acceptable dilutions of between 10 and 20% were achieved for the depositions of both addition 9 
metals. For the AISI 316L addition metal, higher dilution values of between 15 and 41% were 10 
obtained using power values of 1900, 2100, 2400, and 2600 W. 11 

4. Increase of the scanning speed resulted in greater dilution and wettability, together with a lower 12 
height/width ratio of the deposition. This was due to the change of the focal point of the powder 13 
flow relative to the focal point of the laser beam, which increased the laser beam energy on the 14 
substrate, consequently causing greater dilution. The decrease of the height/width ratio was 15 
associated with the lower powder flow per area, as the scanning speed was increased. It could 16 
also be concluded that the laser power had a greater influence on the width of the deposition, 17 
while the laser beam scanning speed had a greater effect on the deposition height. 18 

5. The hardness tests revealed no significant changes in the hardness values of the materials used. 19 
For the AISI 431 stainless steel deposition, the coating region presented a mean hardness of 522 20 
± 4 HV0.5, while a mean hardness of 356 ± 12 HV0.5 was obtained for the of AISI 316L 21 
deposition, in agreement with values reported in the literature. 22 

 23 
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