
 

  
 

  
 

  

 

  

 

 

 
Abstract— Aiming to increase the wear resistance of 304 

stainless steel alloy without significant losses in its corrosion 

resistance, it was YAG fiber laser cladded with TiC powder at 

fixed processing power of 2800 W and travelling speeds of 4, 8, 

and 12 mm/s. The TiC powder with a particle size of 3-10 μm 

were preplaced on the cleaned surface to form a layer of two 

different thicknesses; 1 and 2 mm. Argon gas was used as a 

shielding during and after laser cladding at flow rate of 15 L/min. 

Some of the TiC particles were melted and re-solidified as 

dendrites during the cladding processing. The amount of the 

dendritic TiC structure was increased by increasing of the 

travelling speed. The cohesion of the cladding layer with the 

substrate was improved with increasing the travelling speed. At 

lower travelling speed, cracks were appeared at both the 

interface and the heat affected zone. The TiC particles were 

clustered in the top portion of the cladding layer when the 

preplaced powder was 2 mm. The surface hardness and wear 

resistance were remarkably improved at all processing 

conditions, especially at higher travelling speeds. Moreover, the 

sample treated at travelling speed of 12 mm/s showed better 

corrosion resistance than the stainless steel substrate.  

Keywords— Laser cladding; 304 stainless steel alloy; TiC 

powder; Surface microhardness; Wear and Corrosion resistance. 

I.  INTRODUCTION  

AISI 304 stainless steel alloy is widely used in various fields, 

such as oil, nuclear and chemical industries due to its specific 

properties, i.e. excellent corrosion resistance, good mechanical 

properties and accepted machinability [1-2]. This type of 

stainless steels is used as a structural material in hydraulic 

machinery and in liquid-handling systems [3-4]. However, at 

severe environments, where the wear and cavitation attack are 

the main failure modes, this type of steel cannot be used due to 

its low surface hardness and wear resistance. Due to the 

contact between the components and a flowing or vibrating 

liquid, cavitation erosion represents a common type of 

degradation of components [5]. Generally, good wear, 

corrosion and oxidation resistances of different materials can 

be obtained by tailoring their surface properties. This can be 

done by depositing some alloys and/or ceramic powders on the 

material surfaces aiming to produce metal matrix composites 

(MMCs) on the treated surfaces. This can be produced by laser 

cladding. The advantages of this technique over the 

conventional ones (such as arc welding and thermal spraying) 

include:  better coatings with dense microstructure, high wear 

resistance, low dilution and good metallurgical bonding to 

substrate [6-8]. Different substrate materials such as steels, 

aluminum [9-10] and titanium alloys [11-12] were cladded by 

this treatment. Ceramic powders such as SiC [6] , TiC [11-12] 

and WC [13] without/or with some materials such as Ni-based 

alloy [14] were added as cladding materials. TiC has many 

excellent advantages, such as very high melting point and 

thermal stability, high hardness and excellent wear resistance, 

low coefficient of friction, good resistance to thermal shock, 

high electrical and thermal conductivities and is widely used 

as the reinforcement in many wear resistant materials [15-17]. 

Moreover, the TiC particles have good compatibility with the 

iron base matrix [18]. 

Some works have been done to clad the stainless steel alloys 

with ceramic powder by using laser technique aiming to 

improve the wear and cavitation erosion resistances [19].  

However, the increase in cavitation erosion resistance was 

usually accompanied by some degree of deterioration in 

corrosion resistance [19]. In these studies, the increase in 

cavitation erosion resistance is mainly attributable to an 

increase of hardness arising from the presence of hard phases. 

But the presence of these phases deteriorates the passive film. 

In other studies, the surface hardening of austenitic stainless 

steel has been achieved by incorporating the hard particles of 

TiC, SiC, WC and alloying elements [20] in order to form 

carbides, nitrides [21] and borides [22]. In other studies, 

element such as Mo [23] was added to improve the pitting and 

intergranular corrosion resistance and to prevent stress 

corrosion cracking in acoustic environment. To widen the 

applications of 304 stainless steel alloy, it is important to 

improve its wear resistance without losses in its corrosion 

resistance. In the present study, 304 stainless steel substrate is 

laser cladded with TiC powder using YAG fiber laser. The 

effect of travelling speed and the thickness of the preplaced 

powder on the microstructural features, hardness, wear and 

corrosion resistance will be studied. 
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II. EXPERIMENTAL WORK 

Stainless steel (304) specimens with dimensions of 100 mm 
x 50 mm x 3 mm were used as substrate materials. The 
specimens were ground using emery papers and cleaned in 
acetone to remove any dirt, oil, grease and other contaminants 
before treatment. The TiC powder with a particle size of 3-10 
μm were preplaced on the cleaned surface to form a layer of 
two different thicknesses; 1 and 2 mm. The cladding treatments 
were carried out using YAG fiber laser of 3 kW. To avoid the 
oxidation during the treatment, argon gas with the flow rate of 
15 l/min was used as a shielding gas. The treatments were 
carried out at fixed processing power of 2800 W, which was 
considered the optimum power during the preliminary 
experiments.  Three different travelling speeds of 4, 8 and 12 
mm/s were used in this study. The process was conducted at a 
defocusing distance (Df) of 65 mm. The microstructures of the 
coated layer and substrates were investigated using optical 
microscope and scanning electron microscope equipped with 
EDX analyzer. The micro-Vickers hardness in the coated layer 
cross-section and the substrate were measured with an 
indentation load of 9.8 N and loading time of 15s at room 
temperature. The wear behaviour of the laser cladded zone was 
evaluated using a pin-on-disk dry sliding wear tester in air at 
room temperatures. A stationary sample with a diameter of 2.5 
mm was slid against a rotating disk with a rotational speed of 
265 rpm for 15 min. The tests were carried out at a fixed load 
of 2 kg applied to the pin. Before the test, all the specimens 
were ground on emery paper up to # 600 to get smooth and 
flattened surface. The specimens were weighted before and 
after the test with a sensitive electronic balance with an 
accuracy of 0.001 g. The differences in average weight before 
and after the wear test were measured and accounted. Three 
specimens of each condition were chosen for wear tests. The 
untreated base metal was selected as the reference material for 
the wear test. The corrosion behavior of the substrate and the 
cladding layer were evaluated by the corrosion current density 
and the corrosion potential obtained from polarization curves in 
a 3.5 wt.% NaCl solution at room temperature with an IM-6 
electrochemical workstation. The scanning potential can be in 
the range of -1.0 to +2 V, and the scanning rate was 5 mV/s. 

III. RESULTS AND DISCUSSION 

A. Microstructure analysis 

The basic microstructure of the substrate, as shown in Fig. 
1, is constituted of equiaxed, twinned austenitic-grain structure, 
which is the typical microstructure of the 304 austenitic 
stainless steel alloy.  Macro-view of the cross-section of the 
cladding layer synthesized with laser power and travelling 
speed of 2800 W and 12 mm/s, respectively is shown in Fig. 2. 
The cladding zone appeared as a concaved shape inside the 
substrate. This is may be due to the large defocusing distance 
(65 mm), which focus the heat into deeper areas. From this 
figure, the cross-section of the laser treated area was composed 
of TiC rich zone, heat affected zone and the substrate. 

Figures 3 and 4 show the microstructures of the cladded layer 

fabricated with preplaced TiC powder of 1 mm thick and 4 

mm/s travelling speed.  Most of the TiC powder were 

dissolute in the matrix, forming fine dendrites with small arms 

as shown in Fig. 3 (a and b).    

 

 

 
Fig. 1 Microstructure of the 304 stainless steel substrate. 

 
Fig. 2 Macrograph of the laser treated zone at power of 2800 W and travelling 

speed of 12 mm/s. 

 
Fig. 3 Micrographs of the different zone at laser treated layer with power of 

2800 W and travelling speed of  4 mm/s, when the thickness of  preplaced TiC 

power was 1 mm, where (a) and (b) at the cladding layer, and (c) and ((d) at 

the interface.   

 

 

       At the lower portion of the cladding layer, many cracks 

and crack networks were observed which starts from the 

interface and going upward into the cladding layer as shown in 

Fig. 3 (c and d).  This is may be due to the lower thermal 

conductivity of the stainless steel substrate, which may result 

in keeping of higher temperature for a longer time and 

reducing the cooling rate, and leads to formation of carbides at 

the grain boundary of the stainless steel side. This explanation 

was confirmed with the micrographs shown in Fig. 4. The 

treated specimen with this slow travelling speed (4 mm/s) had 

a wide heat affected zone (Fig. 4 (a)) and their grain 

boundaries were attacked (Fig. 4 (b)) due to the formation of 

carbides at the grain boundaries.  
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Fig. 4 Micrographs of the heat affected zone of the specimen treated with 

power of 2800 W and travelling speed of  4 mm/s, when the thickness of  
preplaced TiC power was 1 mm. 

 

 
Fig. 5 Micrographs of the different zone at laser treated layer with power of 

2800 W and travelling speed of  8 mm/s, when the thickness of  preplaced TiC 

power was 1 mm, where (a) and (c) at the interface, and (b) and ((d) at the 
cladding layer.    

 

 

        When the travelling speed was increased twice to be 8 

mm/s, no micro-cracks were observed in the cladding layer or 

at the interface as shown in Fig. 5. The cladding layer looks 

adhered to the substrate and free from the macro-defects.  The 

TiC particles were partially dissolute and appeared as fine 

long dendrites together with their original shape, especially at 

the top portion (near the free surface). At the lower portion 

(near the substrate), the TiC dendrites were shorter and they 

had random orientation (Fig. 5 (b)). This is mainly due to the 

lower heat dissipation to the lower thermal conductivity 

stainless steel substrate. Moreover, some pores were detected 

in the cladding layer. 
By increasing the travelling speed to 12 mm/s, the interface 

between the cladding layer and the substrate stainless steel is 
adherent, sharp and defect free as shown in Fig 6. The TiC in 
the cladding layer was distributed homogenously and consisted 
of fine long dendrites at the top portion and at the lower 
contour of the cladding layer. This may be due to the relatively 
fast cooling rate after faster travelling speed.  In some areas at 
the center of the cladding layer, some of the TiC particles 
appeared as short random oriented dendrites. Moreover, some 
of these carbides appeared as a rosette shape morphology as 
shown in Fig. 7.  

 

Fig. 6 Micrographs of the different zone at laser treated layer with power of 

2800 W and travelling speed of  12 mm/s, when the thickness of  preplaced 
TiC power was 1 mm.    

 

Fig. 7 Micrographs (a - c)of the cladding layer with power of 2800 W and 

travelling speed of  12 mm/s, when the thickness of  preplaced TiC power was 
1 mm, and (d) EDX spectra of the elements of red mark in (c). 

 

In severe applications, where the wear is a main failure 
mode, it is better to increase the thickness of the hard layer 
deposited on the substrate. For this reason, the thickness of the 
preplaced TiC powder was increased to be 2 mm. The used 
processing power and travelling speed were 2800 W and 4 
mm/s, respectively. The produced cross-section 
microstructures were shown in Fig. 8. The cladding layer was 
consisted of two regions. The TiC powder appeared as dense 
clusters of interlocked particles in the upper portion. At these 
areas, there was almost no stainless steel matrix as shown in 
Fig. 8 (b). The lower portion of the cladding layer was 
composed of TiC particles with their round shape surrounded 
by the stainless steel matrix. The heat generated is not enough 
to melt the thick TiC particles layer.  Near the interface, some 
TiC particles were melted and appeared as dendrites with 
random orientation or rosette shape as shown in Fig. 9.     
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Fig. 8 Micrographs of the different zone at laser treated layer with power of 

2800 W and travelling speed of  4 mm/s, when the thickness of  preplaced TiC 

power was 2 mm, where (a) and (d) at the interface, (b) at the top portion of 

the cladding layer, and ((c) at the lower portion of the cladding layer. 

 

 
Fig. 9 Micrographs of the cladding layer with power of 2800 W and travelling 

speed of  4 mm/s, when the thickness of  preplaced TiC power was 2 mm. 

 

B. Surface and subsurface microhardness evaluation 

Headings, Figure 10 shows the microhardness distribution 

through the depth of the laser treated zone obtained at 

different travelling speeds (4, 8, 12 mm/s) and preplaced 

powder thicknesses (1 and 2 mm).  Generally, the hardness of 

the cladding layer is much higher (almost three times) than 

that of the base metal. This is may be due to the hard TiC 

particles which were distributed homogenously through the 

cladding layer. The cladding layer which formed with faster 

travelling speeds show higher hardness that that formed with 

slower ones. This is due to that the faster travelling speeds 

yields a finer dendritic TiC, which share in hardness 

increment.  The average hardness values at the surface treated 

by 12 mm/s travelling speed was about 600 HV.   
When the preplaced TiC powder thickness was increased to 

2 mm thick, the cladding layer showed ultra-high hardness 
values (reached to more than 2000 HV), especially at the top 
portion of the cladding layer (near the free surface).  This is 
due to the compacted dense hard TiC particles that formed on 
the top portion of the cladding layer.   

 

 

 
 

 

 

Fig. 10 Microhardness distributions through the laser treated layer cross-
sections at different travelling speeds and preplaced powder thicknesses, and 

fixed power of 2800 W. 

 

C. Wear and corrosion resistance of the developed surface 

layer 

Figure 11 shows the variation of wear weight losses of the 

laser cladding layers using different laser travelling speeds (4, 

8, 12 mm/s) and preplaced powder thicknesses (1 and 2 mm) 

together with the substrate, after subjected to pin-on-disk dry 

sliding wear test at a fixed load of 2 kg in air at room 

temperatures. Compared with the substrate, the wear 

resistance of the laser cladding layer was improved by at least 

three times. The wear rate was decreased by increasing the 

travelling speed.  This is may be due to the higher hardness 

achieved at these speeds. On the other hand, the sample that 

had a preplaced TiC powder of 2 mm, showed exceptional 

wear resistance (the wear rate was very small, about 0.02 gm). 

This improvement in wear resistance came from the hard, 

wear resistant, and dense TiC particles which formed at this 

condition. 

 

Regarding the corrosion resistance evaluation, the sample 

cladded at travelling speed of 12 mm/s and processing power 

of 2800 W was chosen due to that it gave the best results 

regarding the microstructure, hardness and wear resistance.  

Fig.12 shows the polarization curves of stainless steel 

substrate and the cladding layer. From this figure, it is clear 

that the corrosion potential of the cladded sample was shifted 

to more positive than that of the stainless steel substrate. Also, 

the corrosion current of the cladded layer showed lower values 

than that of the stainless steel substrate.  It is well known that 

when the potential is increased and the current is decreased, 

the polarization resistance is increased and the material show 

improved corrosion resistance. Thus, it is clearly evident that 

the laser cladding of TiC particles on the stainless steel 

substrate had a positive influence on the corrosion behavior of 

the coatings. This can be related to the finer microstructure 

obtained in this cladding layer and to the good metallurgical 

bonds of the TiC particles/dendrites with the matrix which 

give higher chemical stability of the coating. 
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Fig. 11 Wear weight losses of the substrate and specimens treated at 
different travelling speeds (4, 8, 12 mm/s) and preplaced powder thicknesses 

(1 and 2 mm), and fixed power of 2800 W. 

 

 
Fig. 12 Polarization curves of the substrate (a), and the cladding 

layer produced with travelling speed of 12 mm/s and processing 
power of 2800 W. 

 

 

IV. CONCLUSIONS 

      304 stainless steel specimens were YAG fiber laser 

cladded with TiC powder using processing power of 2800 W 

and travelling speeds of 4, 8 and 12 mm/s.  The TiC powder 

with a particle size of 3-10 μm were preplaced on the cleaned 

surface to form a layer of two different thicknesses; 1 and 2 

mm. The microstructures of the coated layers and substrate 

were investigated. The micro-Vickers hardness was measured 

through the depth of the coated layers cross-section. The wear 

behaviour of the laser cladded layers was evaluated. The 

corrosion behavior of the substrate and the cladding layer were 

evaluated by the corrosion current density and the corrosion 

potential obtained from polarization curves in a 3.5 wt.% NaCl 

solution at room temperature. The results of this study lead to 

the following conclusions: 

 

1. Metal matrix composite reinforced with TiC particles 

was produced in the cladded layer on 304 stainless steel 

specimens by application of laser cladding treatment at 

all processing conditions. 

2. Some of the TiC particles were melted and re-solidified 

as dendrites during the cladding processing. The amount 

of the dendritic TiC structure was increased by 

increasing of the travelling speed. 

3. The cladding layer produced with higher travelling speed 

(12 mm/s) was tightly bonded with the substrate without 

any cracks or any other defects, while that produced at 

travelling speed of 4 mm/s showed some cracks and 

crack-networked at the interface and the heat affected 

zone. 

4. The TiC particles were clustered in the top portion of the 

cladding layer when the preplaced powder was 2 mm.  

5. The hardness of the cladding layer was improved at all 

processing conditions to be three times at 12 mm/s 

travelling speed. When the preplaced TiC power was 

increased to 2 mm, the hardness showed ultra-high 

values (more than 2000 HV).  

6. The wear resistance of the cladding layers was 

remarkably improved especially at higher travelling 

speed. 

7. The corrosion resistance of the cladding layer produced 

by travelling speed of 12 mm/s was better than that of 

the stainless steel substrate. 
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