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Surface hardening is a technique to modify a thin layer on the substrate serving the 
purpose to resist annihilation from the wear and corrosion conditions. In this work 
titanium carbide (TiC) particulates was incorporated on the surface of the AISI 4340 low 
alloy steel at different content and heat inputs using the tungsten inert gas (TIG) 
melting process. The examined melt sizes, microstructures, defects and microhardness 
were reported. It was found that all tracks were free from crack defects with each track 
possessing sound metallurgical bonding to the substrate. The containment of majority 
undissolved TiC followed by the reprecipitated ones were densed when melting was 
conducted at 2160 J/mm between 1mg/mm2 to 2 mg/mm2 powder. The reprecipitated 
mostly the globular and flower type microstructures were seen dispersed and 
surrounded by overwhelmingly more of the Fe matrix fused at 1008 J/mm between 0.4 
mg/mm2 to 0.5 mg/mm2. The arc was constricted to allow extensive dissolution when 
higher 1 mg/mm2 to 2 mg/mm2 powder were used and so dissolution and 
reprecipitation was poor. The populated undissolved TiC above 1 mg/mm2 deemed for 
the demarcation hardness trends which were evident by sudden dropped from above 
1400 HV to ~ 900 HV and rised back to 1050 HV. Dissolution of substrate and 
particulates were enhanced with higher heat input associated with lower powder 
content.  
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1. Introduction 

 
Steel is common and known as the main element for the component productions serving mostly 

in the field of aerospace, aeronautical, construction, mining, automotive, railway, oil and gas and 
shipbuilding industries. The material is favoured because of the low prices, abundant, reliable, 
adapted to various fabrication and treatment processes and recyclable. Despite this, steel family 
inherit the poor wear and corrosion properties that makes them suffer material losses especially 
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when they are brought under extreme services or aggressive environmental. One way to constrain 
this problem is by composing selective alloying elements such as tantalum, chromium, vanadium, 
titanium with carbon to form the metal matrix composite layers. The carbides with their respective 
matrices were very effective to reduce wear because of their hardness [1-8]. The carbide embedment 
on the surface of steel via TIG or laser beam surface modification processes had been reported to 
transform the track hardenability several times than the substrate at different melt pool sizes with 
various microstructural features, population and sizes [7-13]. Using the TIG process, greater TiC 
amount developed the maximum of 1400 HV from the track that was melted twice than only melting 
once resulting 900 HV of 1.56 times lower. The two times melting the powder consisting iron, 
titanium and carbon gave populated TiC on the mild steel substrate hence enhanced surface 
hardenability [14]. Laser melting the titanium, graphite and iron powders on the mild steel substrate 
produced dendritic structure near top layer and at the bottom, the TiC particles were embedded in 
the steel matrix [15]. With TiC particulates, they endeavored dissolution followed by reprecipitation 
of carbides in the form of dendrites, cubic or globular structures associated with the undissolved ones 
embedded in the melt pools [16,17]. Melting with the low heat input lead for the fabrication of small 
molten pool containing high amount of carbides [18]. Precipitation of carbides were much low in 
sizes and many, when greater carbon content was employed during melting [19]. Of indentations 
made under the Vickers microhardness test, the first one gave 820 HV that had impression resisted 
by two undissolved TiC and another one, 7 reprecipitated carbide from about 2 μm to 5 μm in sizes 
resisted the deformation resulting the hardness of 700 HV [20]. 

In this work, TiC particulate was used to reinforce the surface of the AISI 4340 low alloy steel 
substrate. TiC was admired to be used as the reinforcement because of their compatibility with steel, 
high melting temperature, high hardness, good thermal stability and low of coefficient of thermal 
expansion. No work was found to extensively present the correlation of melt pool sizes, 
microstructural features, defects and microhardness against the preplaced TiC powder amount and 
heat inputs. The TiC dispersion and density behaviour within the molten pool via TIG arcing process 
is yet to be further explored. This work presents the results of preplaced powder content between 
0.4 mg/mm2 to 2 mg/mm2 using the energy inputs from 1008 J/mm to 2160 J/mm in terms of melt 
pool sizes, microstructural features, defects and microhardness. The result from this work would 
provide vital information to replicate TiC metal matrix composite layers via TiG technique for a defect 
free coating with the high hardness values. 

 
2. Experimental Work  

 
In this work, the AISI 4340 low alloy steel was cut to the dimension of 40 x 100x 15 mm3. The 

surface of this substrate was grounded using the silicon carbide (SiC) abrasive paper to remove the 
rust or the debris followed by cleaning using the detergent and alcohol. The TiC particulates of the 
sizes between 45 μm to 100 μm was used for the reinforcement. The weighed TiC powder was added 
with the polyvinyl alcohol (PVA) binder forming thick paste and immediately spread across the AISI 
4340 substrate surface using the plastic film. This was followed by evaporating the paste in the oven 
at 80oC for 1 hour in order to ensure the particulates adhered on the surface of the substrate. Table 
1 shows the used energy inputs with respective preplaced powder content on the substrate 
associated with the formed melt pool sizes and HAZ. Before melting starts, the samples containing 
different amount of reinforcing particulates were placed underneath the TIG torch with a 1 mm 
working distance. Those single layer tracks were fabricated using NC Telwin and Miller 165 TIG 
welding machine from the heat inputs at 1008, 1296 and 2160 J/mm each travelling at 1 mm/s. The 
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tracks were streamed with argon shielding gas at 20 lit/min to prevent the molten pool against 
excessive oxidation. Figure 1 shows the illustration describing the preplaced powder TIG process. 

 
Table 1 
The geometrical sizes of the molten pool formed by different energy inputs and powder content 
Tracks Voltage Current Energy Powder Melt depth Melt width HAZ 
 (V) (A) (J/mm) (mg/mm2) (mm) (mm) (mm) 
1 30 70 1008 0.4 0.54 2.9 0.87 
2 30 70 1008 0.5 0.51 2.8 0.84 
3 30 90 1296 0.5 0.79 3.2 1.01 
4 45 100 2160 1 1.22 3.8 1.55 
5 45 100 2160 1.5 1.07 4.2 1.39 
6 45 100 2160 2 1.03 4.5 1.6 

 

 
Fig. 1. Illustration describing the melting process using 
TIG torch against the preplaced powder which is above 
the substrate 

  
In this work, the equation used to calculate the energy inputs is described elsewhere [21]. After 

the samples cooled to the room temperature, they were sectioned equally to two pieces followed by 
preparing them using standard metallography technique for microstructural observation and 
characterization. Nital solution was used for etching of the few seconds. Nikon 400 mm/L optical 
microscope was used to determine the melt pool and the heat affected zone (HAZ) sizes. JEOL JSM 
5600 scanning electron microscope was used for the microstructural analysis while the EDX attached 
to this microscope was used to determine the chemical composition of the existing phases. Wilson 
Wolpert microhardness testing machine was used to determine the hardenability of the sample near 
the surface away to the undisturbed substrate at an interval of 100 µm. The hardness values were 
recorded from the indentation made at 500 gf of 10 seconds delay. 
 
3. Result and Discussion 
 

Table 1 shows the geometrical features of the cross sectioned layer consisting melt widths, melt 
depths and HAZ depth against different powder content and heat inputs. The desolation of the melt 
layers were seen from the solidified melt front containing carbides resembling melt pool depths and 
width and the HAZ. The Table shows that the melt pool sizes are classified into two bands. The first 
band consist the tracks produced below than 1296 J/mm and less than 0.5 mg/mm2 powder. It can 
be seen that the 1008 J/mm preplaced with 0.4 mg/mm2 gave melt depth and width of 0.54 mm and 
2.9 mm respectively. With the same energy input the geometrical sizes was lesser preplaced with 0.5 
mg/mm2.resulting 0.51 mm depth and 2.8 mm width seeing these features the lowest among the 
three tracks. This poor melting condition at 1008 J/mm of 0.5 mg/mm2 powder content was 
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overcome by increasing the heat input to 1296 J/mm where the deepest depth of 0.79 mm and width 
at 3.2 mm prevailed. The first band had the HAZ lengths between 0.84mm to 1.01 mm.  

The second band consist three tracks fused at the same 2160 J/mm with increased of powder 
content from 1 mg/mm2 to 2 mg/mm2.. At 2160 J/mm, the greatest melt size was formed with 
1mg/mm2 having 1.22 mm of depth and when the powder content increases to 1.5mg/mm2 and 2 
mg/mm2, the distances gradually reduced to 1.07mm and 1.03 mm respectively. The lessening of the 
melt layer development was also seen from 0.4 mg/mm2 to as little as 0.5 mg/mm2 both at 1008 
J/mm. The results showed the melt pool expansions were constricted to develop with increased of 
the TiC content. A way to solve this problem has been seen by increasing the heat input from 1008 
J/mm to 1296 J/mm; 0.5 mg/mm2, which resulted the depth extension at the length of 0.25 mm with 
0.4 mm width. Decreasing the working distances and had been reported for the increase of melt 
dilution [16]. Reports showed more energy was required to melt and enlarged the preplaced WC 
particulates than the substrate and so melt pool sizes growth were limited using laser [22,23]. Similar 
phenomenon was also reported elsewhere [24]. In this work, even though the powder contents were 
as high as 4 times between 1 mg/mm2 to 2 mg/mm2 fused at 2160 J/mm realizing constriction to melt 
than the below 1296 J/mm between 0.4 mg/mm2 to 0.5 mg/mm2, yet the geometrical sizes were up 
to twice with the 2160 J/mm than below 1296 J/mm. This shows that the heat input is the dominant 
factor that controls the formation of the melt pool sizes. 

The microstructure in Figure 2 exhibited the micrographs of the cross sectioned tracks which 
consist of the melt zone, HAZ and the undisturbed substrate between the heat input of 1008 J/mm 
to 2160 J/mm of 0.4 mg/mm2 to 2.0 mg/mm2 powder content. The melted material followed by the 
liquid stirring action successfully distributed those reprecipitated and undissolved TiC to be 
embedded within the melt pool. Those tracks were associated with sound metallurgical bonding 
against the substrate, upon intensive investigation the samples were formed without any crack 
defects either on the observed micrographs or along the total length after melting. With the absence 
of such defects, TiC had exerted its suitable characteristic to be used as a reinforcing material fused 
under the TIG arc source for a thin AISI 4340 metal matrix composite layer.  

Pores were seen especially with the melting produced between 1 mg/mm2 to 2 mg/mm2 of 2160 
J/mm heat input as indicated by black arrows from Figures. 2iv - vi. Pores were formed by the escaped 
gas from the burnt binder used to adhere the TiC particulates on the surface of the substrate.  
Introducing more preplaced powders were associated with increased of used PVA binder which led 
to the released of the high amount of gasses in the presence of viscous melt. This is why the 2 
mg/mm2 (highest binder content) to retain many trapped pores within the molten pool compared to 
the 1 mg/mm2 of the same fused energy. Reducing the preplaced powder up to 5 times lower to 
about 0.4 mg/mm2, gave less spread particulate content with reduced of used binder fused below 
than 1296 J/mm. This may be the reason for the almost no pores seen within the molten pool from 
Figures. 2i - iii. The little gasses escaped before the metal solidifies favors the track produced below 
than the 1296 J/mm heat inputs. The formation of pores phenomenon were reported in several 
surface melting works that used powder preplacement as the reinforcing style [16,25-27].   
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 2. Micrograph showing the melt pool formed at 1008 J/mm with 0.4 mg/mm2 (a) 1008 J/mm with 
0.5 mg/mm2 (b) 1296 J/mm with 0.5 mg/mm2 (c) 2160 J/mm with 1 mg/mm2 (d) 2160 J/mm with 1.5 
mg/mm2 (e) and 2160 with 2.0 mg/mm2 (f) White arrows showing pores 

 
All melted pool formed the hemispherical shape testifying the Gaussian energy distribution of arc 

intensity which was the highest at the center and gradually reduced to the left and right edges. 
Reports describing the Gaussian energy distribution of Evident from the highest heat intensity was 
seen from the highest melt depths in the middle followed by thickness reduction to both edges. The 
produced hemispherical melt shape due to the Gaussian energy distribution was reported using TIG 
and laser [16,22] In general, the tracks produced at 1008 J/mm and 1296 J/mm with 0.4 mg/mm2 and 
0.5 mg/mm2 respectively exhibited almost complete dissolution of TiC particles. The dark spots of 
undissolved carbide were clearly indicated with the 1008 J/mm of 0.5 mg/mm2. However, processing 
between 1 to 2 mg/mm2 at higher energy input of 2160 J/mm were poor to melt those particulates 
evident from the dissemination most of the undissolved particulates over the sample surface. Even 
so, highest dilution is noticeable with 1 mg/mm2 sample than those up to 2 mg/mm2 which explained 
that the resistance to melt was due to the addition of excessive powder content that reduces the 
efficiency to melt. The presence of those undissolved particulates within the matrix with precipitation 
at places) showed the melts were in the semi-solid state. The dissolution were seen more effective 
when applying the heat input below 1296 J/mm between 0.4 to 0.5 mg/mm2. Applying the heat input 
of 1296 and 2160 J/mm with 0.5 mg/mm2 and 1 mg/mm2 respectively were the best combination 
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that introduced dissolution compared to their rival tracks. Indicated by more of the undissolved 
particulates, less dissolution were assured by melting at 1008 J/mm with 0.5 mg/mm2 (Figure2ii) and 
2160 with 2 mg/mm2 (Figure 2vi) among their rival. The result suggest that it would require the right 
proportion of powder content and heat input to tailor or favour complete TiC dissolution or 
homogeneously mixed between the precipitated and undissolved TiC or dominance of TiC 
particulates with traces of precipitated ones. Not only the heat input and powder content, altering 
the working distances or using difference of shielding gasses may deliver various content,type, sizes 
of microstructural features within tracks [16,28]. The lesser the particles with increased of energy 
input, the better the dissolution is. 

The micrograph of the sample fused at the 1008 J/mm and 0.4 mg/mm2 powder with the EDX 
elemental results observed on a TiC precipitate and the matrix phase are shown in Figure 3. Figure 
3(i) shows the melt consisted of Fe matrix embedded with those reprecipitated globular, flower and 
cubic type of TiC just above the HAZ. The micrograph also evident that the melt within this region 
was in the phase of liquid since no undissolved particulates were presence. Here, the liquid 
temperature exceeded over than 3600oC which was the melting temperature of TiC particulates and 
so dissolution took place followed by precipitation of 0.4 mg/mm2 track. Difference of morphological 
features of cubic and globular (Figure 3i) than the undissolved particulates (Figure 4) and far from 
the as-received 45 - 100 µm powder sizes are additional information that had TiC dissolved followed 
by precipitation.    

The extent of TiC particles dissolution tailors the amount of the reprecipitated TiC density and 
dispersion. Dissolved TiC at higher amount with the presence of longer solidification time resulted 
armed dendritic microstructure. Reprecipitated TiC was formed by dissolved particulates with Fe and 
upon solidification Ti and C combined and emerged as globular, flower or cubic type of structures. 
The composition of the TiC phase was confirmed by the EDX analysis for the flower precipitates in 
Figure 3 (i) consisting of an association between Ti and C as shown by the spectra in Figure 3 (ii). The 
matrix had the major element of Fe with little of Ti for the solid solution strengthening in Figure 3 
(iii). Figure 4 shows a cracked undissolved particulate. Just like those the reprecipitated ones in Figure 
3, this particulate was seen well bonded against the matrix. Due to the cracking, liquid matrix 
successfully infiltrated through the formed cavity as shown in Figure 4. by an arrow. The thermal 
shock caused by abrupt heating and sudden cooling during solidification was responsible to cause 
such phenomenon. In a literature, SiC cracking behaviour was reported when incorporated with the 
Ti-6Al-4V substrate under laser due to the difference of thermal of coefficient expansion between 
that of SiC and titanium [29]. 
 

 
(a) 
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                                (b)                                   (c) 

Fig. 3. Micrograph of the TiC precipitates near the melt matrix interphase containing 
0.4 mg/mm2 of 1008 J/mm with the EDX analysis results (a) locates the flower 
precipitates and the solid solution matrix by arrows used for the EDX analysis with 
their results in (b) and (c) respectively 

 

 
Fig. 4. A cracked particulate with an arrow showing 
matrix infiltration 
 

The microhardness profile of the produced tracks below than 1296 J/mm and at 2160 J/mm of 
various powder content is shown in Figure 5. The graph depicted the formation of TiC metal matrix 
composite layer produced microhardness between 600 HV to almost 1600 HV. The martensitic HAZ 
remained between 500 HV to 600 HV while the undisturbed substrates were consistent in values of 
about 300 HV. Even though with small melt sizes (Table 1), the less containment of TiC within the 
pool gave lower hardness between 600 HV to 900 HV fused below 1296 J/mm. The melt size 
expansion that was thought to reduce the microhardness is compensated by the filling of more 
carbide preplaced between 1 mg/mm2 to 2 mg/mm2 resulting hardness to increase tremendously.  
The microhardness profile below than 1296 J/mm tracks showed reduction of values with increased 
of their melt depths. The gradual hardness decrement was because of the gradual reduction of 
reprecipitated TiC content towards the melt matrix interphase. During fabrication the low density of 
TiC than the steel made the material to float towards the surface during melting and with the 
presence of the longest cooling time near the arc source, dissolution was high and masses of TiC 
reprecipitation took place. This is why hardness was a little higher near the surface. The low 
temperature region which was at the bottom of the melt had thick solution and prior to this, the melt 
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suddenly solidifies whilst preventing the dissolution of TiC particulates and generation of 
reprecipitated TiC structures.  

The demarcation trend with those 2160 J/mm layers witnessed abrupt rised over than 1300 HV 
to certain melt depths followed by sudden drops near 900 HV in Figure 5. These were the evidences 
of the existence of agglomeration at places with those at 2160 J/mm. The TiC content (0.5 mg/mm2) 
fused near the surface at 1008 J/mm gave comparable hardenability than at the lowest 1 and 2 
mg/mm2 depths.  When reprecipitation dominates, populated carbide region near the surface at 
0.5 mg/mm2 was hardened similar than those agglomerated regions at the lowest depth (near melt 
matrix interphase) of 1 and 2 mg /mm2. Only the 1.5 mg/mm2 at 2160 J/mm samples showed the 
near constant hardness trend across the depth. 

 

 
Fig. 5. The microhardness profile of the produced tracks 

 
The persistency of the dense carbide layer were seen from the surface reaching the melt matrix 

interphase from Figure 2iv-vi. This shows that melting underwent fast solidification which refrained 
for dissolution leading hardness on all 2160 J/mm tracks for the very high ones. It would require the 
TiC to efficiently dissolved and reprecipitate either as cubic globular or dendritic structures in order 
to have gradual hardness reduction just like those below than 1296 J/mm. The tracks with the high 
TiC particulates had not been dissolved can be overcome by remelting them over again. It is the way 
for decreasing undissolved or partially dissolved particles whilst having more reprecipitated ones at 
greater matrix dilution. The above explanation shows that hardness can be tailored to suit special 
needs of application. It is to be noted that the density of TiC upon solidification is at 4.93 g/cm3 which 
is far lighter than the steel at 7.86 g/cm3. While maintaining high hardenability at the surface layer, 
forming TiC phase is a way to reduce the material weight. 

 
4. Conclusions 
 

Numerous tracks consisting different content of TiC were succesfully fabricated on the surface of 
the AISI 4340 low alloy steel substrate using the TIG melting technique. All tracks contain no defect 
of cracks and their metallurgical bonding to the substrate surface were excellent. The track melt 
depths were found to decrease with increasing of TiC preplaced content. High preplaced powder 
amount resulted constriction for the arc to penetrate and melt for large melt pool sizes. Dissolved 
TiC particulates formed globular and flower types of reprecipitated dispersed carbide with Fe matrix 
domination diluted from the substrate fused both at the 0.4 mg/mm2 and 0.5 mg/mm2 powder 
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content. The poor fusion between 1 mg/mm2 to 2 mg/mm2 at 2160 J/mm rather resulted 
overwhelmingly undissolved particulates to be dominant. The TiC metal matrix tracks developed 
hardness approximately 600 HV to 1600 HV which were 2 to 5.3 times higher than the substrate at 
about 300 HV. The gradual hardness reduction below than 1296 J/mm at 0.4 and 0.5 mg/mm2 was 
due to the gradual decreased of reprecipitated TiC content reaching the melt matrix interphase up 
to the depth of 800 µm. Redundant by many agglomerated undissolved particulates spanning across 
the molten pool prevailed the demarcation trend of microhardness from as low as 700 HV to 1600 
HV fused at 2160 J/mm 
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