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Abstract
The use of a tungsten inert gas (TIG) welding torch has resulted in the development of an economical route for surface engineering of alloys, giving similar results to the more expensive high power laser. Due to the preheating generated by both techniques, the extent of the temperature rise is sufficient to produce significant changes to the melt dimensions, microstructure and properties between the first and last tracks melted during the coating of a complete surface.
The present study examines if similar changes can occur between the start and finish locations of a single track of 50 mm length. The results show that for a TIG melted surface of a microalloy steel substrate, with or without incorporating preplaced SiC particles, in either argon or argon-helium environments, a maximum temperature of 375°C developed in the second third of the track. Even over this short distance, a hardness decrease of >300 Hv was recorded in the re-solidified SiC coated substrate melt zone, microstructure of a cast iron with cracks were observed. Also porosity was found in all the tracks, with and without preplaced SiC powders. 
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1. Introduction
The wear and corrosion resistance of metals such as aluminium, steels and titanium are improved relative to the untreated substrate, by the development of a laser surface engineered coating.1, 2 However, the cost of laser equipment is high and the process is often uneconomical due to the slow processing speed.1, 3 For some applications, laser processing is also unfavourable for total surface coating. Mridha4 has developed an alternative technique, based on tungsten inert gas (TIG) welding. This has economic advantages and has been found to be adequate for modifying the surface layer of the base metal.5-9 The idea of using a TIG facility to melt the surface, which could then be surface engineered by incorporation of hard ceramic particles, was first shown by Mridha and Ng.4 Recently, in the context of welding of steels, the importance of the choice of shielding gases has been explored by Galloway et al.,10 who made a comparison between argon and a combination of argon and helium. Another important effect is that of preheat on the microstructure and hardness of overlapping tracks produced by surface engineering using a high power laser, which was considered by Hu and Baker. 11, 12 They described ‘preheat’ as the heat developed from melting the initial track, which then diffused by conduction throughout the work piece. Experimentally, it was shown that sufficient heat was produced to increase the temperature from the first to the tenth track, by up to 300 °C. 
The development of improved wear resistance through the incorporation of SiC particles to produce metal matrix composites is well established in aluminum and titanium alloys.13, 14 However, with the exception of the work of Terry and Chinyamakobvu,15 who studied  the effects of an addition of SiC particles on the wear properties of steel, little attention has been paid to using SiC particles in  iron  alloys and steels for this purpose. High tonnage applications in mining, civil engineering and transportation, for example, require relatively cheap methods of manufacture, and often a combination of good toughness and wear resistance is necessary. This has recently been examined by Čikara et al.,16  who produced SiC-low and medium carbon steels metal matrix composites. Also, Gemelli et al.17 used laser alloying of a predeposit of Cr3C2 or SiC to obtain excellent oxidation resistance of a tool steel.
The present work builds on some of these ideas. Using a tungsten inert gas (TIG) welding technique for the case of two shielding gases, a comparison was made between single track melting of microalloy steel (a) alone and (b) by incorporation of preplaced SiC particles. The temperature rise and the consequent changes in melt pool dimensions and hardness, over part of the length of a single track, were explored in this precursory investigation. 
2. [bookmark: _Ref329905611]Experimental work
[bookmark: _Toc331685565]Two sets of experiments were undertaken, the first in which tracks were melted on the clean microalloy steel surface and the second where tracks were melted with preplaced SiC particles on a microalloy steel. In both cases the surfaces were protected either with argon or a mixture of argon and helium. The microalloy steel specimens used as substrate material for this investigation, had dimensions 100x50x15 mm3 and a composition of 0.10C, 1.0Mn, 0.37Si, 0.10Cr, ≤0.01Mo, 0.04Cu, 0.12Ti, 0.12V, bal. Fe, (all in wt-%), determined by a Pruker XRF S1 Turbo. 
Two holes of 1 mm diameter and 10 mm depth were drilled from the underside of the 15 mm thick substrate. These holes divided the melt track into three sections, each ~17mm long, see Fig.1. Two (1st and 2nd) thermocouples were inserted in the holes to record temperatures using LabVIEW software, at these positions in the specimen during processing of the melt tracks. 
In the second set of experiments, ~5 µm size SiC powder was preplaced on the substrate surface using polyvinyl alcohol (PVA) as a binder; the SiC was 10 or 20 wt-% of the melt mass, together with a small volume of water to make a slurry which was placed onto the substrate surface in the width direction, covering an area which could accommodate about two melt tracks. The preplaced SiC powder specimens were dried in an oven at 800C for 1 h to remove the moisture. 
[bookmark: _Toc331685566]A Miller Dynastry 300 DX TIG equipment was used to generate a torch with a 2.4 mm diameter thoriated tungsten electrode. The tungsten was direct current electrode negative (DCEN). The tip of the electrode was placed 1 mm above the specimen surface and a DC supply of 80 or 100 A was used to generate the torch. Melting occurred by scanning the specimen, which was placed on a computer controlled stage moving beneath the torch at a velocity of 0.5 or 1 mms-1. The torch was positioned at the middle of SiC covered area, so that after melting, some powder still covered areas around the track width; melting started from the specimen edge and scanned over the entire 50 mm width of the specimen. The energy input was calculated from the expression18, 19  E = ηVI/s, where V is voltage, I is current, s is scanning speed and η is efficiency of energy absorption, which was 48%, from the range given by Easterling19. A pure argon gas or a mixture of argon and 20 vol%   helium gases flowed  at 10 L min-1 to shield work-piece during the melting operation .Argon gas shields the specimen surface minimizing oxidation, whereas helium, because of its high thermal conductivity, also retains heat in the arc at a higher temperature. After melting, all the tracks were allowed to cool to room temperature. Details of the experimental conditions used to produce the tracks are given in Table 1. 
The preplaced SiC experiments were divided into four sets, A to D, on the basis of the combination of parameters given in Table 1. The re-solidified tracks were cut into three sections, depending on melting stages, i.e., initial, middle and final sections, Fig. 1. For each section, both vertical and longitudinal cross- sections were taken. The vertical cross section was used to record the hardness through the melt depth and the heat affected zone (HAZ), while the longitudinal cross section was used to study the microstructure and defects. Metallographic samples were prepared from both cross sections of the three different parts of the tracks using standard metallographic techniques and etched in a Nital solution for 12 s.

Table 1: Tracks processed using various parameters.
	Specimen
	Current
A
	Velocity
mm s-1
	Energy input
J mm-1
	Environment
	SiC/wt-%
of melt
	PVA/wt-% of SiC

	
	80
	1
	420
	Ar
	No SiC added

	
	80
	1
	420
	Ar + He
	No SiC added

	
	100
	1
	530
	Ar
	No SiC added

	
	100
	1
	530
	Ar + He
	No SiC added

	A
	80
	1
	420
	Ar
	20
	10

	
	80
	1
	420
	Ar + He
	20
	10

	B
	80
	1
	420
	Ar
	10
	4

	
	80
	1
	420
	Ar + He
	10
	4

	C
	100
	1
	530
	Ar
	10
	4

	
	100
	1
	530
	Ar + He
	10
	4

	D
	80
	0.5
	840
	Ar
	10
	4

	
	80
	0.5
	840
	Ar + He
	10
	4


[bookmark: _Ref329905628]An Olympus GX51 optical microscope and an Hitachi S-3700N scanning electron microscope (SEM) with an Oxford Instruments INCA system with 80mm XMAX SDD detector were used to observe and chemically analyse the microstructure of the metallographic specimens. Microhardness measurements were carried out according to the procedures laid down in BS6507-1 1998 and BS 1043-2 1997, using a Mitutotyo MVK G1 microhardness tester with a 200 gf load and a 15 s delay. Initially, three readings of hardness were taken for a single indent and then averaged to calculate the hardness value. The error was <5%. Based on this result, the remaining hardness values were measured by taking one reading from each indent. Fig. 2 shows the pattern of indents. Hardness indentations were made over both the melt pool and HAZ at a vertical distance of 0.2 mm, 0.4 mm apart, covering the track depth and width.
3. Results 
3.1	Temperature changes along the length of a single track
The temperature profiles at two different positions, denoted by the 1st and 2nd thermocouples beneath the single 50 mm long track specimen, were recorded from the start of the melting operation until the specimen cooled to a temperature below 500C. The results for the tracks without a SiC addition are shown in Fig. 3, while the maximum temperatures attained at two locations are collated in Table 2. This data shows that, as expected, irrespective of the processing conditions, the temperature recorded by the 2nd thermocouple, placed farthest from the melt start position, was always higher than that of the 1st thermocouple. However, the temperature profiles where the two temperatures coincided during cooling, was found to be dependent on the melt temperature attained with the different processing conditions. 
Table 2: Maximum temperature recorded at two locations of the single tracks processed under different conditions.
	Energy Input/J mm-1
	SiC/wt-%
	Maximum Temperature recorded/°C

	
	
	Ar
	Ar +He

	
	
	1st
	2nd
	1st
	2nd

	420
	0
	165
	210
	180
	265

	420
	10
	180
	205
	270
	305

	420
	20
	225
	260
	300
	315

	530
	10
	240
	270
	340
	375


The results in Table 2 show that the track with 10wt-% SiC, processed at 530 J mm-1 recorded the highest temperatures in both locations and under both environments. By comparison, the track produced under a pure argon environment at 420 J mm-1 without any SiC incorporation, recorded the lowest temperature in the corresponding positions. 
3.2	Melt dimensions of each track 
[bookmark: _Toc331685568]As an example of the change in dimensions, the re-solidified 50 mm long track for the initial, middle and last parts, after processing under the two different environments, was investigated. After melting using 420 J mm-1 energy input, measurements were taken from optical microstructures of the melt depth, width and HAZ. The results, collated in Table 3 and illustrated by Fig. 4, indicate clearly, that compared to the dimensions of the track produced in a pure argon shielding environment, the melt size increased significantly in corresponding parts of the track processed under the helium mixed argon environment. The percentage increase of melt dimensions was an average of 50% for both depth and width, while the HAZ increased by 75% in the middle and the last parts, compared to the first part of the track. 

Table 3: Melt dimensions of the first, middle and last parts of the tracks processed at 420 J mm-1 energy input under two different environments without preplaced SiC.
	Dimensions/mm
	Shielding Environment

	
	Ar
	Ar + He

	
	First
	Middle
	Last
	First
	Middle
	Last

	Melt depth
	1.4
	1.4
	1.2
	2.1
	2.0
	2.2

	HAZ
	0.4
	0.4
	0.5
	0.4
	0.7
	0.7

	Melt width
	2.9
	3.1
	2.7
	4.4
	3.8
	4.1


The corresponding dimensions for the tracks with preplaced SiC were not determined.

3.3	Hardness 
The base hardness of the parent microalloy steel plate was ~190Hv. After processing, the pattern of hardness indents shown in Fig. 2 and the measured hardness values of the vertical cross sections of the tracks produced in two environments without SiC addition, are presented in Fig. 5. They are plotted with melt width in the x-axis against melt depth in the y-axis showing three levels of hardness development in three different colours for the entire melt cross section. When processed in a pure argon environment, a hardness green zone of 400-600 Hv was recorded in a substantial area of the melt cross section, as seen in Fig. 5a, compared to that first part of the track processed in the mixed argon helium environment, shown in Fig. 5b. However, the red zone of intermediate hardness of 200-400 Hv is seen to be greater in the track processed with the mixed argon helium environment. Figs. 6a and 6b represent hardness profiles of the first and last parts, respectively, of the 10 wt-% SiC track processed in mixed argon helium environment. The results in these figures show clearly that the addition of SiC increased the hardness of the re-solidified track to over 1000 Hv, compared to ~600 Hv in tracks without SiC.  
Table 4: Hardness Hv in melt region of selected tracks incorporating SiC. 
	Distance from surface down to melt depth/mm
	Case B [80 A]
Ar
	Case C [100 A] Ar
	Case C [100 A]
Ar + He

	
	First
	First
	First
	Last

	0.2
	1197
	1083
	1055
	932

	0.4
	1204
	1211
	936
	874

	0.6
	1022
	1204
	1033
	777

	1.0
	1177
	975*
	1089
	887

	1.2
	-
	1177
	1055
	970

	1.4
	-
	-
	1022
	936

	1.6
	-
	-
	720**
	909

	Random indents in melt pool
	-
	1253
	1060
	960

	
	-
	1184
	-
	951

	
	-
	1151
	-
	936


*Sudden decrease in hardness due to presence of nearby crack along the path
**Hardness measured at the outer layer of melt pool

3.4	Microstructure:
The faster cooling rate of the microalloy steel track processed in a pure argon environment produced a martensitic microstructure. Comparing this microstructure with that of the track processed in the mixed argon helium environment, smaller martensitic laths/plates developed, Fig. 7.  Pores were found in all the specimens, with larger numbers observed in the final section. No cracks were recorded in the melt pool when SiC was absent.
The tracks processed with 20 wt-% SiC showed un-melted and agglomerated powder on the track surface. Much of the torch energy was used in attempting to melt the powder, resulting in a small melt depth, even for the mixed gases. When the SiC addition was reduced to 10% and the PVA binder to 4%, both with respect to the melt weight, for both environments, a significant proportion of the SiC powder melted and formed small dendrites in the resolidified melt pool These can be seen in Fig. 8 for case B with argon, and Fig. 9 for case C with argon and helium gas mixture. The microstructure is that of a silicon cast iron and the effect of higher heat input and mixed gas environment is to dissolve more SiC, resulting in larger dendrites in Fig. 9. An SEM micrograph, Fig. 10, showing quasi dendrites at A, gave the EDX spectrum shown in Fig. 11. The chemical analysis of the dendrites, in wt-%, was 0.05C, 0.51Mn, 4.73 Si, 3.01O and 83.7Fe, which is typical of the analyses gathered from these regions. Other areas in the same specimen showed features indicated by spectrum 2 in Fig 12. The analysis from area B, given by the EDX spectrum in Fig. 12, is 81C, 12Fe, 0.6Si and 6O. However, the 20 kV used for the SEM analysis may have resulted in x-rays generated beneath the carbon rich phase contributing to the spectrum.
4. Discussion
An earlier study 11, 12 highlighted a temperature rise of over 300°C, which occurred between the first and tenth tracks in a multi-track laser surface coated titanium alloy, producing corresponding changes in microstructure, which gave significant changes in hardness. This led to the determination of hardness maps, recording the effects of preheat in selective tracks over a coated surface, rather than rely on a random selection of a position from which to carry out hardness and microstructural determinations.20 The increase in temperature prompted the question, could the preheat developed from the start of a single short molten track, be responsible for a temperature rise sufficient to influence microstructure and properties at the end of the track? If so, this result would make the choice of where microstructure and property measurements in a component, surface engineered by a sequential technique, such electron beam, laser or TIG torch, of paramount importance. There is little evidence, at present, that the choice of ‘typical specimen’ in much of the published work is based on how much preheat influences the microstructure.

4.1	Temperature changes along the length of the melt track
 In the present work, the reason for an increase in temperature recorded by the 2nd thermocouple, which for all processing conditions, was farthest from the melting start point, is considered to be due to heating caused by thermal conduction ahead of the melt front. This increased the temperature of the substrate and hence the thermal quantity in the melt mass. In a fixed substrate mass, the extent of the temperature increment will depend on its thermal conductivity, and with the same current, the specimen traversing velocity. The preheating will increase faster if the thermal conduction is higher and the substrate mass will also play 
Table 5: Thermal related properties of the materials used in the investigation.
	Materials
	AISI 1020 Steel
	Silicon Carbide
	Argon
	Helium

	Density/kg m-3
	7860
	3210
	1.67
	0.169

	Specific Gravity
	7.8
	3.2
	1.38
	0.14

	Specific Heat (CP)/kJ kg-1 K-1
	0.62
	0.75
	0.52
	5.19

	Thermal conductivity/W m-1 K-1
	51.9
	80 (HP)
71 (Sintered)
490 (α SiC)
	0.016
	0.143



an important role when preheating occurs by thermal conduction, Table 5. The heat transferred to a substrate of smaller mass will increase faster than to a large volume substrate and hence reach a higher preheating temperature. On the other hand, increasing the specimen velocity is likely to reduce the preheating effect. The higher temperatures recorded with the 530 J mm-1 tracks in Table 1 evidently support this contention, when compared with the tracks processed at an energy input of 420 J mm-1. After processing in the mixed argon helium environment, temperatures in both thermocouple locations were found to be higher than those melted in a pure argon environment. The thermal conductivity of helium given in Table 5, is ten times that of argon, and considered to have absorbed more heat from the torch, increasing the environmental temperature, thereby creating a high temperature melt, resulting in greater melt dimensions, Table 3. 
As seen in Table 2, processing tracks at 80 A current coated with 10 and 20 wt-% of preplaced SiC powder, resulted in higher temperatures at both locations and environments, compared to the track produced without SiC. However, the 2nd thermocouple reading of the 10 wt-% SiC track processed in a pure argon environment is 50C lower than the corresponding reading of the track melted without SiC. The temperatures increased more with the higher SiC addition, which is considered to be related to the higher thermal conductivity of SiC powder compared to that of the base metal. Again, the addition of high conductivity helium to the argon environment, contributed further to attaining higher temperatures in both locations.
4.2	Melt dimensions of each track
The reason for greater melt dimensions in the track parts melted in the later stage under the mixed argon helium environment, given in Table 3, may be due to a higher heat capability of helium gas compared to argon gas, shown in Table 5. The increased melt temperature resulted in a greater geometric dilution and hence a larger melt zone. In Fig. 4, the melt cross sections for the two tracks processed under the same energy input, but in different environments, show clearly the increased track size when melting is carried out in the mixed argon helium environment. The temperatures in two different positions for tracks processed using different shielding environments differed. Plots given in Figs. 4a and 4b show that the 1st and 2nd thermocouple recorded 50 and 900C higher temperatures respectively for the track processed in the mixed gas environment, compared to those in the track produced in a pure argon environment. With an increase in the preheat temperature ahead of the melt front, a greater melt volume is subsequently produced, giving increased melt dimensions as the track lengthened. In the part of the tracks processed in the later stage of melting, the increase in the dimensions in the HAZ’s seen in Table 3, is due to heating of a larger mass around the melt pool, because of dissipation of more heat generated in the melt at the preheating temperature.
4.3	Hardness and Microstructure
The hardness levels in the microalloy steel specimen tracks processed under both environments, shown in Fig. 4, are associated with the microstructural changes. Since the mixed argon helium environment produced a higher melt temperature than that of pure argon, Table 2, the cooling rate will be faster in the latter, creating a finer martensitic microstructure. This is reflected in the increased high hardness green zone found in Fig. 5a. For similar reasons, the higher melt temperature recorded for the track processed in the mixed argon helium environment, generated a greater melt depth, Table 3, resulting in a wider red zone of intermediate hardness, compared to that of the argon environment track. 
Comparing the hardness development shown in Figs. 5b and 5c, in the first and last parts of the track processed in the mixed argon helium environment, it can be seen that the high hardness green zone is reduced in the last part of the track and the hardness in the red zone increased. This is again considered to be related to the higher melt temperature in the last part of the track given in Table 2. The higher preheat temperature in the last part of the track, created a larger melt volume, which cooled at a slower rate. With a faster cooling rate, the transformation product is non-equilibrium plate-like martensite or a mixture of martensite and bainite. Compared to the track located in the first part, the high hardness zone is reduced and the intermediate hardness zone is increased in a track part melted later. 
Tracks produced in an argon environment formed a large plate-like microstructure because of faster cooling rate from a low temperature melt, while the relatively slower cooling of the mixed argon helium track starting at a higher melt temperature, created a different martensitic microstructure. This has also been reflected in the track processed with 20 wt-% SiC at 420 J mm-1, which produced little melting, restricting the incorporation of SiC. The energy input was insufficient to melt the base metal under the thick layer of preplaced SiC ceramic powder. When SiC addition was reduced to 10%, melting of base metal and SiC powder occurred in both environments, producing a hemispherical shaped melt pool containing dendritic microstructure, as seen in Figs. 8 and 9. These are eutectic cast iron microstructures of a variety of ledeburites containing cementite as dendrites in an austenite matrix. The dendrites are finer in Fig. 8, when solidification was faster from the low temperature melt processed in argon, compared to coarser dendrites in Fig. 9, for slow cooling of high temperature melt processed in argon-helium. However, free carbon was seen in Fig. 10 for the track processed at 845 J mm-1 in argon-helium. The processing conditions for this track produced very high temperature melt and thus had very slow cooling rate, which is a precondition for graphitisation when the liquid contains sufficient carbon and silicon. These microstructures are quite different from those given by Lima and Goldenstein,21 who laser melted both white and grey cast irons. However, the EDX spectrum in Fig. 11 gives a chemical analysis of phases found in silicon white cast iron.22  
The data in Table 2 show clearly, that a significant increase in temperature occurs along the length of the 50 mm track, melted by the TIG torch. This temperature change is increased by the use of the mixed argon- helium gas, and was greatest in the substrate without preplaced SiC.
It is interesting to note that the maximum hardness for the low carbon martensitic microstructure in the microalloy steel processed without SiC powder is about half that of the white cast iron microstructures observed in that processed with 10% SiC powder.
5. Conclusions
A TIG torch used for surface engineering of a microalloy steel substrate, coated with or without preplaced SiC particles, and protected by argon or a mixture of argon and helium gases, resulted in a significant increase in temperature along the length of a 50 mm track. The temperature was notably increased by the use of the mixed argon- 20% helium gas. However, the highest temperature, 375°C, was recorded for the specimen with 10% SiC processed with an energy input of 530 J mm-1. These conditions resulted in a microstructure similar to that of a silicon white cast iron, while the larger quasi-dendrites in this melt microstructure gave a lower hardness. Only pores were observed in the tracks without preplaced SiC, but both pores and cracks were observed in the preplaced SiC melt zones.
This work shows that replacing a high powered laser by a TIG torch for  engineering the surface of an alloy, using  preplaced ceramic powders to create ~1mm thick hard coating, is possible.However, to achieve coating hardness values of ~ 1000Hv, with minimum defects, the processing conditions, particularly those associated with the binder, still require optimization.
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Figures 
Figure 1:	Schematic of TIG melted surface showing three parts of the track.
Figure 2:	Pattern of indents on the cross section of melt pool.
Figure 3:	Temperature variation for processing in argon and argon plus helium gases for a microalloy steel substrate without SiC coating.
Figure 4:	Showing the variation of melt sizes upon changes in shielding environment when processed at 80 A current and 1 mm/s traversing speed: (a) pure argon and (b) a mixture of argon and helium.
Figure 5a:	Hardness development in the track processed in a pure argon environment.
Figure 5b:	Hardness levels in the first part of the track produced in an argon mixed helium environment.
Figure 5c:	Hardness levels in the last part of the track produced in helium mixed argon environment. 
Figure 6a:	Showing the variation of hardness in tracks processed under pure argon or helium mixed argon environment with 10 wt-% SiC at 100 A and without SiC at 80 A current. 
Figure 6b:	Hardness profiles of first and last parts of the 10 wt-% SiC track melted at 100 A helium mixed argon environment.
Figure 7:	Optical micrograph showing needle- like features in specimen in microalloy steel substrate without SiC, processed in argon.
Figure 8:	Optical micrograph of case B Table 2, Ar, with SiC showing dendritic features.
Figure 9:	Optical micrograph of case C, Table 2, first part, Ar+He, with SiC showing larger quasi- dendrites than in Fig. 8.
Figure 10: SEM micrograph, melt pool, case D- argon & helium showing graphite, and areas A and B from where spectra were taken.

Figure 11: EDX spectrum from area A indicated in Fig. 10.
Figure12: EDX spectrum, from area B in Fig. 10, showing high carbon content.
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