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ABSTRACT.

Surface metal matrix composites have been developed to enhance properties such as erosion, wear
and corrosion of alloydn this study, ~5um or ~75 pum SiC particulates were preplaced on a
microalloyed steel. Single track surface zones were melted by a tungsten inert gas torch, and
the effect of two heat inputs, 420Jmmnd 840 Jmm,compared. The results showed that the
samples ralted using 420Jmthwere crackiree. Rn-on-disk wear testing under dry sliding
conditions were conducted. The effects of load and sliding velocity were used to characterise the
performance of the cradkee sampledMicrostructural and Xay diffractionstudies of the surface

showed that the SiC had dissolved, and that martensite, was the main phase influencing the

hardness.
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1.Introduction

Surface engineering is an important aspect of several engineering industries and is widely used in
additive manufacturing. The surface of a material may have a crucial role in determining the load
bearing capacity of a component antimately the time in service, and is where problems due to

poor resistance to wear and oxidation are encountéfem@ny of the ideas currently followed

for surface alloy compositions were developed
a raute to improving the wear resistance of some alloys, silicon carbide has been one of the
ceramics of choi ce {2plthasthdvantages gf bemgharal, @availkableMVaC 6 s
wide size range, at various purity levels, and is relatively chieaprovements in the wear

resi stance of MMC6és containing SiC [B&jandi cl es

copper alloyg7].

Coatings, ofta a few microns in thicknesganimprovethe surface propertiegving
a material arextended product life cycle and reduce the risk of fajlore However coatings
can in some circumstances be detached from the substrate surface. An alternative approach is to
modify the surface region of a material by incorporating another chespieees, chosen to
mitigate damage during service. For example, ceramic particles were incorporated into the
surface of titanium by laser processing, resulting in improved wear and oxidation resistance.
This has been undertaken by claddi®@] or by thecreation of a functionally gradient surface
[9,10. Pioneering work byAyersand ceworkers [L1-14] who injected hard particles of TiC or
WC into laser surface melted zones on various substrates, demonstrated that with a greater
volume of carbide articles, the wear resistance was improved and the coefficient of friction
decreased. However, with a S¥@dition to a TH6AI-4V alloy, a much higher hardness,
reaching 1400HYv just below the surface was recortlgd This hardness level should have a

significant influence on the wear resistance of the modified surféte [



It is evident from the literature thateé development of improved wear resistance through the
i ncorporation of Si C particl es t owelpestablished e MMC
for the light alloys aluminium, magnesium and titaniwyip,1720].

High tonnage applications based on steels in, for example, civil engineering, mining and
transportation industries, require relatively cheap methods of manufacture, developing surfaces
with a combination of high strength, toughness and wesastance. To achieve these properties,
an understanding of the influence of microstructure on properties is important.

One of the earliest studies on the effect of an addition of SiC particles on the phases
formed in liquid steel was undeken byTerry and Chinyamakobvu [21They found that a
rapid reaction occurred forming iron silicides and grapReactions in the matrix and interface
of Fe-SiC MMC system were considered Byglleg [22].

A number of workers have studied surface engineering of steetselli et al. [3]
laser alloyed a prdeposit of C4C> or SiC on a tool steel, which gave excellent oxidation
resistance. More recentlyikara et al. [24]produced surfacliMC 6 s b y Si€ gadticles g
to low or medium carbon steels, whileang et al. [25]used a high inductive heating
technique to clad 20mm dia., 5mm thick coupons of a medium carbon steel with mixed Ni60
SiC nano powders. In this latter work, XRD efva taken after cladding, detected no sign of
SIC. It was considered that SiC dissolved and dispersed throughout the clad zone.

An improvement in the wear properties of mild steel through laser cladding was
achieved byMajumdar et a[26], who aimed to develop a compositionally gradient SiC
dispersed phase. The SiC dissociated and precipitatedSisaesing the hardness from 190HV
of the mild steel substrate to ~600HYV at the surface. The substitution of a laser by a more
economical tungsten inert gas (TIG) was initially madétilha and Nd 27] for surface
engineering of titanium. More recepBuytoz [28]has undertaken TIG processing of steel,

studying several different SiC contents and using a range of energy inputs, some resulting in



the dissolution or partial dissolution of SiC particulates. Aiseddy et al. [29Used a TIG torch

sheded by argon to incorporate ~50em size SiC
with Si content from that of the mild steel, 160Hv (Si 0.23%), to ~400HV (Si 1.5%) was

recorded. In a similar study 3atel etal., [30+ 5e m Si C p a e dissotvedlintbota e s wer
microalloyed (MA) steel surface also using a TIG torch, with argon as the shielding gas. A

modi fied surface of hardness >1000Hv to a dep
expanded byufozEscalona et gB1], who found that substiting helium for argon as the

shielding gas in single track TIG processing, reduced the melt zone hardness due to the

significantly higher temperatures recorded in the parent microalloyed (MA) steel. Changes in

heat input, shielding gas, and alloying @& composition, volume fraction and size, can also

influence the surface roughness. In many applications, a low surface roughness parameter, Ra, is
demandedd?2-34]. In other cases, the surface is required to have a machined 8aisi [

Therefore it $ essential that the surface treatment produces a modified layer of such a thickness

that it still provides improved wear or erosion resistance over thntigeof the component

after machining.

Following preliminary work $7], the present researcha part of a wider study assessing the
potential of TIG processing for creating modified surfaces based on powder alloying

techniques, to achieve superior wear properties fokMA steel, In particular, the influence of

SiC particulate size omneé retention of the ceramic and contribution to hardness and abrasive

wear properties following TIG processing of an MA steel, were considered.

2.Experimental Procedure



A surface engineering technique based on a TIG torch was used to melt trabksenMA steel
samples, two incorporating SiC dffferent particulate sizes, ®m or O 75 Om, whi

compared with a processed-raseived MA steel.

The chemical composition of the MA steel substrate base metal (BM) plates, with the
dimensions 30& 30 x10 mm, and hardness of ~150Hwasdeterminedising a Glow
Discharge Optical Emission Spectrometer, model HoribaGH3 profilometeas 0.14C-
1.26Mn0.32510.004S0.015R 0.012Cr0.002M30.007N0.02Cu 0.028Al -0.037Nb-

0.008T# 0.001V (wt. %) The steel surface was ground on emery paper and degreased in acetone
prior to the application of the preplaced powdsilicon carbide powdesf ~5um or ~75 pym

size, at a concentration of 0.3 mg rAnelative to the area of the steel specimens, was dmixe

with a binder and preplaced on the BM surface. Details of the powdpigmement method

have been described previousty]. Dynastry 300DX TIG equipment was used to generate an

arc with a 2.4 mm diameter thoriated tungsten electrode. Surface emgirsingle tracks were
compared following TIG processing using initially three energy in@1t8,J mmt ,420 J mrrt

and 840 J mnh. Argon was the shielding gas. The temperature during the melting and cooling
process was registered by K type thermocouples placed in three 1 mm diameter holes drilled to a
depth of 5mm below the surface of the sample to be processed. The three holed tkévid

sample into 4 equal lengths, and the location of thermocouples is shown in a schematic

drawing,Figure 1 Table 1gives the conditions used in this work
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Fig.1. Schematic drawing showing in black the melt track, melting direction and location of
three thermocouples.

Table 1.Melting conditions used in the research

Sample SiC with I \% S E
Particulate (A) V) | (mmsY) | (I mm
size (uUm) h
1 0 80 11 2 210
2 0 80 11 1 420
3 0 80 11 0.5 840
4 5 80 11 1 420
5 5 100 17 1 840
6 75 80 11 1 420
7 75 100 17 1 840

0 = no SiC ceramic powdeadded

Table 2shows different properties of the different materials/elements involved in the work.



Table 2.Density and thermal properties of the microalloyed s&i€l,and argon gas

Material | Mild steel SiC Argon
Property
Density [kgn?] 7870 3210 1.67
Specific heatw kJ Kg K] 0.5 0.75 0.52
Thermal conductivity [Writ K] 49.8 80(HP)71(sintg 0.016
Specific gravity 7.8 3.2 1.38

The energy input (E) was calculated using Eq. 1.

Pt ®
V: voltage
I: current
S: velocity
d: efficiency of energy absorpti®8n, which was

The temperature of the samples 5mm below the surface was registered during and after
processing; the samples cooled to room temperature when a microstructural examination and
microhardness measurements were conducted.

Each sample was cut just beyond the location of each thermocouple and prepared

metallographically giving a total of three specimens from each sample,75mm apart as observed



in Figure 1The 20~25 mm of the first section to be processed, before thermecbuplas
discarded, to ensure that the processing was conducted with a stabilized torch.

A Mitutoyo MVK G1 microhardness tester with 200gf load and a 15s delay was used to record
microhardness data to = S5Hv, following BS 1823993 and BS650Y 1998.Thecrosssectional

area of each sample was measured, starting at 0.1 mm from the fusion zone edge and recording

measurements in a vertical distance 2 mm.

Wear tests were undertaken under dry sliding conditions usingayaisc tribometer following

ASTM G standards. After the TIG processing, pins were cut from the sample between
thermocouple positions 2 and 3, ie. between150mm and 225mm from the start of the melt track,
which was also considered to have an optimal outcome regarding -csestional area

appearance. Each pin was ~5mm dia. and 10mm height, shown schemati€ajly én2.

The positions from which the wear test pins were taken, the specimens for microhardness testin
metallography and for the XRD investigations, were as closely related as possible so that the

respective data was relevant;betweenl25mm and 150mm from the start of TIG processing.



SiC Ceramic Layer

Fig.2. Schematic drawing of the wear test pins taken fromstraple between thermocouple
positions 2 and 3.

The steel disc counterfaces, with dimensions of 75mm dia. and 3mm thickness, had a chemical
composition determined by the GDES technique of 1.05C.23Mn0.28St0.58Cr0.27V-
0.46W (wt. %) and a mean hardness of 190HV.
The wear loss of the pins of the MA stedthout SiC additions and with ~5um and ~{dB
particulates was recorded after testing under three loads,10, 30 andh fistant sliding
distance of 10km was used, which, basedh® wear track diameter, equates to ~ 56,000 revs.
This sliding distance was selected based on previous regééfch the processedurface was
fully worn, the test was terminated.

The wear ratev and the coefficient of friction, 4, were calculated usiugiations 2

and 3

-

(2)

® dWear rate, mmN-*m?

Y variation in volume, mrh



"O: Normal load, N

0dSliding distance, m

o 0 (3)

"O: Frictional force, N
‘ : Coefficient ofFriction

"O: Normal load, N

To obtain the wear rate Vthe mass loss from both the pin and the disc were recorded at
5min.intervals eitheruntil the trial had been completed, or until the modified surface had been
fully worn. Measurements were takaring a Mettler College balance, which has a readability

tolerance of 1x18 g and maximum capacity of 220g.

Specimens were prepared for metallographic analysis following ASTBUE2andardsThe
crystallographic characterization of phases developed in tbaitéfied surface was obtained

by X-ray diffraction(XRD), which was carried out in a Bruker D8 Advance with Da Vinci. A
Cu (o = 1.5 4ay tubejwas used. Therayaubexwaset to 40k and 40mA, the

step size of @2°and thedwell timeof 0.5s.The 2theta range measured was-20°. XRD data
from all these sources was characterized usingnteenational Centre for Diffraction Data
(ICDD) PDF2 database incorporated iretARD equipment, also allowing indexingrofiny of
the peaksHowever, with such a complex mixture, the individual phases were only tentatively
identified by theipeak2d values, which did nadlways givethe expectegeak heights and

widths,as requiredy a Reitveld refinemensuggesting that some peaks amdtiples.

XRD spectra were recorded for MA steel samples whjlim and~75um SiC particulate

additions from the melt zo(lZ) surface from between thermocouples 1 and 2, to study the

10



phases asfainction of particulate size. In addition, XRD spectra where collected from the BM
in the as received conditipalso after heating to 600°C for 30 min to stress relieve the surface
engineered steel, and from thHgum and~75um SiC powdesamplesA slit size of 200pm was

used to limit the XRD information collected to the centre of the ~4mm TIG track width.

An Olympus GX51 optical microscof@@M) and a Hitachi S$6600 scanning electron

microscope (SEM) with an Oxford Instruments INCA system witim8n XMAX SDD detector

and a wavelength detector were used to record and chemically analyse the microstructure of the
metallographic specimens. A Philips TEM 400 fitted with an Oxford INCA system was used to

examine carbon extraction replicas.

3. Results
3.1 Temperatures

All the TIG samples recorded a higher temperature at the end of the melted track registered by
thermocouple 3, the position of which is showirinure 7 this is due to the preheating effect the
samples were subjected doiring the melting of the tracki(]; the difference in temperature
between thermocouples 1 and 3 was €45

Figure 3shows the maximum temperature registered in the melted track for each of the samples
processedinder the different energy inputs. An increase in the temperature of wé8%oted

by thermocouple 3 when the energy input was increased by 100% (from 216td #20 J

mnt or from 420 Jmmt to 840 J mri).

11
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Fig.3. Maximum temperatures registered in the melted zone for each sample, which was by
thermocouple 3.

It is also observed that the samples incorporatifigum SiC particulates recorded slightly lower
temperatures than those wijam SiC. This is possibly associated with the greater volume of
liquid produced, leading to a larger volume of melt zégure 4shows that as the energy

input was increased from 210 to 840 J tme.by 400%, the melted track depth increased by
~60%and the width by~45%During the determination of the width and depth data it became
apparent that aenergy inpubf 210J mmtwas insufficient to produce a surface capable of
incorporating the SiC particulateés a result it was decided to limit teudy at this point to

two energy inputs,420 Jmhand 840 J mmh.

12
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Fig.4. Influence of heat input on the dimensions of the melted zone.

3.2 Microhardness results

Hardness profiles from indents made in the centre of the melt zone, from close to the surface to
theBM of tracks processed at 420Jrhiand 840Jmm,are shown irFigure 5 for all the

samplesThe hardness of the Bsteel was ~150HV, which after TIG pexsing increased to
between 220 and 270 HVhose specimens with SiC additions processed at 4283mdh

840Jmm' showed substantial increases in hardness te9808lv, retained for a meftone

depth >1mm.

Figure 5 near here
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3.3Macrographs

Optical Macrographs (OM) of two craessections taken from samples2®5 mmalong the
track are shown iffigure 6 Following TIG processing at 420 Jritiithe sample with 48m

SiC particulates shows no cracksjure @a), while thecrosssection of the track processed
using 840 Jmn Figure 6(b)shows a shows a significant crack. The same occurred for the
samples prepared wittv5um SiC powder. Despite the greater melt zone volume produced
using 840 Jmn, it was decided to confirmibsequent processing to an energy input of

420 Jmnt.

14



MA steel

Fig.6. OM showing the melt zone (MZ) and Micedloyed steel (MA steel) for 75um SiC
sample at 225 mm: 420 Jrtgmo cracks (b) 840 Jmifp containing an ~1mm long
crack.

Figure 7is an OM from the first and final sections of the TIG processed track.There are marked
differences at each end for the two specimens incorporating SiC particulates.For this reason,the
following sectiongeporting a more detailed microstructural charaterization were restricted to

the section of the track between thermocouples 1 and 2, but closegtor22

15
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Fig.7. OM of the fusion zone at the start and end of the melted.track

The correspondinguicrohardness is taken from Figure 5.

3.4 Weatr test results
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The test samplespachinedrom the positions shown inigure 2were left un
groun to avoid removing any of the region melted by the TIG surface enginediiregefore
some surfaces were slightly uneven, and a longer running in period during wear testing was

taken for all pins, which is not included in the data plotteéidgnired

0.80
8
.‘E 0.60
w
-] 3 3
0.40
5
=
2
0.20
8
0.00
0 10 20 30 40 50 60

Mormal Load (N)

Fig.8. Influence of normal load on theeancoefficient offriction on samplesnelted with an
energy input of 420 J n

Figure 8shows that loads in the range d®B0 N, with a narrow range tést velocities, have
relatively little influence on the coefficient of friction of the samples with an energy afiput

420 J mmt and hencén further workconsiderednly the highest load,50N
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Fig.9. Comparison of coefficient of friction as a function of sliding distance for three samples
tested with a load of 50N

In Figure 9the CoF of the two specimens incorporating SiC particulates is compared with the

SiC-free pecimen.This specimen, which has the lowest CoF (red) while the specimen

absorbing the largest S«Z5um, shows the highest CoF (bliB9th these graphs increa

steadily with sliding distance, while thetddor the surface coated witht SiC particulates

oscillates ~25% of the mean CdRere was EDX evidence of a transfer of material from the

pin to the counterface during testing, indicated by highieon contents on the disc wear tracks

than in the untested areas.
3.5 XRD and Analytical SEM results

XRD spectra were recorded for thel'lG processed rougMZ surface of theMA steel
samples incorporating-5um or~75um SiC particulates taken between thermocouples 1 and 2,
to study the phasedevelopeds a function of particulate size

The XRD spectrumn Figure 10 collectedfrom the MAsteelincorporating~5um SiC
particulatesshows peaks related to martensite, silicon dioxickementitg Cohenite,F¢C) and
iron silicide (DOs,FesSi.). With the exception of the austenite peaksdwith the addition of

peaks corresponding traphite the~75um SiC MA steel spectrugontainshe same peaks

18



Also in Figure 1Q spectra are included from the75um SiC powder used in this work and from
theBM.The strongest peaks excited by the 750m
~35°.However,it is apparent thahere is insufficientatching betweethe SiC peaks the
spectrunfrom the powder alone anble spectra frorthe TIG processed MA steel/SiC

specimens to claim that SiC is present in these latter spectra.

The PDHilesused for thedentification of these phases gieen inTable3

Table 3. PDF files chosen for the identification of the above phases

Phase Powder Diffraction File Number
Austenite () 00-0230298
Graphite  (G) 00-023-0064
Martensite {)' 00-044-1290
FesSi (F) 01-072-4250
SIO, (S) 00-046-1242
FesC (d) 000030411
Ferrite 00-006-0696
SiC 00-001-1118

A slight shift appears betwesomepeaks in thespectra obteels with~fm and~75um SiC
additions, particul arTbinvestigate ithts wasdué terestdtal | ow 2 d
stress introduced during the cooling from the TIG processing, XRD spectra collected from the

BM in the asreceived condition togker with spectra from the MA stewith SiC particulate
additions,werecompared with specti@btainedafter heating the BM to 600°C for 30 min to

stress relieve the surface engineered steel. No significant peak shifts were rd2oededthe

complex né&ure of theMA ~5um and MA ~75unspectra in Figure 10, it was considered

inappropriateat this stagdéo applyaRietveld structure refinement
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Fig.10. XRD spectra of 75 pm SiC(pgM, and MA steels with ~75um SiC andph SiC.

The surfaces off IG processed tracks between thermocouples 1 and 2 are seen in the
micrographs irFigures 11a and 11@urved ripples following the lines between X and Y are a
well- established feature on the surfaces of welded metals which some regard to be entirely due
to oscillatoryMarangoni flowof the weld poo[ 41,42].Figure 11bshows that the track has

solidified in a microstructure of fine ridgessawhich could influencéhe wear properties of the

surface.
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