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Abstract: The laser surface engineering of titanium alloys has been developed over the past 

30 years to produce  a modified layer up to 1mm depth, thicker than alternative techniques. 

CW CO2 lasers have been  the  main lasers used for both surface cladding and alloying. Much 

of the early work was based on laser  nitriding forming  titanium nitrides throughout the 

molten  pool . Subsequent alloying developments   have included the incorporation of 

carbides, nitrides, oxides and silicides, and also intermetallics and rare earths, added as 

powders. Laser processing can now   tailor surfaces with superior tribological and erosion 

resistant   properties compared to the untreated titanium alloys. 
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18.9 References 

18.1 Introduction 

18.11Why use titanium alloys 

Titanium alloys have been developed widely as commercial alloys for over 60 years, 

fulfilling the requirement for materials with high strength to weight ratios at elevated 

temperatures, initially used  in the aerospace and defence industries. Over 80% of titanium 

alloys are used in these industries, mostly in the wrought form, but many other applications 

are restricted due to their poor tribological and oxidation properties and high relative cost, 

which is  about five times that of steels and aluminium alloys.  

Titanium and its alloys have  excellent corrosion resistance in rainwater and sea water 

environments, through the formation of  protective oxide films These films have been 

recognized and utilized by the chemical industry and also have  led to applications in 

dentistry and by the medical profession in prostheses for implanting in the human body. 

Titanium has a high melting point, 1678ºC, which indicates that the alloys will show good 

creep resistance over a significant range of temperature.  

18.12 The need for surface engineering 

While titanium alloys also possess   good fatigue resistance, they have a high coefficient of 

friction (た) in the region of 0.6, both against each other, against other alloys and against non-

metallic materials, such as polymers, which means that they suffer from low resistance to 

wear. The poor tribological properties are normally associated with the transfer of the surface 

oxide film to mating surfaces, resulting in severe adhesive wear. In some cases, the  situation  

can be alleviated through the application of lubricants, for example when titanium alloys are 

in contact with polymers. The improvement in wear resistance  due lubricants, in general, 

decreases with temperature. For this reason, surface modifications of titanium alloys have 
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been used to increase the near surface strength,  reducing the coefficient of friction and 

lowering the tendency for material transfer and adhesive wear ( Heyman 1992) . 

In addition to aerospace applications, the attractive high temperature properties of  titanium  

alloys has been extended to land based turbines. This has been particularly the case in Japan 

(Yamada 1996). The density advantage of titanium alloys over such steels as Cr-Mo-V and 

12%Cr  has led to their use in the low pressure end of steam turbines. Under the operating 

conditions, liquid impingement erosion is a well recognized damage mechanism associated 

with moving blades (Robinson and Reed 1995). A loss of material which occurs from the 

leading edges of the blades is a result of cumulative damage from the impact of water 

droplets formed by the condensation of steam in the later stages of the steam turbine. The 

impact of each droplet generates, very briefly, high local forces. Pressure forces are generally 

normal to the direction of impact, whereas forces due to splashing or jetting, as the droplet 

disperses, are tangential to the impacted surface. These two sets of forces produce 

characteristic pitting or tunnelling damage to the surface (Hu et al 1997). Therefore, 

protection of the blade surfaces is essential if they are to function effectively and within 

acceptable commercial economic limits. The use of laser surface engineering to   develop this 

protection, by creating surface coatings on titanium alloys has some advantages over other  

alternative  coating techniques (Zhecheva  et al  2005).These    include a precise control over 

the width and depth of surface modification and the ability,  through computer controlled 

work tables, of processing complex shapes and targeting specific areas of a component. Laser 

surface processing methods have been reviewed by Tian et al (2005) who include a brief, but 

useful description  of biomedical applications, not covered in the present Chapter which 

concentrates on  more extensive consideration of what are, in effect, functionally gradient 

layers for structural engineering applications.  
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18.13 Primary  sources of material 

Materials Property Handbook: Titanium Alloys, 1994, 1169-1176, ASM International, 

Materials Park, OH. 

Laser Processing of Engineering Materials,  J. C. Ion, 2005, 296, Elsevier, Amsterdam. 

The Development  as Turbine Materials ed  G.W.Meetham, R.M.Duncan, P.A.Blenkinsop 

and R.E.Goosey, Applied Science Publishers,London,1981, 63-87. 

18.2 Lasers used in surface engineering 

With the need to improve the surface properties of   titanium alloys, such  as  the  

tribological,  high temperature and  corrosion aspects, the normal approach has been to 

modify the surface to one with a higher hardness and /or a lower coefficient of friction than 

the substrate, while retaining the attractive properties of the bulk material of the alloy. 

Lasers are one of many tools that have been used to  modify the surface of an alloy. They 

involve light amplification by stimulated emission of radiation, which gives rise to the 

acronym laser. The different types of laser are grouped  according to  the active medium (gas, 

liquid or solid),wavelength ,power, energy and mode of operation(continuous or 

pulsed).These are shown in  Fig 18.1, by Ion (2005), characterized by plotting the average 

power versus the wavelength, and vary from excimer,  Nd:YAG, diode through to CO2 lasers, 

the latter being the main tool used in most of the work reported in the literature on surface 

alloying. Ion (2005) attributes  the popularity of CO2 lasers to their �efficient use of gases, 

which reduces running costs, that the pulsed or continuous wave emission is produced in a 

high quality beam at superkilowatt power levels, and far- infrared light is transmitted readily 

in air, being absorbed by a wide range of engineering materials�. However, he also expects 

there to be a  growth in the use of multikilowatt diode �pumped solid state(DPSS) lasers 

which offer compactness, high power efficiency and high beam quality. Information on the 
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physics associated with lasers and their construction are found in Duley (1983) and Ion 

(2005).  

18.3 Laser surface modification  methods 

The simplest application of  laser processing, laser heating, involves   the rapid heating of the 

surface layers to a temperature well below the melting point, followed by rapid  cooling. 

While this technique is widely applied to steels and results in transformation hardening due to 

the development of martensite, in laser processed titanium alloys, the martensitic phase 

transformation has no significant effect on the hardness. However, the technique has been 

reported to increase the fatigue life of Ti-6Al-4V alloy due to both a reduced fraction of g-Ti 

and   to a reduction in the grain size (Konstantino and Altus 1999). 

Laser processing using around three times the beam energy as in laser heating, can  develop a 

deeper melt pool than other surface modification techniques,Fig18.2,(Gates 1986,Deng and 

Braun 1994, Zhecheva  et al  2005),a rapidly solidified melt pool, with a >1000Hv surface 

zone,  followed by a zone of a hardness gradually decreasing to that of the titanium 

substrate,325-350 Hv. This modified microstructure has been described as a functionally 

gradient layer, Fig18. 3.  Many  applications  result in the removal of the surface during 

service. Therefore the thicker the modified layer, the longer the in- service use of the 

component. However, defects may be introduced during the surface modification process. 

These include cracks, Fig18. 4 and  porosity in the surface layer, and in the case of the 

incorporation of particles, undissolved   particles and heterogeneous particle distribution 

which may result in an early deterioration of the surface properties. 

Several laser surface modification  methods have been developed and include:  

(1) surface alloying using an element which is  well distributed throughout the Ti matrix, 

such as Al in low concentrations, to provide solid solution hardening, resulting in  improved 

surface properties. Secondly, alloying   with a solute element which will form a  compound 

 6



with a higher hardness than the titanium alloy. This latter situation occurs following alloying 

with higher concentrations of  Al,  forming TiAl, and with Si, which forms Ti5Si3 , either as 

needles, or together with う- Ti as a eutectic, Fig18.5 and Fig18.6, (Hu et al 1998) 

(2) the use of compounds which will completely dissolve providing solute atoms which react 

with titanium  to form  hard particles, such as borides, carbides, nitrides, oxides or  silicides. 

An example is SiC particles, 3-7たm in size, which dissociates to give elemental Si and C. 

These atoms then react with Ti forming TiC and Ti5Si3 precipitates respectively,  both  

significantly harder than Ti and its alloys ,Table 1. Another example is 10たm BN powder 

dissolved in Ti-6Al-4V alloy to give compounds of Ti2N, TiB and Ti3BB4,  producing a  

surface hardness  between1500-1700VHN, due to presence of the hard TiB and TiN phases 

(Selvan et al  1999). 

(3) the  incorporation of  hard compounds, such as SiC, which will dissolve partially, leaving 

sufficient of the original particles well distributed  throughout the Ti-matrix together with 

solute elements which will react with g-Ti to form a fine dispersed phase. SiC particles, in the 

range 30-100たm have  been found to partially dissolve giving the same phases described in 

(2), Fig18.7(Mridha et al 1996).  

(4) Intermetallic coatings of Ti-Al (Garcia 2002) have been developed  on Ti  alloys by laser 

processing as a means of improving high temperature   properties while  Ti2Ni3Si toughened 

by a ductile NiTi (Dong and Wang 2008) have potential for improved corrosion and wear 

resistance. 

(5)  Inoue (2000) discovered a series of amorphous alloys, based on R-E oxides, with a high 

glass forming ability (GFA).A Zr based amorphous alloy with the widest supercooled liquid 

region  has an extremely high glass forming ability  and  was applied  by Wang  et al (2004) 

to coat CPTi using Zr based alloy powders. 
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(6) Laser nitriding to form a hard TiN surface layer ~5たm, followed by dendrites, needles and 

quasi-spherical particles at lower depths in the melt pool, Fig 18.3. This technique has  

received  widespread attention for many years, initially through the use of CWCO2 lasers 

(Katayama et al 1983, 1984), but also using Nd-YAG pulsed lasers (Ettaqi et al 1998,Santos 

et al 2006).Bianco et al (1995) investigated laser processing with CO2 gas to form TiC 

precipitates, while the effect of TiCxNy   by laser processing with a combination of carbon 

and nitrogen was addressed by Covelli (1996), and using  gas mixtures of CO and N by 

Greiner (1997). However, the reader should be aware that a review of �laser nitriding of 

metals� by Schaaf (2002) does not consider titanium alloys. Examples of these different 

approaches are discussed below.  

18.4 Laser processing conditions 

The main laser parameters which can be controlled during processing include the laser power, 

q, the beam radius, r b the specimen or work-piece  velocity, v, `and  the beam mode, which 

may be  stationary, spinning; top hat , or Gaussian (Ion 2005).In addition, in the case of 

alloying, the  composition and concentration of the alloy, and if the processing involves a gas  

such as nitrogen, the concentration and the flow rate ( Mridha and Baker1998). Other 

important factors are the dimensions, particularly the thickness of the work-piece (Hu et al 

1997) and its absorptivity of the laser energy. Many of the studies on laser surface 

modification describe work which involved either a small hemispherical melted volume 

(Abboud and West 1994) or a single laser track with a width of a few millimetres (Mridha 

and Baker 1996). In practice, there is frequently a requirement to produce surface 

modification over a much greater area. This necessitates overlapping of many laser melted 

tracks. The best results for laser processing Ti-6Al-4V alloy plate using a stationary beam 

were obtained with medium scanning velocities of 15-50 mms
-1

 and  with a minimum overlap 

of  50%, otherwise it was found that a part of each track will only be molten once, Fig18.8 
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(Morton et al 1992).Work by Baker and Selamat (2008), used a spinning beam to produce a 

broad laser track,   lower scanning velocities, usually in the range 3-10mms
-1

 ,and  in  

agreement with Morton et al (1992) and Robinson and Reed (1995), they also  found that an 

overlap of 50% provided the best surface finish. However in earlier work (Xin et al 1996), 

also using a spinning beam, where the economics were not a prime concern, found that  a 

35% overlap gave a satisfactory surface. A consequence of overlapping of laser tracks is a 

build- up of heat in the work piece, resulting in preheating, which increases the temperature 

of subsequent tracks. This effect has received little attention in the literature but has been the 

subject of two papers, (Hu and Baker1997, 1999). The melting of 13 tracks on a 10mm thick 

plate of Ti-6Al-4V under atmosphere of Ar, showed that a constant preheat temperature of 

235ºC was reached by track 7. With  a  20% nitrogen atmosphere, under the same processing 

conditions, a temperature plateau of 290ºC was reached by track 11, Fig18. 9. Higher 

temperatures were reached with 5mm thick plate. Therefore it is not surprising that  

variations  in the melt depth, in the microstructure and therefore in the properties such as 

hardness occur, from the first to the   last  melted tracks, although these changes are rarely 

reported in the literature.  

The laser energy density E is related to the laser power q, the scanning velocity, v, which is 

normally the traverse speed of the work-piece, and the radius r b of the laser probe by  

                          E = (q / r b v)                                                                [18.1] 

expressed in MJm
-2 

, and  for CO2  lasers is  normally in the range 50-600 MJm
-2 

. 

The variation in the input energy density, that is the energy density absorbed by the alloy 

surface, controls the depth of the melt pool and therefore the volume of the molten alloy. The 

laser processing  is characterized by high heating and cooling rates in the range 10
4
 to 10

10
 

Ks
-1

, thermal gradients between 10
5
 and 10

8
 K/m and solidification velocities up to 30ms

-1
 

(Draper and Poate 1985).These laser surface alloying parameters have the effect of  extending 
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the solid solubility limit and  may result in  metastable non-equilibrium phases leading to 

novel microstructures due to the  rapid solidification conditions. The most important 

characteristic of the modified layer is the depth of penetration which is related to the 

maximum temperature reached during processing. As described by Steen et al (1994), several 

attempts have been made to predict the melt depth. These include those �based on 

experimental studies which analysed statistically a large number of measurements to develop 

a master correlation. At the other extreme, those based on the laws of physics which provide 

�exact� predictions, but the dominant physics is often lost in the wealth of information 

generated and the nature of the simulations  limit their engineering application�. However,  

Shercliff and Ashby (1991) �provide a balance between these two extremes and their work 

results in plots of dimensionless parameters which capture the significant trends of a large 

number of experimental data, including their own measurements�. Ion et al (1992) and Ion 

(2005 p525) have summarized some of the available approaches and collated the main 

relationships required to  develop  model process diagrams, while Hu and Baker (1996) 

considered the case of a spinning beam. A modified laser processing diagram showing the 

conditions for laser melting and laser cladding is given in Fig18.10.                                                       

While the melt depth, surface temperature, heating and cooling rates are of primary 

importance to the mechanical properties developed on solidification, the surface roughness 

can have important consequences for erosion resistance. Anthony and Cline (1977) explored 

the development of surface ripples during laser processing. They considered that �during laser 

surface melting and alloying, a   temperature gradient extends radially away from the centre 

of the laser beam. Under the beam, the temperature of the liquid is at its highest   level and 

the surface tension of the liquid is at its lowest value. As the temperature of the liquid 

decreases away from the centre of the laser beam, the surface tension of the liquid increases. 

This increase of the surface tension of the liquid away from the centre of the beam, pulls the 
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liquid away from the centre of the beam, thereby depressing the surface of the liquid under 

the beam and heightening the liquid surface elsewhere. This  effect  is known as Marangoni 

flow and is the dominant convective mechanism in the melt pool. It can have a controlling 

effect on the microstructure, Fig18.11. Chan et al (1984) in modelling heat flow,  predicted 

that the melt pool rotates approximately five times before solidification. This effect manifests 

itself on occasions in the heterogeneous distribution of dendrites, Fig18.12. As the beam 

passes to other areas of the surface, this distortion of the liquid surface is frozen in, creating a 

roughened rippled surface�, Fig18.13 The roughness of the surface has been shown to be a 

major factor in erosion of titanium alloys, considered in Section 18.74.  

18.5 Laser Surface Melting and Cladding  

18.51 Laser surface melting 

The process whereby the alloy surface is laser melted and then  resolidified without any 

attempt to modify the surface layer chemical  composition is normally referred to as laser 

glazing or melting. The sequence of surface changes following the instant the laser beam 

contacts the alloy surface is summarized below. Firstly, the near surface region rapidly 

reaches the melting point and a liquid/solid interface starts to move through the alloy. 

Diffusion of elements commences in the liquid phase. The laser pulse is nearly terminated 

while the surface has remained below the vaporization temperature. At this stage the 

maximum melt depth has been attained, inter-diffusion   continues, the re-solidified   

interface velocity is momentarily zero and then rapidly increases. The interface moves back 

to the surface from the region of maximum melt depth. Interdiffusion continues in the liquid, 

but the re-solidified metal  behind the liquid/solid interface cools so rapidly that solid state 

diffusion may be negligible. Finally, re-solidification is complete and a surface alloy has been 

created. Due to the relatively small melted zone of 50 to 1000 microns, very high quench 

rates are achieved, in the range of 10
3
 to 10

6
 Ks

-1
, resulting in  non-equilibrium martensitic 
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microstructures ( Draper and Ewing 1984,Draper and Poste 1985).The re-solidified alloy has 

a titanium oxide film on the surface, which confers good wear resistance. Langlade et al 

(1998) used a YAG-Nd  laser to study oxides on T40Ti and Ti-6Al-4Valloys. Stratified layers 

giving different coloured  films  were related to oxide thicknesses  and oxide compositions. 

TiO  +Ti2O3   followed TiO, and finally Ti2O3 +anatase  TiO2 +rutile TiO2 .It was noted that 

titanium oxides may exhibit a solid lubricant effect, while the  oxygen dissolved  in the 

titanium matrix had a hardening effect. 

One of the characteristics of the laser surface melting technique is the rapid solidification. 

which  can produce hardening through the introduction of crystalline  defects such as 

vacancies and dislocations. Often residual stresses are developed   which result in a distortion 

of the work-piece, but can be overcome by the application of a low powered surface heating 

procedure following the laser melting process. 

18.52 Cladding 

Ion (2005) defined cladding as �a surface melting process in which the laser beam is used to 

fuse an alloy addition onto a substrate�. The alloy may be introduced into the beam- material 

interaction zone either during or prior to processing, usually as powder, wire or foils�. The 

object is to melt a thin layer of substrate together with as much alloy addition as possible, 

which must be able to homogenize before it solidifies. Therefore very little of the substrate is 

melted and ideally, vaporization is avoided, as the molten clad solidifies rapidly, a clad with a 

nominal composition of the alloy is produced which has a strong metallurgical bond with the 

substrate and increased hardness. The process may be used for large area coverage by 

overlapping tracks, but it is the ability to protect smaller localized areas, that according to 

Vilar (1999) makes the technique unique. Most of the substrates which can be subjected to 

laser melting techniques are suitable for producing clad surfaces and in the case of powder 

additions, cladding and alloying processes often overlap. As seen in the schematic diagram  
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Fig18.10, laser cladding, uses a lower power density, around 10 
2 

Wmm
-2

 compared with !0
3
- 

10
4
  Wmm

-2
 for  laser surface melting. This lower power density not only reduces  the  

relative  extent of distortion, but also ensures a closer control of the dilution of the clad, 

leading to a more exact coating composition.  

Cladding was considered by Ion (2005 ) and Bao et al (2006) and   reviewed by Vilar (1999) 

and Wu and Li (2006). The pioneering work was undertaken by Ayers (1981), who  injected 

into Ti, powders of TiC (Ayers et al 1981,1984) or WC (Ayers et al 1981,1984), and later 

Abboud and West (1989) with SiC. Abboud and West (1989, 1990, 1991, 1991a) also laser 

surface clad CPTi with Al powder to produce titanium aluminide coatings. This  was 

followed by the study  of the wear and oxidation properties of titanium aluminides on CPTi 

(Hirose et al 1993). Recently, interest in cladding with Al on titanium alloys has been revived 

by Guo et al (2007, 2008, 2008a) and Pu (2008). Guo et al (2008) who studied the effect of  

preplaced  aluminium powders between 14.7 and 29.7 at% on the phase composition and 

tribological properties of CPTi. Cracking was found in all the laser modified specimens. Cai 

et al (2007) used a mixture of titanium and B4C precursor  powders to form a mixture of 

carbide and boride precipitates which raised the hardness  of the Ti-6Al-4V substrate 

from~350 to ~600Hv  through the formation of TiC, TiB and TiB2.Unusually,the precursor  

powders were placed in  grooves machined to  depths of  0.2 to 1.0mm. Research by H.M. 

Wang  and Liu (2002), is an example of a study to develop  a  wear resistant Ti5Si3/NiTi2 

intermetallic composite coating which was fabricated on a near alpha titanium alloy, BT9. 

The laser clad intermetallic composite  of Ti5Si3 primary particles were uniformly distributed 

in the NiTi2 matrix and  metallurgically bonded to the titanium substrate, were  free from 

porosity and microcracks, with  a hardness of ~1000Hv at the  surface retained  to a depth of 

800たm. Recently, cladding of Ti-6Al-4V by cobalt  has been studied by Majumdar et al 
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(2008) developing several titanium cobalt compounds which were associated with improved 

corrosion resistance.  

Laser cladding is also one of the surface amorphization technologies associated with the high 

rapid heating and cooling rates that inhibit long-range diffusion and avoids crystallization 

(Morris 1988). However, the amorphous alloys found before 1990�s required cooling rates 

above 10
5
 Ks

-1
 for amorphization, and the resulting amorphous layer thickness was limited to 

less than 50 nm (  Wang et al 2004). Since 1988, Inoue and co-workers have discovered a 

series of amorphous alloys with high glass forming ability (GFA) and much lower critical 

cooling rates in the Mg-,Zr-, Fe-, Pd-, Ti- and Ni-based alloy systems (Inoue 2000). The alloy 

Zr 65 Al 7.5 Ni10 Cu17.5  which has a widest  supercooled liquid  region, also has a high GFA  

at an extremely low critical cooling rate of 1.5 K/s (Inoue et al 1993). The discovery of these 

GFAs opened up significantly greater   prospects for laser cladding of amorphous coatings 

with a thicknesses >1mm and able to cover a large area. Various alloys have been laser 

cladded on a variety of substrates. Wang et al (2004) has studied Zr-based alloy powders 

laser-clad on a pure Ti substrate in an attempt to form an amorphous coating. No cracks or 

voids   were observed within the coating. There are clear tendencies of composition 

separations in different phases. The extensive growth of titanium in the form of columnar 

crystallites into the coating, provide a good metallurgical  bond between the coatings and 

substrate. This clad coating showed a higher but varying microhardness 650-1000Hv.  As 

mentioned in Section 18.3, titanium based intermetallics, such as け-TiAl, are of interest for 

structural applications at elevated temperatures (Ye 1999). Whereas け-TiAl   possesses low 

density (3.7-4.6 g cm
-3

), high specific strength and excellent high temperature resistance, the 

sliding wear resistance at elevated temperatures needs improvement. Coatings of   TiN on け-

TiAl, by  multiarc implantation  or  a 3たm film of Ti2AlC using plasma carburization, were 

found to have  inadequate oxidation resistance with increasing temperature. Also the ductility 
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at room temperature is a major obstacle to the use of  Ti3Al, TiAl and TiAl3 (Hirose et al 

!993). However, Chen and Wang (2003) found that laser surface alloying Ti-48Al-2Cr-2Nb 

(け-TiAl) with carbon, resulted in a thick composite coating of TiC, which exhibited >700 Hv 

and  a 5x  improvement in sliding wear resistance at 600°C over untreated け-TiAl. Liu and 

Wang (2006, 2007) investigated the effect of laser cladding the same alloy with a mixture 

powders of Ni-20wt-%Cr alloy and Cr3C2 in the ratio of 20:80, 50:50 and 80:20, as a means 

of further improving the high temperature wear resistance. The main clad phases were   け Ni 

solid solution matrix, Cr7C3 and  TiC. The clad processed with the 50:50 alloy showed a two 

times improvement in room temperature sliding wear resistance. An extension to this work 

(Liu and Yu 2007a) involved the incorporation of between 1 and 10wt-% of a rare-earth 

metal oxide, La2O3 , to the 50:50  ratio Ni-20wt-%Cr alloy :Cr3C2 alloy. An addition of 4 wt-

% La2O3 refined the carbide microstructure and produced the highest values of microhardness 

combined with the lowest wear rate during room temperature sliding wear experiments. 

Possible improvements in the high temperature wear resistance of け TiAl alloy were 

investigated   by developing laser clad け/W2C/TiC composite coatings through the use of 

different  concentrations  of Ni-Cr-W-C  precursor mixed powders and testing the response of 

the coatings to dry sliding wear at 600ºC and isothermal oxidation at 1000ºC .Improved wear 

resistance was obtained, but oxidation resistance was reduced (Liu and Yu 2007b).  

18.6 Laser surface alloying  

Laser surface alloying of has been reviewed by Draper et al up to 1985 and by Ion 

(2005).Here the gaseous, solid and gaseous plus solid methods are considered. 

18.61Laser nitriding 

Laser surface engineering requires the protection of the molten surface by an inert gas, such 

as argon or helium, to prevent oxidation during processing. In the case of titanium alloys, the 

replacement of the inert gas by nitrogen is a technique which has been developed over the 
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past 30 years for modifying the near-surface region of  alloys without altering the bulk 

characteristics of titanium alloys ( for example:  Katayama et al 1985,Walker et al 1985,Bell 

et al 1986,Mridha and Baker 1991,1994, Kloosterman and De Hosson, 1995,Xin et al 

1996,Nwobo et al 1999,Kasper et al 2007, Abboud et al 2008 ). Laser nitriding with a 100% 

nitrogen atmospheres  was  used in most of the early work ,and produced a thin 5-10ȝm 

surface layer of titanium nitride. The hardness recorded closest to the surface was ~ 1000-

2000Hv , and in addition, the TiN  layer provided  improved corrosion resistance,  a lower 

coefficient of friction and wear resistance. However, cracking   was often observed, Fig18.4 

(Katayama et al 1985, Morton et al 1992,  Hu et al 1997b, Nwobo et al 1999). Morton et al 

(1992) found that when laser nitriding  CPTi  and Ti-6Al-4V alloy produced a surface with a 

hardness >600Hv , cracking was likely to occur ,but could be avoided by preheating prior to 

nitriding, which reduced the cooling rate and controlled the level of the residual stresses 

developed on solidification. An alternative method of   alleviating  this  problem  is  the use 

of dilute  nitrogen atmospheres, usually in the form of   an argon-nitrogen mixture, together 

with lower nitrogen flow rates ( Mordike 1985, Bell et al 1986,Morton et al 1992, Mridha and 

Baker 1994, Xin and Baker 1996,Grenier et al 1997, Xin et al 1998,Selamat et al 

2001).Dilute  nitrogen atmospheres  were found to reduce significantly or eliminate cracking, 

but at the expense of a decrease in surface hardness, Fig18.14, and a smaller melt depth. In 

the work of  Selamat et al (2001),no cracking was observed following processing with a 

dilute nitrogen atmosphere of 20%N- 80% Ar,while laser nitriding  using a 50%N50%Ar 

atmosphere  coincided with a reduction in hardness to ~800Hv
 
( Xue  et al 1997). As 

described by Mridha and Baker (1994) and Kloosterman and De Hosson (1995), initially, a 

thin surface TiN layer <10ȝm, will solidify, out of which  titanium nitride dendrites will 

grow due to constitutional undercooling. The dendrites grow by  rejecting titanium into the 

melt. At the same time there will be a solidification front at the bottom of the melt pool and 
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somewhere in between, these fronts will meet. If the cooling rate is sufficiently fast, and the 

nitrogen concentration in the titanium is below 6.2 
a 
/o, a martensitic transformation (う-Ti) is 

possible. In general, the nitrided surface develops better properties than those produced by 

glazing in an inert gas atmosphere (Baker  et al 1994). Below the surface, the hardness 

normally decreases rapidly, due to the TiN layer being replaced by TiN dendrites in an う Ti-

N solid solution matrix (Katayama 1983, Walker et al 1985, Bell et al 1986, Mridha and 

Baker 1991, Kloosterman and De Hosson 1995), Fig18.3. Closer to the melt zone- HAZ 

boundary, only the う Ti-N solid solution is present, and this is reflected in the level of the 

hardness. 

Microstructural characterisation has  been related to the processing, hardness and roughness 

data.. Previous studies by the present author and co-workers used TEM/SAED, X-ray 

diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) to characterise titanium 

nitride phases in a Ti-6Al-4V alloy produced by laser nitriding
 
(Xin et al 1998, Xin et al 

2000, Selamat et al 2001). Single phase h TiN has an  NaCl type fcc structure and  is more 

accurately expressed as TiNx, as it and can have a wide range of homogeneity from~ 30 to 55 

atomic percent nitrogen. In the transition elements, the cubic nitrides can exist in a wide 

range of non-stoichiometry,   and TiNx can be obtained with 0.5 ≤ x ≤ 1.1
 
(Selamat et al 

2003). The values of x   have been shown to depend on the percentage N in the nitriding 

atmosphere. With 100%N, x has been estimated to be close to 1, with 80%N, x =0.8
   
while 

when 20%N is employed, x decreased to 0.75 (Selamat 2001). The XPS spectra obtained 

from different depths in the melt zone indicated that the quantity of TiNx precipitates 

decreased with increasing depth from the surface. Only a small quantity was present at 

100ȝm, while none was detected below 300ȝm from the surface.  

TiN coatings are used mostly for their low coefficient of friction in order to reduce adhesive 

wear, while TiC coatings increase both the surface hardness and the resistance to ploughing 
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wear (Moskowitz et al 1986). Eskin et al (1995) and  Bianco et al (1995) have shown the 

potential use of CO2 as an alloying gas. They noted that the abrasive wear resistance of   CO2 

laser alloyed titanium is improved relative to TiN layers produced by laser nitriding. It is also 

known that the wear resistance of titanium was enhanced by TiC coatings produced by laser 

alloying using preplaced graphite powders, originally added to improve the absorptivity 

(Flower et al 1985, Walker et al 1985, Covalli et al 1986). Unlike nitriding, which resulted in 

a layer of TiN, the alloying with graphite did not produce a surface  layer of TiC.The use of a 

gas instead of preplaced graphite allows a more precise control of the relative concentration 

of   the carbon content of the molten layer. Also, laser gas alloying can be undertaken more 

easily on complex shapes without the feeding difficulties   associated with powders or wires. 

Deng and Braun (1994) have observed that the wear behaviour of TiCxNy  is  superior with 

carbon rich coatings to TiN or TiC which led Grenier et al (1997)  to  study the effect of 

mixtures of carbon monoxide and nitrogen gases on the microstructure and wear resistance of 

laser processed CPTi using  a Nd:YAG pulsed laser.    

 18.62 Laser powder alloying   

The early work using powders as a source of alloying (Ayers et al 1981, 1984, Abboud and 

West 1989) was  based on injection of powders of around 150たm in size, which may be 

described more accurately as cladding rather than surface alloying. Later,  this average 

particle size was reduced to within the range 60-100ȝm (Cooper and Slebodnick 1989, 

Kloosterman et al 1998, Kool et al 1999, Pei et al 2002). An alternative method is the 

preplacement of particles on the surface of the substrate alloy in the form of a  slurry, where 

in general, the particles have a smaller average size, ~ 45-60ȝm (Hu et al 1997, Pang et al 

2005). Both these techniques result in the partial dissolution of the powders, Fig18.7, which 

can provide a strong bond with the matrix, and confer significant wear resistance to the 

substrate (Ayers and Bolster 1984, Hu et al 1997, Ettaqi et al 1998, Pang et al 2005). 

 18



However, for some applications which require improved surface strength through dispersion 

hardening and /or improved corrosion properties, a complete dissolution of the particles 

during laser processing is beneficial. This is possible using laser powers of ~3kW, when the 

particle size is less than 10たm.With SiC particles, both of these techniques provided an 

opportunity for the precipitation, in a fine state, of new phases such as Ti5Si3 and TiC, 

Fig18.15 (Mridha et al 1993, Baker et al 1994, Hu et al 1997, Mridha and Baker 1997, 

Selamat et al 2003, Mridha and Baker 2007,Poletti 2008).It is generally found that the 

hardness of the powder alloyed surface is lower than that of the nitrided specimens. Other 

elements and compounds that have been incorporated into titanium alloys include, Al 

(Abboud et al 1994,1994a,Majumdar et al 2000,2000a),
 
 B4C  ( Mehlmann et al 1990), BN 

(Selvan  et al 1999) ,Co ( Majumdar et al  2008),Si ( Selvan  et al 1999, Majumdar et al 

2000,2000a,Alhammad et al 2008),TiC(Abboud and West 1992,  Majumdar
 
1999, Man et al 

2001,Sun et al 2001, Zang et al 2001, Pei et al 2002)
 
, TiN (Hu et al 1997,Ettaqi et al 1998, 

Yilbas and Shuja 2000, Yilbas  et al  2001), ZrC (Hu et al 1997)  and ZrN((Hu et al 1997). 

Mixed alloy powders  such as Al+ Si (Majumdar et al 1999, 2000,2000a)
 
, Mo-WC (Pei et al 

2002) ,Ti-Cr3C2  ( Pei et al 2002) 
 
, and Ti-TiB (Banerjee et al 2004) have also been studied, as 

have complex powders which include BN-NiCrCoAlY (Molian and  Hualun 1989)
 
, 

NiCrBSiC (Sun et al 2000,2002a ), NiCrBSi-TiC ( Sun et al 2001),NiCrBSiC-TiC 

(Majumdar et al 1999,Sun et al 2002,2002a), NiCoCrAlY (Meng et al 2005), Ti5Si3+NiTi2 

(Wang and Liu 2002)
  
 and Zr65Al7.5Ni10Cu17.5  ( Wang et al 2000)

 
.Laser alloying with 

graphite (Courant et al 2005 ), graphite and silicon mixed powders (Tian et al 2006) , 

graphite, boron and RE oxides (Tian  et al 2006a)
 
 has been undertaken. However, in all 

cases, the laser alloying resulted in a harder melt zone than the substrate and many papers 

reported significant improvements in properties. 
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In the case of injected powders, the protective gas used to avoid oxidation has been employed 

as a carrier, and some studies have found that position the powder stream out of the laser 

beam minimizes the reaction layer between the particles and the titanium matrix 

(Kloosterman et al 1998). 

18.63 Laser surface nitriding plus powder alloying 

The combination of powders with gaseous atmospheres has also been studied; in particular 

mixtures of nitrogen with SiC  ( Hu et al 1997, 1998,Mridha and Baker 1996, 1997,Selamat 

et al 2003),  TiN  (Ettaqi et al 1998), ZrC
 
(Ettaqi et al 1998)  and ZrN ( Hu et al 1997) . Dilute 

nitrogen atmospheres combined with powder alloying have been found to produce crack- free 

surfaces which have additional hardness relative to the titanium parent alloy and the powder 

alloying alone ( Baker et al 1994,Mridha and Baker 1996, 1997,2007, Hu et al 1998,Selamat 

et al  2006,2008,Garcia et al 2002,Guo et al 2008a). 

18.7 Effect of laser surface modification on properties 

18.71Hardness and residual stress 

The hardness of laser modified titanium surfaces has a significant influence on the wear 

properties. The aim is to precipitate hard ceramic particles, sometimes as dendrites, as quasi- 

spherical particles, needles or in a eutectic with g-Ti together with a solid solution 

strengthened Ti matrix. In the case of laser nitriding, the formation of a hard surface TiN 

layer is followed by a dendrite microstructure, (Bell et al 1986, Morton et al 1992, Hu et al 

1996). The hardness, Hv is controlled by the volume fraction dendritic phase V%, Fig18.16, 

by 

Hv = 23 V%                                                        [8.2] 
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which is related to the details of the secondary arm spacing. This in turn is controlled by  the 

rate of cooling. Peng et al (1983) used the Cline and Anthony (1977) model to calculate the 

maximum cooling rate, i in Ks
-1

 following laser melting through a correlation with dendrite 

arm spacings, d in たm, measured from photomicrographs. The best functional correlation was  

d=80 i-0.34
                                                         [18.3] 

Fig18.7 shows that this holds for values of i between 8 x 10
4
 and 1.5 x 10

6
 Ks

-1
, as described 

by the model. 

Whereas most research reports the hardness as a single series of microhardness measurements 

taken close to the surface down to the substrate, Baker and Selamat (2008) produced hardness 

maps, Fig18.18 which, by allowing a comparison of hardness over several laser tracks, 

provides a much more accurate picture hardness variations throughout processing. 

Laser nitriding Ti with 100% N produced surface hardness values in the range 1600-2000Hv 

(Katayama et al 1983, Bell et al 1996, Mridha and Baker 1994a,Ettaqi et al 1998), which 

decreased with increasing work-piece velocity,  %N in the atmosphere, Fig18.14 (Hu et al 

1996,Xin et al 1996,Hu and Baker 1999, Nwobe et al 1999, Kasper et al  2007, Raaif et al 

2008) and flow rate (Mridha  and  Baker 1998).The variation of hardness of TiNx as a 

function of N/Ti ratio was shown by Sproul et al
 
(1989) for sputtered coatings, to have a 

narrow range between 3140 and 3400 Kgmm
-2

, the latter figure also given by Perry et al 

(1999). To date it has not been possible to find hardness data related to the stoichiometry of 

bulk TiNx, over a wide x   range.  

Laser alloying Ti with powders also increased the surface hardness. For example, Tian et al 

(2005) obtained hardness of 1500-1600Hv after laser  processing  TiN/B/Si/Ni powders, 

while slightly higher hardness 1600-1700 Hv0.1 were found the in  work on C/ TiB/Ti 

powders(2006b).By comparison, the hardness of individual Zr-based amorphous was much 
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lower and  varied from ~650 to 1000HK,still higher than the single amorphous alloy at 450-

500HK (Wang et al 2004). 

Another effect that has received little attention is the residual stress which develops as a 

result of laser surface modification processing. Ubhi et al (1988) showed by X-ray 

diffraction, that the residual stress across a single track in laser glazed Ti-6Al-4V plate was 

+170MPa (+ve is a  tensile stress) compared to +100MPa in the parent as rolled plate, and 

these values were reduced on annealing. Mridha et al (1993) determined the residual  stress  

laser processed CPTi  alloyed with 6たm SiC particles. They showed that the tensile stresses 

determined parallel to the track direction, decreased with depth from +259MPa at the surface 

to +124MPa at a depth of about 200たm.The compressive stresses determined perpendicular 

to the track direction also decreased fromn-244MPa at  the top to-170MPa at 100たm 

subsurface.  A detailed study of the surface residual stresses developed in both single track 

and multi track laser nitrided  Ti-6Al-4V specimens was undertaken by Robinson et al 

(1996). The tracks, unlike the work of Mridha et al (1993), were allowed to cool to below 

50ºC between each successive pass to avoid preheating effects. In the single track specimen, 

the residual stress state prior to laser treatment was  compressive (-562MPa), due to the 

severity of the grit blasting and considered to be the maximum value of elastic stress.. A 

progressive increase in the level of the tensile residual stress occurred as successive adjacent 

melt tracks were formed, reaching a  maximum tensile stress  of ~ +560MPa, corresponding 

approximately to the compressive stress in the grit blasted surface prior to laser melting. 

Cracking was not observed when the alloy was melted in an Ar. However, the introduction of 

nitrogen, led on occasion, to longitudinal cracks parallel to the laser track in the multi-track 

case, but perpendicular to the melt track in the single track experiments. The work 

emphasises the importance of conducting multi-track studies, but avoiding   inter-pass 
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cooling, and using conditions  which  are more appropriate to engineering applications than 

single track work.  

18.72 Surface roughness  

The roughness of the laser modified surface layer  has received less attention   in the 

literature. This may be because many applications require the machining of a surface before 

service, which  may remove up to   40ȝm of the modified surface and  entails  additional 

costs. However, very smooth surfaces following laser processing have been reported. 

The origin of  laser induced  surface roughness is due to the development of   morphologies 

such as ridges, Fig18.13 , large scale periodic structures, cones or columns. The surface 

micro-structuring of titanium  in the presence of nitrogen following  processing using a Nd-

YAG laser was investigated  in detail by  György et al (2003, 2004).They showed  that 

initially, a rippled structure developed, which under further irradiation gave way to micro-

columns, uniformly distributed on the whole irradiated surface. Nitrogen pressure had a 

significant influence on the surface morphology. However, �in argon, smooth flat islands 

appear, surrounded by a wave-like micro-relief, which evolves with increase in the number of 

laser pulses towards a smooth surface with polyhedral structures� (György et al 2004).. 

The characterization of the surface finish of laser molten layers following CW CO2 laser 

processing was considered in terms of roughness and waviness (Morton et al 1992). 

Roughness, according to Morton et al
 
(1992,) is due to the amount of surface rippling, which 

in turn is dependent on the viscosity of the melt (Anthony and Cline 1977). In agreement, 

Xue et al (1997) noted that the surface roughness in laser nitrided surfaces is related to the 

laser process parameters, the nitrogen concentration and the track overlap ratio. To this list, in 

the case of powder alloying, it is necessary to include the concentration and size of the 

powder and details of the carrier gas flow. Whilst rippling as a result of laser nitriding is 

widely reported, it has also been observed  after  laser  boronising  Ti 6Al-4V with a 
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preplaced layer of BN (Selvan et al 1999). Waviness is a function of the convectional flow of 

the melt surface and again is influenced by the percent overlap (Morton et al 1992).  The use 

of a spinning rather than a stationary beam had an influence on the surface morphology, 

which   developed  cellular �like structures with oval-shaped shiny bands across the tracks, 

Fig18.19
 
( Mridha and Baker 1994a). After laser nitriding of titanium, Bell et al (1986) found 

the surface roughness, Ra <10たm, that is,smoother than the as-ground condition or following 

shot peening ( Xue et al 1997), which can show an Ra value of up to 15ȝm (Drechsler et al 

1999).These data compare with an as- machined roughness of Ti-6Al-4V which can vary 

widely from 1.4ȝm  (Ribeiro et al 2003,Nalla et al 2003)  to 5ȝm, depending on the tools and 

machining parameters (Che-Haron 2001) . 

Laser nitriding  using 100% N, produces the smoothest surface for both CPTi and Ti-6Al-4V 

alloys with  R a  values of  2.7たm,4.6たm respectively, but these was greater than laser 

processing in 100% argon or under a vacuum (Hu and Baker 1999). Baker and Selamat 

(2008) compared in Table18. 2 the surface roughness of laser processed Ti-6Al-4V following 

nitriding in 20% N:80%Ar (specimen A), SiC powder melting (specimen B)and combined 

nitriding 40%N plus SiC powder addition (specimen C).It is interesting to note that the Ra 

value varied with track number. For specimen A, Ra decreases with increasing track number, 

while with specimens B and C, the roughness increased as the track number increased. The 

data in  Table 18. 2 show that laser processing Ti-6Al-4V following  preplacing  of SiC 

powder produces a very smooth surface, as Ra increases from of 0.94ȝm to 1.8ȝm from track 

1 to track 6, but is still significantly smaller than any other Ra values collated in this work. 

However, combining nitriding with powder placement resulted in a marked deterioration in 

the surface smoothness, with the Ra  values again increasing with track number from 4.4ȝm 

for track 1 to >7ȝm for tracks 6 and 12.These were the highest values recorded in the work, 

but still fall within the limits given by Bell et al (1985).  
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18.73 Wear  

Titanium alloys have poor fretting fatigue resistance and poor  tribological  properties.   

Theoretical calculations have shown that metals with low theoretical tensile and shear 

strengths exhibit higher coefficients of friction( た) than higher strength materials. Within  the 

class of alloys with hcp structures, titanium has relatively low values of these properties. 

Consequently, it is expected that it will have high frictional values, which is the case for 

titanium sliding against titanium in air, where た=6 (Miyoshi and Buckley 1982). Lower 

strength materials also show greater material transfer to non-material counter-faces, than 

higher strength materials. The great affinity of titanium for oxygen leads to the formation of 

oxide which is transferred and adheres to non-metallic materials, such as polymers, resulting 

in severe adhesive wear. Surface modifications are therefore required to increase near surface 

strength, thereby reducing た and lowering the tendency for transfer of material and adhesive 

wear (Kustas and. Misrta 1994). 

Following either laser nitriding or laser  powder alloying, there are reductions in た  and 

improvements in wear resistance. At higher loads, there are several reports of three body 

wear, due to the hard ceramic particles which were originally part of the modified layer, 

augmenting the wear debris. 

Yerramarry and Bahadur (1991) were among the first to study   both  sliding wear and 

abrasive wear of  titanium alloys following laser surface modification. They assessed the 

wear following (a) surface melting in an argon atmosphere, (b) nitriding and (c) nickel 

alloying, where an electroplated nickel layer 25-50たm was surface melted in an argon 

atmosphere. Sliding wear tests were  undertaken using a block �on-ring configuration in dry 

conditions with the titanium alloy sliding against a tool steel. The steady state wear rate 

decreased from 40x 10
-4

 mm
3
m

-1
 to 0.8 x 10

-4
 mm

3
m

-1
 after Ni alloying ,to 0.5 x 10

-4
 mm

3
m

-1
 

after surface melting, while  the lowest wear rate was 0.3 x 10
-4

 mm
3
m

 -1
, following laser 
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nitriding. The as �received value of た  was reduced from0.62 to ~0.43 for all the laser �

treated specimens. Ploughing with some adhesive wear was observed after testing the as-

received alloy. The abrasive wear test involved a dry sand �rubber wheel and the wear rate of 

the as-received  titanium alloy was about 0.16 mm
3
m

-1 
which was reduced by a factor of 1.5 

for the laser nickel alloying and 3.0 for laser nitriding. A higher abrasive wear resistance for 

Ti-6Al-4V coincided with greater surface hardness and  N%,( Xin and Baker 1996,Hu et al 

1997a) The thicker the TiN layer, the greater the abrasive wear resistance even when fine 

cracks   were found in the layer. Three slopes associated with different microstructures, were 

seen in the weight loss versus sliding distance graphs, Fig18.20.The wear rate for 100%N 

CPTi was 0.001mg m
-1

 while that of the untreated CPTi was 0.18mg m
-1

.  Recently Raaif 

(2008) determined the sliding wear of laser nitrided Cp Ti for 40, 60 and 80%N atmospheres. 

They showed that た decreased both with increasing load and %N. Baker et al (1994) and  

Mridha and Baker (1997, 2007) looked in detail at the abrasive wear resistance of laser 

incorporation of small SiC powders. Fig18.21 shows that both processing conditions and 

powder volume fraction affect the weight loss. The best results are comparable to those of 

100%N, Fig18.20. 

The  wear resistance developed  by laser processing using  intermetallic  powders has been 

the subject of several investigations. Research by Majumdar et al  (2000), found that laser 

alloying of Ti-6Al-4V  with Al, Si or Al+Si powders showed improved wear resistance in the 

order, Ti( Si), Ti(Al+Si) ,Ti(Al) and CPTi. The rate of wear was a minimum in Ti(Si) and the 

improvements were considered to be due to Ti5Si3 +うTi eutectic following incorporation of 

the Si addition. In CPTi, an increase in た was associated with  severe adhesive wear and 

localized deformation, which was responsible for the formation and propagation of 

microcracks, while a gradual decrease or constant value of た, indicated that the wear was 

mainly abrasive in nature. Tian and co-workers laser synthesised a series of MMC coatings 
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on titanium alloys, TiN/B/Si/Ni (2005b), TiB/TiB2/Ti/TiNi (2005a), TiC/Ti5Si3/Ti (2006), 

and C/TiB/Ti (2006b). The TiN/B/Si/Ni (2005b) work showed  the coating had a た of ~0.4, 

lower  than the untreated alloy. Slightly higher hardness 1600-1700 Hv0.1 values were found 

the in  work on C/ TiB/Ti powders(2006b), which developed coarse needle  TiB and  dendritic  

TiC particles conferring   excellent dry sliding wear resistance. Dry sliding wear at RT of Ti-

Al cladded coatings on CPTi  was studied  by Guo et al (2007). The best results were 

obtained from the cladded 18at% Al specimen, which was composed of g �Ti and  

g2-Ti 3Al.The hardness in all the cladded specimens showed variations, but peaked at 

~700Hv, which  then gradually deceased to the substrate. This approach was extended to a 

study of TiN/Ti3Al on CPTi  by nitriding a coating of Al and Ti powders (Guo et al  2008a), 

and 40 
v
/o TiN, TiC or SiC powders, all mixed with Al powders on CPTi, to give Ti3Al (Pu et 

al 2008). The latterfound that TiN/ Ti3Al and TiC/ Ti3Al coatings displayed   the best wear 

resistance at  a load  of 5N, due to the presence of  a  granular TiN/ Ti3Al / TiAl / Ti2AlN2 / 

Ti3AlN2 phases, giving a surface hardness of 1124Hv..  

In an attempt to form a hard  amorphous coating, Zr-based alloy powders laser-clad on a pure 

Ti substrate were investigated by Wang et al (2004). The un-lubricated coating showed  a  

lower た ,0.17-0.25,than that of the amorphous alloy ~0.52, while the  predominant wear 

mechanisms were abrasion and peeling. A series of papers  (Wang et al 2003, Wang and 

Wang 2004, Dong and Wang 2008) have highlighted the combination of excellent 

tribological and corrosion properties of a multiphase structure consisting of a brittle Laves 

phase Ti2Ni3Si toughened by a ductile NiTi phase. The properties were attributed to the 

chemical stability of the phases and their strong inter-atomic bonds.  

18.74 Erosion of titanium alloys 

Erosion is an accelerated form of attack usually associated with high water or solid  particle  

velocities and with local turbulence which removes the oxide film from the surface of metals, 
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thus exposing bare metal to the corrodent. As a result of its ability to repair its protective 

oxide film quickly, titanium has an extremely high resistance to this form of attack. The 

erosion resistance of titanium alloys has been studied mainly from two aspects, firstly the 

resistance to solid particle erosion and secondly the resistance to water droplet impingement. 

The erosion of ductile metals is often the result of several simultaneous material removal 

mechanisms. Massoud and Coquerelle (1988) undertook erosion studies on Ti -6Al-4V  alloy  

by  impinging SiC particles at the alloy surface at different angles. They found that the 

maximum rate of erosion coincided with an angle between 20 and 30º, which is   well 

established for ductile metals, compared with 90º for brittle materials. Within   this 

impingement angle range, impact craters were elongated in the direction of the particle 

motion and the predominant modes of erosion seem to be  ploughing and cutting. At higher 

impingement angles, the main modes of erosion were deformation and extrusion of metal to 

form, a raised region around the crater. Many SiC particle fragments were embedded in the 

surface. Adherence of the target material to the eroding particle surface has been identified as 

an important material removal mechanism. Here large Ti chips were adhered to SiC particles. 

No melting was observed in this work. The same features were  recorded  by Yerramarry and 

Bahadur (1991) again studying Ti-6Al-4V alloy impacted by SiC particles. Material removal 

was attributed to cutting, ploughing or pile-up leading to flake formation and separation and 

lip fragmentation.  

18.741 Erosion resistance of hard coatings  

Singhal (1978)  showed that  TiB-TiN coatings were erosion resistant . Massoud and 

Coquerelle (1988)  observed that the thickness of  these nitrided coatings appeared to be 

crucial to the erosion resistance of laser  nitrided titanium alloys. They   found that laser 

nitrided  surface  had better erosion resistance than titanium nitride surfaces prepared by 

PVD, where spalling damage removed the TiN coating from the substrate after only a few 
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impacts. However, hard dense coatings of TiB-TiN, 20 to 30たm in thickness, with surface 

hardness of ~1400Hv, were rapidly damaged because of   cracking  due  to the  brittle nature 

of the layer, but  thicker layers (80たm) showed a slower erosion rate. Yerramarry and 

Bahadur (1991) again studying  the effectiveness of laser surface modification on Ti-6Al-4V 

alloy, found that in their tests involving high velocity impacts by coarse SiC particles of 120 

grit (100たm),erosion of  the surface produced deep craters which extended beyond the laser 

treated region for all the treatments. They concluded that laser treatments were ineffective in 

preventing severe erosion by coarse particles. 

The  ultrasonically induced cavitation  erosion in  a 3.5% NaCl solution of laser nitrided 

CPTi and Ti-6Al-4V  in a pure nitrogen atmosphere  was considered   by Man et al (2003). 

They  produced crack-free surfaces with a hardness of  ~2000Hv, followed by a 

microstructure with a  hardness of 800Hv retained to a depth of ~400たm. The cavitation 

resistance was improved by 12 times following laser nitriding and attributed to the increased 

surface hardness, which Neville and McDougall (2001) reported to be related to the erosion- 

corrosion resistance for Ti alloys.  

18.742 Water droplet erosion  

 Laser nitriding using a CW CO2 laser has been the most researched method of improving 

erosion resistance of Ti-6Al-4V alloy. Contrary to abrasion and sliding wear, hardness alone 

is not considered to be a major factor in effecting erosion resistance, as  residual stress plays a 

major role in erosion resistance of  TiN layers (Sue and Troue  1988). Gerdes et al (1995) 

showed that laser nitriding improved water droplet erosion resistance.  More recently, Kasper 

et al (2007 investigated the influence of percentage nitrogen on the erosion resistance of Ti-

6Al-4V   following water droplet testing. Again, they found an improvement, once the 

nitrogen level was >5%, but little difference in the cumulative volume loss for nitrogen levels 

between 9 and 25%.When the  nitrogen content was ≤ 5%, the matrix was mainly martensitic 
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う-Ti, and erosion proceeded along the boundaries of the martensitic needles, whereas with 

nitrogen  >5%,the microstructure consisted of small g-Ti grains with  く-Ti between them, 

which eroded more rapidly. They attributed the best erosion resistance to the presence of a 

more homogeneous, crack- free microstructure. Two sets of researchers, Robinson and  Reed  

(1995) with Robinson et al (1995), and Hu et al (1997a)) used the same test rig to evaluate 

the water droplet erosion resistance of laser  nitrided  Ti-6Al-4V alloy The conditions during 

testing were designed to approximate the actual operating conditions in the LP stage of a 

steam turbine, with a spray droplet size of ~100たm.The impact velocity of ~500ms
-1

 is well 

into the regime of impact velocities under which the wear mechanism is dominated by 

erosion alone (Coulon 1986). Robinson  and Reed  (1995)  compared three environments, Ar, 

10%N +90%Ar and 20%N +80% Ar.  They observed cracks after   laser  nitriding, but a 

significant reduction in the weight loss of the specimens laser nitrided in the 20% N.Hu et al 

(1997a), using a spinning beam, extended the work to include nitriding under 60%Ar + 

40%N. They also compared the effect of grinding 100-180たm from   the laser nitrided 

surfaces to give a smoother surface before testing. This would remove any TiN layer and 

expose the TiN +う-Ti microstructure to the erosion jets.Fig18.22 shows that grinding had a 

beneficial effect on the erosion resistance thought to be due to reducing the level of  the  

residual stress.  

The solid particle and cavitation erosion of titanium aluminide intermetallic alloys was 

investigated by Howard and Ball (1995).They concluded that the け-TiAl alloys they 

examined were more resistant to cavitation erosion than the super g2 � TiAl alloy, while the  

particle erosion due to the impact of angular 120grit (~100たm dia.) SiC, of both types of TiAl 

alloys, was similar to 304 stainless steel.  

18.75 Oxidation resistance  
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Hirose et al (1993) were among the first to explore the oxidation resistance of laser alloyed 

titanium aluminides on CPTi. Testing  at 1000ºC  they found  that the layer comprising TiAl3 

+TiAl had the best oxidation resistance. In other work, a laser synthesised TiN/B/Si/Ni 

coating on titanium alloys was shown by Tian et al (2005)  to  be ~4 times more resistant than 

the untreated alloy to oxidation after 70hrs at 750ºC. Liu and Wang (2006, 2007) found that 

the high temperature oxidation resistance, measured after 50hrs at 1000ºC, of 50:50 mixed 

powders of Ni-20wt-%Cr alloy and Cr3C2   was 2.5x superior to the untreated TiAl alloy. This 

was shown to be associated with the compact oxide scale consisting of TiO2/g-Al2O3/Cr2O3, 

which protected the け/ Cr7C3/ TiC composite coating from excessive oxidation attack. Al rich 

TiAl3 layers have superior oxidation resistance at ~800ºC  to that of Ti alloys(Garcia 2002) as 

does TiC  formed on け-TiAl alloyed with carbon (Chen and Wang 2003). 

11 Summary 

Laser surface modifications to produce cladded and surface alloyed coatings on titanium 

alloys  have been studied extensively.  Laser nitriding has been widely investigated, but when 

high concentrations of nitrogen are used, cracking is invariably found, often penetrating from 

the surface to the substrate. Preheating or the use of  dilute nitrogen atmospheres avoid 

cracking but at the expense of lower surface hardness and poorer wear properties However, 

significant improvements in water droplet erosion have been recorded compared to the 

untreated titanium. Powders, incorporated via the gas flow injection technique or as  a  

preplaced slurry have been used  to precipitate borides, carbides, nitrides and silicides, singly 

or in combination, sometimes with nitriding, as a means of producing a thick, hard crack-free 

coating having good wear and high temperature oxidation resistance. It is concluded that 

different applications require different properties in the laser modified surfaces. Whereas high 

hardness is important for dry sliding wear resistance, strong bonding between the new phases 

developed during laser processing, are important for abrasive wear resistance. On the other-
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hand, improved hardness but with a smooth surface with Ra < 5たm together with a low 

residual stress provide the best combination for erosion resistant surfaces.  
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Figure Captions 

18.1 A selection of commercial lasers characterized by wavelength and average power shown 

         on a background of applications (Ion 2005)  

18.2 Macrograph showing the top (T), melt zone  (MZ)and heat affected zone (HAZ) 

          following laser melting (Mridha and Baker 1991) 

18.3  Micrograph showing the functionally gradient layer following laser nitriding of 

        titanium (Hu et al 1997)  

18.4 Laser induced cracks through the entire depth of the melt pool arrested at the HAZ 

(Mridha and Baker 1991)  

18.5 SEM micrograph showing Ti5Si3 particles A and B, spherical TiC  in C and E,  and a 

        eutectic of Ti5Si3 and う-Ti, at D. (Hu et al 1998) Page 7 

18.6 TEM micrographs of  eutectic of Ti5Si3 and う-Ti (a) bright field (b) dark field, with 

        Ti5Si3  in light contrast. (Hu et al 1998)  

18.7 SEM micrograph of partially dissolved SiC particle acting as a nucleant for TiC  

        (Mridha et al 1996)  

18.8 Figure showing the effect of percentage overlapping on the remelting of solidified alloy 

       page 8 

18.9 Effect of multi- track alloying on the preheat temperature (a) in Ar environment (b) in 

          40% nitrogen 60% argon environment (Hu and Baker 1999)   

18.10 Laser processing diagram showing the conditions for laser melting and laser cladding 

          (after Ion 2005) ) page 10  

18.11 SEM micrograph showing the capillary convective flow patterns in  the melt 

          pool(Marangoni  flow) high- lighted by precipitation of needle particles along the flow 

           lines (Mridha and Baker 1994) page 11 
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18.12 Heterogeneous distribution of dendrites following laser nitriding 

           (Mridha and Baker 1996)   

18.13 Surface topography showing rippling following laser melting of CPTi 

18.14  Microhardness �depth profile of specimens laser processed with varying nitrogen  

           percentages (Xin and Baker 1996).  

18.15  SEM micrograph of laser processed SiC preplaced powder on CPTi, showing small 

           needles (10-15たm) below larger needles (30-35たm) following a concentrated dendritic 

           structure (D).Platelet particles(P) in the needle structures and variation of the hardness 

           indentations (H) are also visible (Mridha and Baker 2007). 

18.16 Hardness versus dendrite volume fraction  in laser nitrided Ti-6Al-4V showing a near 

           linear correlation (Hu et al 1996)  

18.17 A correlation between the observed dendrite arm spacing and the calculated maximum 

          cooling rate (Peng et al 1983).   

18.18 Microhardness map of   Ti-6Al-4V alloy after laser nitriding with 20%N-80%Ar  

           (a) tracks Ti and T2 (b) tracks T6 and T7 (Baker and Selamat 2008) 

18.19 Surface morphology  after laser processing using a spinning beam showing the origin 

          of roughness bands across the track. (Mridha and Baker 1994a)  

18.20 Weight loss versus sliding distance for specimens ground on 600 grit SiC paper for 

           CPTi  and Ti-6Al-4V alloys following laser nitriding (Xin and Baker 1996).. 

18.21 Weight loss versus sliding distance for specimens ground on  600 grit SiC paper of  

             CPTi + (a) 5vol%SiC (b) 10vol% SiC ( Baker et al 1994). 

18. 22 A comparison of  water droplet erosion results from nitrided Ti-6Al-4V surfaces with  

           and without  grinding (Hu et al 1997a)  
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Table Captions 

Table18. 1   Data of compounds incorporated into titanium alloys 

Table 18.2   Surface roughness measurements according to the sequence of laser track 

                    number  for  specimens A,B and C (Baker and Selamat 2008) 
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18.1 A selection of commercial lasers characterized by wavelength and average power shown 

on a background of applications (Ion 2005) Page 4 

 

 200たm 

 

 

 

 

 

 

 

 

 

 

18.2 Macrograph showing the top (T), melt zone  (MZ)and heat affected zone (HAZ) 

following laser melting (Mridha and Baker 1991)               
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18.3  Micrograph showing the functionally gradient layer following laser nitriding of 

titanium.(Hu et al 1997 )  

 

 

 

 200たm 

18.4   Laser induced cracks through the entire depth of the melt pool 

 

          arrested  at the HAZ. (Mridha and Baker 1991) 
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18.5 SEM micrograph showing Ti5Si3 particles, A and B, spherical TiC  in C and E,  

and a eutectic of Ti5Si3 and う-Ti, at D. 

(Hu et al 1998) Page 7  

 

 

 

 

18.6 TEM micrographs of  eutectic of Ti5Si3 and う-Ti (a) bright field (b) dark field, 

with Ti5Si3  in light contrast ( Hu et al 1998). 
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18.7 SEM micrograph of partially dissolved SiC particle acting as a nucleant for TiC  

         (Mridha et al 1996)    

 

 

 

 

 
18.8 Laser tracks showing the effect of overlapping of 50% and 75% as a percentage 

of the width W of a single track (after Robinson et al 1995) 
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18.9 Effect of multi- track alloying on the preheat temperature (a) in Ar environment (b) in 

40% nitrogen 60% argon environment (Hu and Baker 1999)   
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18.10  Laser processing diagram showing the conditions for laser melting and laser cladding  

 (after  Ion 2005 )  
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18.11 SEM micrograph showing the capillary convective flow patterns in  the melt 

pool(Marangoni  flow) high- lighted by precipitation of needle particles along the 

flow lines (Mridha and Baker 1994) page 11 

 

 

 

 

 

18.12 Heterogeneous distribution of dendrites following laser nitriding (Mridha  and  

      Baker 1996) Page 11 
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18.13 Surface topography showing rippling  following laser melting of CPTi  

 

18.14  Microhardness �depth profile of specimens laser processed with varying nitrogen  

      percentages. (Xin  and Baker 1996) page 16 
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18. 15 SEM micrograph of laser processed SiC preplaced powder on CPTi, showing 

small needles(10-15たm)below larger needles (30-35たm) following a concentrated 

dendritic structure(D).Platelet particles(P) in the needle structures and variation of the 

hardness indentations(H) are also visible (Mridha and Baker 2007). 
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18.16 Hardness versus dendrite volume fraction in laser nitrided Ti-6Al-4V showing a  

           near linear correlation (Hu et al 1996) page 20 

 

 

 

 

 

 

18.17 A correlation between the observed dendrite- arm- spacing and the calculated 

maximum cooling rate (Peng et al 1983) 
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18.18 Microhardness map of   Ti-6Al-4V alloy after laser nitriding with 20%N-

80%Ar (a) tracks Ti and T2 (b) tracks T6 and T7 (Baker and Selamat 2008) page 20 
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 18.19 Surface morphology  after laser processing using a spinning beam showing the 

origin of roughness bands across the track. (Mridha and Baker 1994a)  
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18.20 Weight loss versus sliding distance for specimens ground on 600 grit SiC paper 

for CPTi and Ti-6Al-4V alloys following laser nitriding (Xin and Baker 1996).  
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  18.21 Weight loss versus sliding distance for specimens ground on  600 grit SiC paper of  

             CPTi + (a) 5vol%SiC (b) 10vol% SiC ( Baker et al 1994). 
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18.22 A comparison of  water droplet erosion results from nitrided Ti-6Al-4V surfaces with 

and without  grinding (Hu et al 1997a)  
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Table18. 1 Data of compounds incorporated into titanium alloys 

Material        Melting                       Vickers Hardness               Density                

                  Temperature 

                           ºC                                VHN)                             g/cm
3
   

 

                    

Ti                    1650-1670                           60                               4.54                     

TiC                  3067                                2800 -3200                    4.92                     

SiC                  2760                                 2600                              3.22                     

TiN                  2930                             ~ 2500                              5.43 

WC                  2870                                2400                             15.77 

VC                   2830                                2800                                5.81 

ZrC                  3500                                 2600                               6.73 

ZrN                  2980                               1510K                              7.35 

ZrB                  2990                                2200                                6.09   

TiSi2                1540                                   870                                4.39   

                    

 

K is Knoop hardness 
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Specimen Track n mber u  Ra ǋm 

    

 A �Nitrided (20%N) 

12 2.70 

   
B-SiC preplaced 

6 1.80 

of nitrided (40%N)and SiC 

preplacement 12 7.20 

 

1 

6 

 

5.10 

3.10 

   
  

1 

3 

 

0.94 

0.70 

 

C- Combination 

 

1 

6 

 

4.40 

7.50 

Table 18.2   Surface roughness measurements according to the sequence of laser track 

                    number  for  specimens A,B and C (Baker and Selamat 2008) 
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