
LICENTIATE THESIS 1996:04 L 

ISSN 0280 - 8242 

ISRN HLU - TH - L -1996/4 - L - - SE 

Theoretical and Practical 
Aspects of Laser Cladding 

Hans Engs"tröm 

nil]TEKNISKA 
L!II HÖGSKOLAN I WI.EA 
LULEÅ UNIVERSITY OF TECHNOLOGY 



PREFACE 

For many years I have had the pleasure of working with laser material processing at the 
Department of Materials and Manufacturing Engineering, Luleå University of 
Technology. My research work <luring this time has mostly involved studies of the laser 
cladding process. 

This thesis is the result of various projects and covers different theoretical and practical 
aspects of the laser cladding technology. 

I would like to use this opportunity to thank all the staff at the Department of Materials 
and Manufacturing Engineering for their support. I also want to thank Professor Claes 
Magnusson for his support and patience <luring this work and Dr John Powell from 
whom I have received invaluable support and advice. A very special thank to my 
fellows in the laser research group for many fruitful discussions and all the happy 
moments we have shared in the laboratories over the years. 

The basis for this work has been financially supported by the Swedish National Board 
for Industrial and Technical Development (NUTEK) and the Nordic lndustrial Fund 
(NI) which is gratefully acknowledged. 

Luleå April 1996 

Hans Engström 



ABSTRACT 

This thesis is divided into four papers: 

Paper 1. Laser Surface Treatment; Mechanisms and Techniques, Part 18:2 

Part 1. The first part of this paper provides an introduction to laser transformation 
hardening of steels under the following headings: 

Transformation hardening 
Laser hardening of steels 
Defocusing the beam 
Absorptivity and absorbing coatings 
Energy density (P/vD) 

Part 2. The second part of this paper discusses laser surface treatments which involve 
melting. These include: 

Surface melting 
Surface texturing and marking 
Surface impregnation, cladding and alloying 

Part one and two were published separately but are presented here in their original 
format as one continuous paper. 

Paper 2. Laser Cladding of Stellite No 6 on Mild Steel. 

This paper presents the results of an experimental investigation of cladding Stellite No 
6 onto mild steel. Four different CO2-lasers have been used to clad the samples which 
were subsequently analysed metallographically. 

Wear and erosion tests were carried out and the results of the laser clad specimens were 
compared to those achieved by standard T.I.G. clad samples. 
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Paper 3. Creating Tailor-Made Surfaces with High Power CO2-Lasers. 

Laser surface modification offers a wide variety of possibilities to create surfaces with 
high wear- and corrosion resistance. In fact, the unique properties of the laser as a 
highly flexible and controllable heat source provides opportunities for tailor-made 
microstructures suitable for different industrial applications. 

In this paper investigations into laser hardening, remelting and alloying and their 
influence on microstructure, wear properties and resistance to tempering of cast irons 
are reported. The results indicate possibilities for creating tailor-made microstructures, 
optimized for components exposed to different environments. 

Also reported are investigations in microstructure control by cladding of Stellite No 6 
on mild steel where the size and chemical analyses of the microstructure is modified by 
control of the energy input. The microstructure and results of wear tests are compared to  
TIG-cladding. 

Paper 4. Modelling of the Laser Cladding Process; Pre-heating of the 
blown powder material 

Laser cladding gives high quality, porosity free surface layers, with low dilution of the 
substrate material and with excellent bonding to the substrate. 

Most frequently metal powder is used as cladding material and there are basically two 
different methods of application:  i)  a pre-placed bed of powder on the substrate surface; 
ii) powder blown into the beam-substrate interaction zone by an inert gas stream. The 
blown powder cladding process is much more flexible with respect to surface 
geometry's and is therefore the most frequently used method in industry and the subject 
of this paper. 

As the blown particles travel through the laser beam on their way to the laser-substrate 
interaction zone they become heated. This paper gives the results of a theoretical model 
which investigates the level of pre heating experienced by the particles and the effects 
of various parameters on this pre heating. The results are important, as the powder 
particle temperature is expected to be an important parameter in the modelling and 
control of the cladding process. 
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ABSTRACT 

This paper explains the application of high power CO2-lasers to the following techniques: 

Heat Treatment 
Surface Melting 
Surface Texturing and Marking 
Surface Impregnation, Cladding and Alloying 

Each of these subjects is analysed technically and commercial examples are discussed. 

INTRODUCTION 

CO2-laser are a finely controllable source of heat which can be used for applications from 
cutting to surface cladding. Figure 1 demonstrates the changes in nozzle-lens distance, 
nozzle diameter and gas jet conditions which are needed to change from one process to 
another. 

This paper concentrates on laser surface treatment including: 

Heat Treatment 

Surface Melting 

Surface Texturing and Marking 

Surface Impregnation, Cladding and Alloying 
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Cutting Welding Heat treatment 

Laser beam focussed focussed de-focussed 

Nozzle diameter 1-2 min 2-4 mm > mm 

Noule-workpiece 
distance 

0-2 rem 2-10 mm > 10 ram 

Gas type oxydising or teen inert inert 

Gas pressure high low low 

Figure 1. These are the different processing arrangements for cutting, welding and heat 
treatment. 

HEAT TREATMENT 

During laser heat treatment, a defocused laser beam is passed over a metal workpiece to 
produce a rapid thermal (heating and cooling) cycle in the surface layers. The process is 
carried out at a power density below that which would cause surface melting. The thermal 
cycle causes the surface layers of the metal to undergo microstructural changes which 
affect the performance of the surface. 

The most common use of such microstructural reorganisation is the heating and rapid 
cooling of carbon steels, which causes a surface to be hardened . Taking this as an 
example, the principle of transformation hardening can easily be explained. 

Transformation hardening 

At certain temperatures between ambient temperature and melting point of a metal, the 
three dimensional arrangement of the atoms transforms. These transformations result in a 
new crystal structure. If a transformed, heated structure is cooled rapidly enough, the 
atoms do not have time to move back to their previous low temperature stable position and 
will assume a compromise or meta-stable structure. 

The formation and retention of these meta-stable phases can be aided by the locking effect 
of an alloying element which inhibits movement in the structure ( for example carbon in 
steel). These metastable phases are intrinsically highly stressed and are, therefore, usually 
hard and wear resistant. These features of such phases have led to the development of 
many techniques for heat treating components to achieve a more durable surface. The aim 
is usually to heat up the surface to past the transformation temperature and then to rapidly 
cool to well below this temperature. This will produce the desired surface hardness. 

A traditional way to achieve this aim is to heat the entire component in a furnace and then 
cool it by immersion in water or oil. This process wastes energy because, although the 
surface experiences the correct thermal cycle, the whole body of the component has to be 
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heated. Heat leaves the centre of the material slower than at the surface, so the atoms 
some distance from the surface have time to revert to their low temperature configuration. 
The enormous amount of heat used to heat the bulk of the material, therefore, does no 
useful work. In fact, certain component geometries allow the hardening effect to penetrate 
throughout the material. This situation is generally avoided as hard material is brittle. The 
core of a component is usually required to be unhardened and therefore, tough. Hardness 
is only needed on the surface. This article later shows that laser heat treatment is more 
efficient because it only acts upon the surface. 

At ambient temperatures the crystal structure of iron is ferrite which has a body centred 
cubic (BCC) structure, like a cube with atoms at each corner surrounding one in the 
middle. If this material is heated to more than 723°C its structure rearranges itself to 
become austenite which has a face centred cubic (FCC) structure, which is a cube with 
atoms at each corner and one in the centre of each face. If austenite is cooled slowly it will 
revert back to ferrite as it becomes unstable below the transformation temperature. If the 
cooling process takes place too quickly, the diffusion of the atoms back to their BCC 
positions cannot take place. 

This diffusion is frustrated because a short lead time is available between reaching the 
transformation temperature and reaching ambient temperatures, at which the atoms have 
insufficient mobility to re-organise themselves. Since the atoms cannot diffuse from FCC 
to the BCC structure, they assume an intermediate configuration which is a distorted 
tetragonal shape. This phase, called martensite, is highly stressed, a condition which 
makes it resist any deformation. This resistance to deformation is, of course, the source 
of this structure's hardness. 
It is very difficult to cool pure iron fast enough to prevent the stable BCC phase from 
being formed at ambient temperatures. However, a small addition of carbon (0.1 to 1.0 
percent) inhibits diffusion enough to allow martensite to be easily produced. The small 
carbon atoms move to positions between the iron atoms in the high temperature FCC 
structure and effectively lock them in place during cooling until not enough time or energy 
available for the diffusion charge to the BCC structure. Under these conditions the 
formation of martensite is encouraged. 

Laser Hardening of Steels 

As previously mentioned, the traditional approach to the hardening of steels is to heat up 
the bulk of the material and then to rapidly cool or "quench" the surface by immersion in 
oil or water. More refined methods such as induction heating can be used to heat restricted 
areas of a component but the process still requires a liquid quenchant in general. 

Drawbacks of such processes include: 

1. Energy wasted when heating the material either throughout its thickness or to a 
substantial depth in order to achieve the correct thermal cycle at the surface. 

2. Restrictions on the minimum area treated, particularly when complex geometries 
are considered, for example heat treatment of the inside of a drilled hole, which 
would usually involve hardening the surface of the whole component. 

3. Thermal distortion of complex components as result of rapid cooling. The heat 
retained within the bulk of the material can only leave via the surface. For 
complex shapes such as a cam shaft, the ratio of local surface area to the 
underlying volume of material can vary widely. Regions which have a high 
surface to volume ratio, such as thin sections will cool more rapidly than other 
areas. This cooling involves shrinkage and an increase in tensile strength. For 
this reason the different rates of cooling all over a complex shape can lead to 
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rapidly cooled parts pulling weaker, hotter neighbouring zones out of position. 
This leads to the finally cooled component being distorted. 

These problems are not encountered during laser heat treatment because, the hardened 
surface is produced without heating the bulk of the material. The principle of laser heat 
treatment is simple: 

1. A defocused laser beam is passed over the surface of the steel, which has been 
coated by an absorbing layer. The laser beam locally heats the surface to a 
temperature above the transition temperature but below the melting point. The 
depth to which this temperature range is produced depends upon the energy 
density of the beam and its speed of movement but it rarely exceeds one 
millimetre. 

2. As the laser moves on across the material surface, it leaves behind a heated surface 
which very rapidly loses heat by conduction to the underlying cold metal. In this 
way the material acts as its own quenchant. The thermal contact between the heated 
surface and the underlying material is excellent and cooling rates are high, 
approximately 10 4  °C/sec. 

The process has several advantages over more traditional methods: 

1. The total input of energy to the component is small compared to traditional bulk 
heating methods. Thermal distortion is avoided, because the core of the 
component remains cold and strong and can thus retain its original shape. 

2. Isolated spots or lines of hardened area can be accurately positioned without 
affecting the surrounding material. 

3. Process times are minimised because hardened zones are produced only where 
required. 

4. No post heat treatment cleaning operation is needed, because the time for which 
any area is heated is very small minimising oxidation. For this reason, laser heat 
treatment can be carried out as a final operation on a fully machined component. 

5. The process is a great deal cleaner than traditional methods which employ a liquid 
quenchant. 

The use of specific, hard-wearing tracks rather than complete hardened surface is 
advantageous when it comes to thermal input to the component and process cycle times. 
Another benefit exists which was not apparent until the process was tested on a 
commercial level. During testing, if an array of hardened lines were employed as the wear 
surface, the material on either side of these hard tracks became preferentially eroded. The 
channels thus formed in service down the side of each hardened track improved the wear 
characteristics of the surface by acting as conduits for the supply of oil and the removal of 
wear debris. The technical advantages mentioned above must be considered alongside the 
disadvantages of the process, which include: 

1. High capital cost of the equipment. 

2. The need for each job to be set up carefully with appropriate positioning jigs and 
computer programs. 
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Defocusing the beam 

Laser surface treatment use the laser power in its unfocused state. Three main methods 
exists to produce a defocused beam with a controlled cross section and energy 
distribution. These techniques involve the use of either focusing optics, oscillating 
mirrors (raster mirrors) or beam integrators: 

Focusing optics. Using a lens or focusing mirror to produce a defocused beam is the 
simplest method possible, see Figure 2. 

Figure 2. This figure demonstrates the similarity of the energy distribution of the laser beam in 
its 'raw' (A) and its defocused  (B)  state. 

One drawback to this arrangement for heat treatment is the lack of control of the energy 
distribution generated on the workpiece surface. This energy distribution is similar in 
profile to that of the original beam emitted from the laser. In many cases this takes the 
form of a Gaussian-type distribution, see Figure 2. This type of mode obviously heats the 
centre of the affected area more strongly than it does the edges as a result of the energy 
distribution. In addition to the mode effect, the circular cross section of the beam results 
in an increased laser/material interaction time toward the centre line of the beams' 
movement across the workpiece. The centre of the heated zone is also the least effectively 
cooled area as it is surrounded by hot material. This combination of most-effective heating 
and least-effective cooling can lead to melting of the centre line of a heat treated track. 

Since melting is to be avoided during heat treatment, the laser material interaction time in 
any one area is limited as a result of the energy distribution in the beam. This, in turn, 
limits the possible cross sectional dimensions of the heat treated tracks, because it favours 
shallow tracks. Many of the highest power (2kW or more) lasers avoid this pitfall by 
having a doughnut mode (see Figure 3). This type of mode minimises centreline 
overheating for obvious reasons. 
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Figure 3. The energy distribution of the T.E.M. 01* or doughnut mode. As a result of the low 
or zero energy level at the centre of the beam centre line overheating is avoided 
during heat treatment. 

Oscillating mirrors. (raster units): Figure 4 shows a schematic of how two oscillating 
mirrors can be employed as a raster unit in order to produce a rectangular irradiation 
pattern on the surface of the workpiece. The mirrors oscillate rapidly between two 
positions, tilting the beam backwards and forwards. One of the mirrors is also employed 
as a focusing optic. The amplitude of the oscillation of either of the mirrors can be 
adjusted to change the dimensions of the rectangular area scanned. 

Figure 4. Shown here are two oscillating mirrors employed to produce a rectangular raster 
pattern on the surface of a workpiece. The movement of the workpiece through this  
rastered  zone generates a broad hardened track. 

If such a system is used with the workpiece at approximately the focal point of the 
concave mirror the energy distribution will be concentrated at the edges of the  rastered  
rectangle because this is where the mirrors must momentarily stop to change direction 
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during each oscillation. However, if the beam is used in its defocused condition during  
rastered  operation, the effective mode experienced by the workpiece can be changed at 
will. Figure 5 demonstrates this feature of the system. The principles are: 

1. If the beam diameter is much less than the raster width, the energy density is 
greatly increased at the edges of the  rastered  rectangle. 

2. If the beam diameter is of the same order of magnitude as the raster width the 
energy distribution can be levelled out. 

3. If the beam diameter is much greater than the raster width, the energy distribution 
on the workpiece is similar to the original beam mode at that diameter. 

Figure 5. A schematic showing how the cross section of the energy distribution on the 
workpiece can be adjusted by changing the width of oscillation and the diameter of 
the defocused beam. 

Apart from the obvious advantages of being able to adjust the 'effective mode' 
experienced by the workpiece, the laser/material interaction time can be adjusted by 
altering the length of the rectangle in the direction of movement. Raster systems are 
effective in generating almost any type of energy distribution for many surface treatments 
from transformation hardening to cladding. 

Beam integrators. Through beam integrators, the mode of the beam can be 
redistributed by reflection off specially prepared mirrors. The system can be 
sophisticated, (see Figure 6), or very simple (see Figure 7). The mirror arrangement of 
Figure 6 takes various parts of the beam and superimposes them to give an integrated 
mode. The simpler system of Figure 7 relies upon the internal reflection of the beam off 
the insides of a reflective tube which has a square or rectangular cross section. An 
integrator of this type can be quickly and cheaply made out of a machined copper block, 
but the inside surfaces must be polished and gold plated to avoid the need water cooling. 
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7 1  
Figure 6. This is a beam integrator that works by dividing a mirror into a number of flat facets 

each of which act to reflect part of the beam to overlap with the other parts. The beam 
cross section is thereby divided up into various areas which are subsequently 
superimposed upon each other. 

Figure 7. A simple method of beam integration. The internal sides of the block should be 
polished and gold plated if possible. The block can be water cooled if beam 
absorption is a problem. 
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Absorptivity and absorbing coatings 

When a light beam hits a metallic surface, a portion of the beam is reflected. In the 
absence of surface oxidation, most metals will absorb less than 20% of the incident 10,6 
gm CO2-laser light, even at elevated temperatures. However the presence of surface 
films, such as oxides, will increase the absorption. The absorption basically depends on 
the wavelength of the light, the material on the surface and surface temperature. The 
absorptivity, A, is defined by A= 1-R where the 'reflectance'  (R)  is the ratio of the power 
reflected from a surface to the power incident on it.  R  is related to the refractive index by 

r n1-11212 
Lni+n2 

where  nj  and n2 are the refractive indices of the incident medium and the substrate, 
respectively. The magnitude of the refractive index for a good conductor (metals) is 
proportional to 

((3/27clif) 1 /2 

where a is the electrical conductivity,  g  is the magnetic permeability and f the frequency 
of the light. As a consequence, high conductivity metals like gold and copper have a high 
reflectivity when exposed to CO2 laser light. 

In practice, metals such as steel and cast iron show an Absorptivity of about 30-40% 
when heated, but not melted, by a CO2-laser. This results in energy waste and may lead 
to excessive heating and melting of equipment surrounding the interaction zone, such as 
the gas nozzle. 

To increase the absorption, the metal surface is usually coated by an absorbing layer. This 
may be accomplished by using an acetylene flame to cover the surface with a layer of 
soot, by using black paint or by conventional surface treating processes like manganese-
phosphating. In this way the absorption is increased to 65 to 80 percent depending on 
coating composition and thickness. Note that heat transfer into the substrate depends on 
coating thickness, indicating that an optimum thickness of the coating layer exists. 

Energy density P/VD 

During any surface treatment the laser carries out a certain amount of work in the form of 
heating or melting. The depth of a heat treated zone or of a melt is related to the laser 
power density and the laser/material interaction time. As either or both of these variables 
are increased, the depth of any required effect also increases. Also, a critical interaction 
time/power density combination exists above which melting will occur. A convenient way 
of expressing the interaction time multiplied by the power density is in the form of a 
compound variable, which may be referred to as the energy density: 

P 
Ep \-71-5  

where; 
	

P  = Laser power 
V = Laser/material relative velocity  
D  = Diameter of the laser spot 
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As the value of P/VD increases for any laser material interaction, the work carried out by 
the laser in any area exposed to the beam will increase. For example, the case depth of a 
surface treatment will increase if P/VD is increased by: 

1. Increasing the laser power  (P)  

2. Decreasing the process speed (V) 

3. Decreasing the laser spot diameter  (D)  

or any combination of these. 

This simple formula is useful as a qualitative guideline for a number of trends in surface 
treatments. However, P/VD should not be used as an exact measure of any laser material 
interaction because the efficiency of the processing mechanisms is by no means constant. 

For example, although P/VD is useful when comparing heat treatment processes over a 
broad range of conditions, a certain value of P/VD can be retained by massively 
expanding the beam and greatly reducing the process speed. Under such conditions the 
heat treatment, if any, would not be of the same type as that achieved with moderate 
values of V and  D.  

SURFACE MELTING 

Surface melting, as the name implies, involves traversing a metal sheet with the energy 
density (P/VD) conditions set to produce a surface melt. This requires a greater power or 
smaller traverse speed or laser spot diameter than heat treatment. In other word P/VD 
must have a larger value than for heat treatment. 

Surface melting effects on selected alloys in four possible ways: 

1. Forming of meta-stable phases. If a liquid metal is rapidly solidified the 
phase transformations obtained when the material is slowly cooled, are 
suppressed and meta-stable phases are formed. For steel and cast iron, these 
phases are usually very wear resistant. Thus, this technique is used, for 
example, to form a surface structure on cast iron which is both hard and 
temperature resistant. 

2. Surface homogenisation. This technique generally relies on the production of 
a shallower melt zone than that which is appropriate to the formation of meta-
stable phases. When a surface weld of this type solidifies rapidly its structure 
becomes more homogeneous as the grains in the resolidified layer are much 
smaller than they were initially. In materials susceptible to intergranular 
corrosion this homogenising process can extend service life. 

3. Laser glazing. In certain alloys, the rapid cooling of a shallow weld by 
conduction to the cold workpiece can give rise to the formation of a 'metallic 
glass'. A metallic glass is, strictly speaking, a metal with no crystallinity in its 
structure. In practice, certain alloys can be quenched to a condition in which the 
crystals are too small to be distinguished even by modern electron microscopy. 
In this state the material is referred to as a metallic glass. 

3. Residual stress applications. After a surface melt has resolidified, it has an 
intrinsic tensile stress. In most cases, this residual stress, which is generally 
associated with all welding techniques, decreases the service life of a component  
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and has to be removed by heat treatment. However, this stress can be used to 
bend or straighten a metallic component. If, for example, two diagonal melt 
traces are made across one surface of a thin section of square plate, the residual 
stresses will cause the plate to become concave or 'dished'. 

These surface melting techniques have been the subject of a substantial amount of 
research. Commercial application of these techniques is currently limited but continued 
research may eventually increase their use. 

SURFACE TEXTURING AND MARKING 

Surface Texturing. A focused, pulsed laser beam can be used to produce a pattern of 
localised spots of damage to give a metal component a particular surface texture. This 
principle has been used to great effect in the 'Lasertex' process developed and patented by 
C.R.M., a Belgian metallurgical research organisation. The process involves the 
production of a microscopic pattern of craters all over the surface of a steel mill roll. This 
roll is then used for the final rolling operation, and the finished rolled sheet is covered in a 
pattern of microscopic dimples which give it a particular surface texture. This textured 
steel sheet has improved formability and paint adhesion characteristics when compared to 
untextured sheet and is therefore in demand by the automobile industry. 

The traditional method of producing a textured roller is by shot blasting, but the process is 
difficult to control and the surface roughness achievable is automatically limited by the 
nature of the particle bombardment. The Lasertex process involves rotating the roll and 
moving it slowly along its axis under a focused, intermittent, high-power beam to 
generate a closely packed spiral of dots. Each of these microscopic dots consists of a 
central crater with a protruding rim of rapidly solidified (and therefore hardened) melt. 
The pulsing of the laser beam is achieved by using a high-speed chopper which 
periodically interrupts the beam. In this case the "chopped" part of the beam is not wasted 
but is reflected off the specially designed blades of the chopper to preheat the next zone to 
be cratered [I]. 

The size and pitch of the craters can be easily controlled to give a wide range of surface 
textures. The time required to texturise a typical 50 cm diameter, one meter long roller is 
two hours. The roller lifetime is approximately 700 tons, after which time a fresh surface 
is turned on the roll and this new surface is once more texturised. 

Marking. Identification marks can be made on a wide range of materials by a number of 
methods. The two most common techniques involve a; the manipulation of the focused 
beam by accurately controlled mirrors or  b;  the use of masks. 

1. Beam manipulation. For this technique the beam is reflected off a pair of  
CNC-controlled mirrors before being focused on the surface of the workpiece. 
Movement of the mirrors alters the position of the focused beam on the material 
surface, and images can be produced by the interaction of the workpiece with the 
pulsed or continuous wave beam. 

2. Masks. Figure 8 shows the principle behind the use of masks for laser marking. 
The beam is passed through a metallic mask before being focused by a lens to 
imprint the image cut out of the mask on the material surface. This "single shot" 
pulsed marking method employs the laser in its unfocused state and is, therefore, 
not suitable for metals, as the energy density is rather low. On polymers or 
painted surfaces, the mark can be generated in a few microseconds, and so it is 
possible to mark material whilst it is moving at a considerable rate. If the printed 
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image has to be continuously altered, as in the case of a sequence of numbers, 
the mask can be made up of many overlapping masks which can be replaced at 
will. 

If a range of numbers and letters is required, the mask takes the form of a 
spinning disc which has a ring of A-Z and 0-9 masks around its perimeter. The 
laser pulses can then be  CNC-coordinated with the discs movement to spell out 
the correct code. In this case the components must generally be kept stationary 
during printing. 

Masks can also be used at or close to the workpiece surface. In this case, the 
laser can either be used in its defocused state or focused on the workpiece and 
moved across its surface as a system of overlapping lines. 

AO% 
III 

"Kr 
AdtgalYkpe 

Figure 8. The principle behind the use of masks for laser marking. 

SURFACE IMPREGNATION, CLADDING AND ALLOYING 

Cladding and surface alloying involve the generation of a weld of composition  'N  on the 
surface of a metal substrate of composition  'B'.  In general, the distinction between the 
two techniques is merely one of the level of dilution of the surface weld with the 
substrate. If the eventual solidified surface contains less than 10% of  'B'  then it might be 
considered to be a clad layer, if its composition contains more than 20% of  'B'  then it 
might be considered laser surface alloying. 

Surface impregnation. Laser surface impregnation is a process which differs 
significantly from cladding/alloying when the obtained result is considered. Here hard 
carbides, (such as tungsten carbides) are injected in the melt pool forming a mixture of 
carbides in a continuous matrix of the substrate material. The interaction time is short 
enough to avoid melting of the carbides. Carbide volumes of 20 to 30 percent in the 
impregnated layer give a significant increase in wear resistance. In particular, laser 
impregnation is a suitable method for improving the adhesive wear resistance of 
aluminium by a factor of 20 to 40 times. 
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Cladding. In the cladding process commercially available alloys are used as cladding 
materials, so the composition and properties of the clad layer are well-known. It is 
important to choose process parameters which maximise the deposition rate and minimise 
dilution and porosity in the clad layer. 

Figure 9 shows a typical application of this kind of technique used by the automobile 
industry. The high performance valve shown in cross section here has been clad with a 
cobalt-based super alloy around its rim, where erosion would otherwise be a problem. 
Various materials can be combined to give the best performance of the finished 
component. In this case, the hard, corrosion resistant cobalt alloy would not have been 
suitable for the bulk of the valve, which is made of a tough nimonic alloy. 

Figure 9. This cross section of a high performance valve used in the automotive industry 
shows a typical application of the cladding technique. 

Although a fully clad surface can be produced for corrosion protection and wear 
resistance, cladding selected areas to reduce the cost of the process is more common. The 
laser beam is used in its defocused state in the same way as in heat treatment, but energy 
densities (P/VD) are higher. 

The laser cladding process has several advantages over traditional techniques: 

1. The heat input to the component is considerably lower, and thermal distortion is 
very small, so pre- and post-treatment operations are reduced. 

2. Thin sections (less than 0,3 mm) are possible to clad maintaining a low dilution 
(typically 5 to 10 percent). 

3. Laser claddings are harder than conventional claddings because of the low 
dilution and rapid cooling, which forms a fine structure. 

4. Small surfaces are easily treated. 

The process also show some disadvantages: 

1. The equipment needed is generally expensive, and running costs are typically 
high. 

2. Preproduction trials and testing can take a considerable amount of time. 

3. Coverage rates are low if a fully clad surface is needed. 

13 
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Surface alloying. In laser surface alloying, the alloying material and the substrate are 
expected to form an homogeneous alloy with a composition equal to the ratio of the two 
materials melted. This is obtained by keeping the melt pool liquid long enough to allow 
the necessary mixing and diffusion mechanisms to take place. In addition, the liquid melt 
pool has a substantial level of stirring caused by large thermal gradients, helping to form 
the homogeneous alloy. 

Two techniques of adding the surface alloying/cladding material to the surface weld are 
commonly employed: 

1. Preplaced powder 

2. Blown powder 

These two subjects can be discussed separately. 

As the name preplaced powder implies, the technique in this case is simply to run a 
defocused laser over a layer of powder on top of the substrate (see Figure 10). In some 
cases, the powder is laid in a precut groove in order to give a eventual wear-resistant line 
which is in level with the substrate surface. In other applications, clad tracks are 
overlapped to give a continuous clad surface. Preplaced powder cladding's advantage 
over the more automated blown powder technique is that very low levels of dilution are 
possible over a broad range of processing conditions. 

Figure 10. As the name "preplaced powder" implies, the technique in this case is to run a 
defocused laser over a layer of powder on top of the substrate. 

The reason for this lack of dilution is the fact that the laser can only act on the substrate 
through the (molten) powder layer. The powder layer is melted very efficiently because it 
has a low thermal conductivity compared with metal in its unpowdered state. The 
substrate, however, has the usual high thermal conductivity of metals and therefore, 
resists melting, keeping dilution to a minimum. Figure 11 demonstrates the low levels of 
dilution possible over a broad range of process parameters. These photographs, with their 
relevant electron probe microanalyses clearly, shown the sharp change in chemistry 
between the clad layer and the substrate over a distance of only a few microns[2]. 

14 
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The process imposes a few limitations on the nature of the cladding/substrate 
combinations: 

1. Successful cladding may be prevented by the presence of a substantial oxide 
surface on the substrate. This could cause problems with certain stainless steels 
and grades of aluminium. 

2. The melting points of the two metals must be of the same order of magnitude. If 
a low melting point cladding material is applied on top of a high melting point 
substrate, the melt will not be able to store enough energy to melt the substrate 
surface to form a bond. If a high melting point cladding layer is used on a low 
melting point substrate, too much energy will be passed on to the substrate, and 
dilution will result. 
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Figure 11 a) and  b):  Macrographs of two pairs of clad traces: note lack of dilution. 
a) 316 stainless steel clad on 0,7% steel, 1500W, 7x1 mm  rastered  beam at 3,3 mm s-1, 
powder depth 1,35 mm;  b)  as a except powder depth 2,45 mm.  
c)  and  d):  Electron probe microanalyses of a and  b:  Note narrow interfacial region identified by 
sharp rise in chromium content from 0 in carbon steel to 18 % in stainless steel deposit. 
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Here are some process parameters used in laser cladding with preplaced powder: 

Laser powers 	 1 to 5 kW 
Spot sizes 	 1 to 10 mm diameter 
Powder bed depths 	 0,5 to 10 mm 
Processing speeds 	 1 to 1.0 ni/min 
Overlap 	 approximately 50 go 

Note #1: Raster units are often used to give a square or rectangular cross section beam. 

Note #2: Powder types; cobalt or nickel super alloys, stainless steels, alloys containing 
tungsten carbides etc. 

Note #3. Typical example is a 4 mm diameter  (rastered  square) 2 kW beam cladding a 3 
mm deep stainless steel powder layer of at a process speed of 0.25 ni/min onto a mild 
steel substrate. 

Figure 12 shows a schematic of the blown powder process. This technique differs 
from the preplaced powder method in the fact that the laser can, under the right 
conditions, directly melt the substrate as well as the incoming powder. Figure 12 shows 
this principle with which the user can control the amount of substrate melting, and thus 
the level of dilution in the eventual deposit. This process can, therefore, be used equally 
well for cladding, surface alloying and injection of hard particles into the laser-generated 
melt. 

Substrate 

Figure 12. A schematic of the blown powder cladding process. 

All three processes can give a surface which has superior hardness and wear 
characteristics to those of the substrate [3]. This technique can be fully automated. 

CONCLUSION 

This paper has demonstrated that laser surface treatment has numerous commercial and 
technical applications. Increasing technical awareness of the subject is helping to ensure 
that this industrial market continues to grow. 
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ABSTRACT 

Mild steel has been laser cladded with Stellite No 6 in order to 
improve wear- and corrosion resistance and to examine the 
influence of the cladded microstructure on corrosion and wear 
properties. 

Cladding has been done with different types of CO2- lasers with 
different beam intensity distribution in the power range of 1.5 
- 10 kW. Thin surfaces free from cracks and porosities and with 
low dilution has been obtained in all cases. The cladding 
material has been added by a conventional powder feeder. 

1. INTRODUCTION 

Laser cladding or hardfacing has been known for about a decade 
(1) as a method of producing wear- and corrosion resistant 
coatings on various metals. Since then, the development of this 
method has been going on and several important steps of progress 
has been made. The process was first introduced in industry by 
Rolls Royce (2) in the beginning of the 1980's. The basics of 
the powder feeder technique developed for their application is 
still in use both in industry and in laser laboratories but 
equipment and process are continiously refined. 

This paper describes some experimental work where mild steel has 
been cladded with Stellite No6. The main objective has been to 
characterize the microstructure of the cladded layers and to 
examine the corrosion- and wear resistance of these surfaces. 

2. LASER CLADDING PROCESS 

Samples of mild steel, SS 1312, (AISI 1020) of dimensions 
50*50*10 mm have been cladded ,figure 2.1, with the well-known 
cobolt base alloy Stellite Alloy No6, powder grade W (150/4544m) 
and Jet Cote (50/20/,vm). A conventional powder feeder, Tech Flo 
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5102, normally used for plasma spraying was used to process the 
samples. 

Focusing lens 

Shield gas 

-Cladding 

Powder 
nozzle 

//t////// 

Figure 2.1 Schematic representation of the laser cladding 
process using powder injection. 

For the experiments, different types of CO2- lasers has been 
used, table 2.1. 

Table 2.1. CO2-lasers used in the cladding experiments 

Model 
	

Type Maximum Exitation 	Electrical 
power 	 pulsing/super 
(kW) 	 pulsing 

Spectra Physics 
973  

Rofin  Sinar  1500 

Rofin  Sinar  1700HF 

United Tecnology  

FTF  3 

FAF 1.5 

FAF 1.7  

FTF  10 

DC 	 not possible 

DC 	 not used 

RF 	 used 

DC 	 not possible 

The use of these different lasers has provided possibilities of 
studying different beam energy distributions, 
pulsing/superpulsing conditions and a very.large variation in 
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power density and energy input. Table 2.2 summarises the laser 
parameters used in this work. 

Table 2.2 Laser process parameters 

Lasers 

Process parameters 	RS1500 RS1700 SP973 UTRO  

Beam intensity * 
distribution 	TEM01 TEM01 Ring 

mode 
Flat Multi 

Power dens. 	(kW/cm2)15.3 17-23 23 6 26, 	48 
Energy input 	(J/mm)126-175 197-266 185-30Q*  864 308- 

96-216 1133  
Interaction time 	(s)0.3-  0.42 0.3- 1.2 0.3-0.6 

0.42 0.47 
Beam overlap 	(%) 	50,60, 

63 
60 56 33,50 40 

Shield gas 	 N2  N2  N2  Ar Ar  
Shield gas flow(l/min)23 23 23 16 16 
Powder feed rate 	(g/s)0.57- 0.53**  1.8 2 2 

0.67 0.13 
Pulse frequency 	(Hz)--- 62-100 
Pulse in duty 	(%) 	--- 80-50 

* Spawr integrator used 
** Parameters for grade 50/20 

The variation in process parameters gives of course a great 
variation in the cladding results, but it was possible to obtain 
successful results for all laser types. The main difference 
between the lasers is the cladding rate achieved which is due to 
the energy input. 

3. EXPERIMENTAL PROCEDURE 

3.1. Composition and Microstructure 

The microstructure and composition of the clad samples were 
determined by optical and electron microscopy and by energy 
dispersive x-ray analysis, respectively. The surface hardness 
and hardness profiles were also measured. 

3.2. Corrosion and wear testing 

The equipment used for testing was a conventional pin-on-disc 
wear testing machine in which the sample is a flat rotating 
disc. On the disc at a radius of 10 mm rides a loaded stationary 
pin with a spherical SiC tip of 0.46 mm es. 
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The instrument has been modified by the addition of an 
electrochemical cell. As illustrated schematically in Fig. 3.1, 
this consists of a cylinder which is clamped directly onto the 
disc, a platinum counter electrode and a capillary tube 
connected to a saturated calomel reference electrode. The 
electrolyte used was synthetic sea water which was circulated 
through a pump to create agitation in the cell. 

Fig 3.1. Schematic Representation of the pin-on-disc wear tester 
combined with an electrochemical cell. 

The independent variables are load, rotational speed, cell 
temperature and electrochemical potential (or corrosion 
current). The dependent variables are friction force and 
corrosion current (or electrochemical potential). All variables 
are registered continuously. 

The influence of rotational speed and load on the corrosion 
current was first investigated. 

Secondly, in order to isolate the individual effects of 
corrosion and wear and to determine the degree of synergism 
involved, the following tests were performed:  (i)  corrosion 
testing alone by polarization curve determination; (ii) wear 
tests in which the sample was held at a cathodic potential to 
eliminate any corrosive contribution and (iii) combined wear 
corrosion tests in which the sample was held at an anodic 
potential. 
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For the corrosion tests, which were performed at room 
temperature (approx. 25°C), the electrochemical cell was set up 
with the sample as the base and filled with artificial sea 
water. The sample was held at a cathodic potential of -650 mV 
vs. saturated calomel electrode (SCE) for 1 hr. in order to 
reduce any surface film and its free potential was subsequently 
allowed to stabilize over a period of 1 hr. The sample was then 
polarized anodically from the free potential to +700 mV SCE at a 
step rate of 10 mV/min (in accordance with ASTM G5-82). This 
procedure was repeated for 3 laser-clad samples, two  TIG-clad 
samples and a sample of sheet Stellite 63. 

For wear tests under cathodic protection, the sample was held at 
a potential of -800 mV SCE and the electrolyte was controlled at 
30°C. The pin load was 2.0 kg: The rotational speed was 100 rpm 
and the test ran for 2.4 hrs. giving a wear distance of 1.0 km. 

The combined corrosion/wear tests were run under identical 
conditions except that the sample was held at an anodic 
potential of -200 mV. Two laser-clad samples and one  TIG-clad 
sample were tested for wear and for corrosion/wear. The results 
of these tests are given in Table II. 

4. RESULTS AND DISCUSSION 

4.1 Process 

Laser cladding offers possibilities to produce thin coatings of 
high quality,  eg.  coatings with low dilution without porosities 
and with high bonding strenght. The method is characterized by a 
high degree of precison in both a geometrical aspect giving 
possibilities of precice location of the cladded area and 
thickness and in controlling of the dilution. The accuracy of 
the process is also determined by the accuracy and stability of 
the powder feeder. 

Figure 4.1 indicates the accuracy obtained in these experiments. 
It shows the deviation in percent of the weight of four 
specimens cladded with the same parameters. 
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Process stability 

1 2 3 4 5 6 7 8 9 10 11 12 

Setsofsamples 

Figure 4.1 Deviation of the mean value of weight of four 
specimens cladded with the same parameters. 48 specimens 
totally. 

The deviation varies between 0.17 to 2.07 % with a mean value 
of 1.1 % +/- 0.6. Since laser cladding normally is done on small 
areas and in thin layers, the real value of the deviation is 
rather small. For example,the weight of a laser cladded area of 
50*50mm can be about 10 grams, which gives a mean weight 
deviation of 0.1 grams. 

From a practical point of view it is of interest that the powder 
feeder used, should deliver only the amount of powder that can 
be cladded, to avoid collecting and recycling of the surplus. 
The powder feeder used in this experiments is a conventional one 
designed primarely to be used in plasma spraying. Put in a 
system together with a laser the powder feeder shows high 
accuracy and stability but the powder flow rate is higher than 
the cladding rate , resulting in a powder surplus. The ratio of 
the powder flow rate and deposit rate is shown in figure 4.2. 
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Effeciency as function of energy input 

[(
D

ep
o

s
lte

  r
a

te
/(

P
o

w
d
e
r  

flo
w

  r
a

te
)]

*1
00

 
40 

30 

20 

10 

0 
0 
	

100 
	

200 
	

300 

Energy input 1J/mm] 

Figure 4.2 Ratio of powder flow rate and deposit rate as a 
function of energy input. 

Only about 30% of the powder delivered by the feeder is cladded 
to the surface. One reason for the "loss" of the powder is 
belived to be due to the relatively high particle velocity 
generated by the feeder. It is estimated to about 3-3.5  m/s  
which is more than twice the speed reported by Steen et al (3). 
A low particle velocity is desirable to minimize the ejection 
and richochet losses from the melt pool. Another reason for low 
powder utilazitation is powder particles falling outside of the 
melt pool. 

As also can be seen from figure 4.2 , the powder utilazition 
increases with increasing energy input. 

The typical cover rates achieved varies for the different lasers 
and depends mainly of the choice of speed and beam overlap, 
table 4.1 , which is dependent on powder flow rates and energy 
input. 
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Table 4.1 Typical cover- and deposit rates achieved 

Lasers 

RS1500-RS1700 SP 973 	UTRC 

Cover rate (mm2/s) 
	

8-17 	 10-20 	60-80 , 17-33 

Deposit rates (g/min) 	3-10 
	

30 

* Spawr integrator 

It should be stressed that neither cover- nor deposit rates has 
been optimized, why these values only should be regarded as 
guidelines. 

4.2. Composition and Microstructure 

The microstructure of Stellite 63 (28.3Cr, 4.5W, 2.2Fe, 2.0N1, 
1.2C, 0.1Si,  Bal  Co) coatings applied by the laser, is very fine 
dendritic. A typical microstructure of the samples prepared by 
powder injection is shown in Figure 4.3.a. 
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Figure 4.3. Laser-clad Stellite 6B prepared using 
powderinjection. (a) micrograph of cross-section showing the 
microhardness intendtations and analysis points.  (b)  EDX 
analysis of the iron content and microhardness measurements from 
the substrate out towards the surface. 
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Between the primary dendrites of the cobalt-based solid solution 
is a eutectic of M7C3  carbides and cobalt /7/, the carbides 
consisting mainly of chromium carbides, with the formula 
(Cr0.85,Co0.14,W0.01)7C3  /4/. The dendrites are formed in 
clusters with a preferred orientation perpendicular to the 
solidification front. The growth direction continues in the 
subsequent laser track as can be seen in Figure 4.3 a. 

Figure 4.3  b  shows the results of the microhardness measurements 
and the EDX analysis for the iron content between a basemetal 
and the surface. The microhardness indicates that the dark zone, 
with a more coarse microstructure, has a lower hardness than the 
finer dendritic structure. The iron content is less than 10 w/o, 
and in the zone between the substrate and the cladding, there is 
a sharp drop in iron content. 

Figure 4.4 a shows the darkened zone between two laser tracks. 
In this zone the carbides are coarsened and there is a higher 
iron content in the small area between the carbide coarsened 
zone and the first solidified zone. The EDX analyse in Figure 
4.4  b  shows that there is an increased iron content just in that 
area where the metal solidifies first. This phenomena may due to 
the pressure which the powded and carrier gas exhibit on the 
first melted material from the substrate and causes it to flow 
upwards to the surface along the edge of the previous track. 
Underneath the first solidified material there is a zone where 
the carbides have coarsened. The carbides form a network in the 
eutectic with a fishbone structure. Figure 4.5 show a 
transmission electron micrograph over a carbide network and 
underneath it there is a thin foil of cobalt matrix. The lines 
in the cobalt are stacking faults in the FCC structure /5/. 
Similar results were obtained from the lasers, using powder 
injection. 

The results from the RS1700, when it is used in a pulsed mode, 
exhibit a finer structure (i.e secondary dendrite spacing) in 
the cladding, then for the RS1500. Therefore the cooling rate 
must be higher for samples made with pulsed mode, then for 
samples made with continues mode. When the high power 10 kW 
laser is used (UTRC), and the Spawr integrator is on, it is 
necessary to have a long interaction time (1.2s) to obtain good 
claddings, as a result of that the structure is coarse with a 
large heat effected zone. Figure 4.6 a shows the structure for 
this sample, and Figure 4.6  b  shows iron content and 
microhardness. The iron content is relatively high (about 15 
w/o) and the hardness has a mean value of 450  HV.  With this 
laser it is also possible to manufacture samples with a 
defocused beam and in that case the interaction time is in the 
same order as for the other lasers (0.4 s). Figure 4.7 a show 
the iron content and Figure 4.7  b  the microhardness from the 10 
kW laser. It is notable to see that the heat effected zone is 
now small and the iron content is in the order of 7 w/o. 
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40 

 

100 
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Figure 4.4. (a) enlargement of the area of overlap of two 
adjacent tracks from Fig. 1(a);  (b)  EDX analysis of the chromium 
and iron content over the region between the two tracks. 
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Figure 4.5. Transmission electron micrograph of the carbide 
network in the eutectic mixture of laser-clad Stellite 6B. 
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Distance mm 

Figure 4.6. (a) enlargement of the area of overlap of two 
adjacent tracks for the sample made with the integrator ;  (b)  
EDX analysis of the iron content,and microhardness measuremant 
over the clad. 
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Figure 4 7. (a) enlargement of the area of overlap of two 
adjacent tracks for the sample made with defocused beam;  (b)  EDX 
analysis of the iron content,and microhardness measuremant over 
the clad. 
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4.3. Corrosion Tests 

The corrosion tests on the 3 laser-clad Stellite 6B samples 
exhibited very good reproducibility and a typical polarization 
curve is shown in Fig. 4.8 together with those for the sheet 
Stellite and a  TIG-clad sample. All samples exhibited a passive 
current density of approx. 5.10-3  A/m2. It is somewhat surprising 
to note that the  TIG-clad Stellite samples had similar passive 
current densitities to those of the sheet and laser-clad samples 
despite their significantly higher Fe contents, as indicated in 
Table 4.2. 
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Fig. 4.8. Anodic polarisation curves for sheet (bulk) Stellite 
63,  TIG-clad and laser-clad Stellite 63 tested in artificial sea 
water at room temperature. 

On the other hand, sheet and laser-clad Stellite did not show 
any tendency to pitting or to crevice corrosion which is the 
cause of the rapidly increasing current density in the  TIG-clad 
samples at a potential of 150 mV SCE. This resistance to crevice 
corrosion of the laser-clad samples is probably due to both the 
lower iron content and the extremely rapid cooling rate during 
laser processing which inhibits the formation of chromium 
carbides and, thereby, allows the retention of a higher chromium 
content in solid solution. 
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4.4. Combined Corrosion and Wear 

The influence of rotational speed and load on the corrosion rate 
of laser-clad Stellite 6B is illustrated in Figure 4.9. When the 
sample is rotated at 100 rpm in sea water at a potential of -250 
mV SCE without load, the measured current was 1.2.10-6. A giving 
a general current density over the whole 103  mm2  surface of 
1.2.10-3  A/m2. When a load of 500  g  was applied via the Si3N4  
ball-tipped pin, the current increased to approximately 2.10-4  
but was confined to the wear track,  je.  an  area of less than 50 
mm2  giving a current density of more than 4 A/m2. 

xE 0 
TIME (flours) 

Fig 4.9. The corrosion current at 30°C as a function of time 
with load and rotational speed varied as indicated in the 
figure. 

The results for wear tests under cathodic protection and 
combined wear/corrosion tests are summarized in Table 4.2. 
Because of the inaccuracies involved in determining small (few 
mg) weight losses in samples of the order of 100  g,  the total 
weight losses were calculated from the dimensions of the wear 
track, neglecting elastic deformation effects and assuming that 
the wear on the SiC pin was zero. The corrosion contribution to 
the weight loss was determined by integrating the measured 
corrosion current over the period of the test. 
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TABELL  4.2 

Sample Fe content 
wt % 

Hardness 
HV10 

Electrochem. 
potential 

Total weight 
loss, mg 

Corrosive 
Wt.loss, mg 

Mechanical 
Wt.loss, mg 

Laser-1 10 485 -200 mV 9.1 2.8 6.3 

Laser-2 -200 mV 9.1 3.4 5.7 
Laser-1 -800 mV 2.5 --- 2.5 

Laser-2 -800 mV 3.0 --- 3.0  

TIG-1 32 297 -200 mV 4.8 3.4 1.4  

TIG-1 -800 mV 0.6 --- 0.6 

For wear tests under an applied cathodic potential, the  TIG-clad 
sample exhibited significantly less weight loss than the laser-
clad samples despite its lower hardness. This is not entirely 
unexpected because sliding wear resistance is determined by the 
hardest phase present. Thus, although the coarse carbides formed 
during the slow cooling of the  TIG-cladding result in a lower 
flow stress and, therefore, lower hardness than the ultra fine 
dispersion of carbides in the laser-cladding it must be 
concluded that the coarse carbides provide a higher resistance 
to sliding wear. It should be noted that, in contrast, erosion 
resistance /6/ is controlled by the softest phase present, 
usually the matrix, and it would be expected, therefore,. that 
the laser-clad samples would exhibit better erosion resistance 
than the  TIG  samples. 

The  TIG-clad samples also exhibited a better resistance to 
combined corrosion and wear than the laser-clad samples. 
However, as indicated in Table II, the corrosion contribution 
was about the same for both types of cladding and it is only the 
mechanical contribution to weight loss which is higher for the 
laser-claddings. It should also be noted that for both the 
laser-cladding and the  TIG-cladding, the mechanical wear is 
greater under combined corrosion-wear conditions than it is 
under wear alone (ie. wear under cathodic protection) implying 
that there is a synergistic effect between the two deterioration 
mechanisms. 

It appears from these preliminary tests, therefore, that the 
size and distribution of the carbides are the decisive factors 
in both wear and combined corrosion-wear, under the experimental 
conditions employed in this investigation. It is clear, however, 
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that other experimental conditions, for example, a higher 
applied electrochemical potential, could result in completely 
different results. These factors are being investigated further. 
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ABSTRACT 

Laser surface modification offers a wide variety of possibilities to create surfaces with 
high wear- and corrosion resistance. In fact, the unique properties of the laser as a highly 
flexible and controllable heat source provides opportunities of tailor-made 
microstructures suitable for different industrial applications. 

In this paper investigations in laser hardening, remelting and alloying of cast irons and 
its influence on microstructure, wear properties and resistance to tempering are reported. 
The results indicate possibilities of creating tailor-made microstructures, optimized for 
components servicing in different environments. 

Also reported are investigations in microstructure control by cladding of Stellite No 6 on 
mild steel where the size and chemical analyses of the microstructure is modified by 
control of the energy input. The microstructure and results of wear tests are compared to  
TIG-cladding. 

1. INTRODUCTION 

In this work, a new group of precision methods has been used to modify the surfaces of 
cast irons and steels. Laserhardening, melting,alloying and cladding by laser respectively 
are methods that makes it possible to affect the surface structures of metals in a very 
accurate way. 

The work is devided into two parts, part one in which different cast irons has been 
modified by hardening, melting and alloying techniques and part two, in which the 
surface of steels has been modified by cladding. 

The purpose of this work has been to modify the structure of metallic surfaces by 
different laser techniques and to tailor-made the properties in this way. 
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2. SURFACE MODIFICATION OF CAST IRONS 

2.1. Introduction 

The surface of cast irons can be modified in different ways, for instance by hardening, 
melting or alloying of one or several overlapping tracks. Wear resistance is one property 
that can be increased by these techniques [1]. 

The most attractive advantage of surface hardening is the minimum shape  distorsion  of 
the part and hence the possibility to perform the hardening as the last step in the 
manufacturing process. Computer calculations can be used to predict the width of the 
hardened zones [2]. Surface melting has its main advantages in a more heat resistant 
structure than the martensitic achieved after hardening and in the possibility to create 
deeper layers with a high hardness. The properties of the alloyed zone after surface 
alloying will depend on the elements inserted to the melt. 

Microstructures, hardness, wear- and tempering resistance for different cast irons have 
been studied in this work after hardening and melting respectively. Surface alloying with 
chromium of ductile cast iron has also been investigated. 

2.2. Experimental set up  

Kaleidoscope has been used to create a square distribution of the beam energy in 
hardening of single and overlapping tracks respectively. In the melting as well as in the 
alloying experiments a focused beam has been used. In the surface melting and alloying 
experiments, preheating and heating after the processes has been necessary to prevent 
cracking of the structures. The same experimental set up has been used in the alloying as 
in the cladding experiments (see figure 3.1). 

The modified cast irons have been investigated by optical microscopy, by  SEM  and by 
hardness testing. EDX in the  SEM  has been used for chemical analysis. Wear testing 
with a pin on disc machine as well as tempering of cast irons has been performed. A 2.5 
kW Spectra Physics 973 CO2-laser has been used in the experiments. The process 
parameters are summarized in table 2.1. 

Table 2.1. Process parameters. 

Hardening Melting Alloying 
Kaleidoscope Focused beam Focused beam 

Beam size 8*8 mm diameter = 2 mm diameter =2 mm 
Power 1.57 kW 2.4 kW 2.4 kW 
Coating soot or "gun sight black" none none 
Shielding gas nitrogen helium argon 
Preheating none 450  °C  450  °C  
Stabilizing none 450  °C  450  °C  
Velocity 0.7 m/min 2.2 rn/min 1.0, 1.5 rn/min 
Powder none none Cr < 100 mm 
Powder feed none none 8.5-27.4 gram/min 

Grey- (Swedish Standard; SS 140219), ductile- (SS 0717, SS 0727 and SS 0737) and 
malleable- (SS 0856) cast irons have been studied in the experiments. In the alloying 
experiments only the pearlitic ductile cast iron has been studied. 
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2.3. Results 

2.3.1. Microstructure and hardness 

The microstructures after the different processes are summarized in table 2.2. The 
structures consists of ferrite, pearlite and graphite before the heating process. The 
hardness after the different processes are dependent on the achieved microstructures and 
the amounts of the different phases. 

Table 2.2. Microstructures of cast irons after different processes. 

Hardening Melting Melting. Preheated and 
stabilized above Ms- 
temperature 

Melting.Alloyed with 
Cr. Preheated and 
stabilized above Ms-
temperature 

Martensite, retained 
austenite and graphite 

Martensite, retained 
austenite and cementite 

Ferrite-carbide mixture 
and cementite 

Ferrite-carbide mixture 
and cementite 

The hardness values for the unprocessed materials and for the materials after hardening 
and melting respectively are given in figure 2.1. 

The large differences in macrohardness after laser hardening (500-720  HV)  depends 
mainly on the base structure of the cast iron, the presence of retained austenite and the 
amount of graphite.The differences between the microhardness values in the martensite 
are small (800 to 850 HV0.3). A likely explanation is that the carbon content of the 
martensite in the different cast irons are almost the same. 
The microstructure of the pearlitic ductile cast iron before and after hardening is shown 
in figure 2.2. In hardening of overlapping tracks a narrow zone will temper in adjacent 
tracks.  

HV  20 800 

600 

400 

200  

Unprocessed 
0 Hardened 
11 Melted 

 

e  

 

Figure 2.1. Hardness for unprocessed, hardened and melted materials of ferritic, ferritic-
pearlitic and pearlitic ductile and of pearlitic malleable and grey cast irons. 
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a  b  

Figure 2.2. Pearlitic ductile cast iron. (a) Unprocessed structure, 
magnification 100  X. (b)  Hardened structure, 50  X.  

Melting gives a hardness of 600  HV  for the malleable and of about 700  HV  for the grey 
and the ductile cast irons (preheated and stabilized). 

Hardness profiles after melting of overlapping tracks with a focused beam are shown in 
figure 2.3. The hardness profile for the grey cast iron is uniform. The melted structure 
consists of dendrites surrounded by eutectic. The microstructure consists of cementite 
and a mixture of ferrite and cementite.The hardness for the malleable cast iron is lower 
than those of the ductile- and grey cast irons, because of a higher content of the ferrite-
cementite mixture. 

AV 0.3 800 
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Figure 2.3. The surface hardness, at right angles to the direction of the tracks for 
pearlitic cast irons after melting. The distance between the tracks is 1.0 min. 

The hardness will decrease to a low value in the areas between adjacent tracks for the 
ductile cast irons after remelting. The material will temper and regraphitize in these areas. 
An increase of the velocity in the process (from 2.2 to >3.0  mimin)  will prevent this 
tempering. Figure 2.4 shows the structure of ferritic ductile cast iron after melting. 

The chromium content varied from 3.6 wt% up to 12 wt% after alloying, depending on 
the parameters used. It varied also as a function of the depth from the surface down to 
the bottom of the melted zone due to uncomplete mixing of the alloying elements with the 
base material. The chromium content could be increased up to 24.5 wt% if the distance 
between the melted surface and the powder nozzle was decreased. This is caused by the 
divergence of the powder flow from the nozzle. 
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a  b  

Figure 2.4. Ferritic ductile cast iron. Microstructure after surface melting. (a) Cross 
section, magnification 25  X. (b)  Tempered zone, magnification 100  X.  

The results shows that it is easy to achieve different amounts of chromium in the alloyed 
zone by changing some laser or powder parameter. Some results are presented in figure 
2.5. 
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Figure 2.5. (a) Chromium distribution in alloyed zones for different powder flows.  
(b)  Chromium content near the surface in alloyed zones for different velocities and 
powder flows. 

The alloyed zones consists of primary precipitated dendrites surrounded by eutectic, 
figure 2.6. For Cr < 10 wt% the dendrites are dark and surrounded by a light matrix 
(after etching in  nital).  For Cr > lOwt% the dendrites are light and they are surrounded 
by dark areas. This indicates that there could be an eutectic point somewhere around 10 
wt% Cr. 

2.3.2 Tempering resistance  

Tempering of melted structures (not preheated or stabilized) shows that the hardness 
value for the malleable pearlitic cast iron decreases to about 550  HV  already after 5 hours 

at 400°C. This could be explained by the high amount of martensite in the melted 
structure because of the undereutectic composition of this type of cast irons. Grey and 
ductile cast irons respectively has a nearly eutectic 
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a  b  

Figure 2.6. Surface alloyed pearlitic ductile cast iron with (a) Cr < 10 wt%, 
magnification 250  X. (b)  Cr > 10 wt%, magnification 250  X.  

composition, why their content of cementite will be higher than that of the malleable cast 
irons. 

The ductile pearlitic cast iron will soften after 24 hours at 500  °C  to the same level as for 
the malleable cast iron (400  HV).  Softening of ductile cast irons is 
influenced by a secondary graphitization at approximately 500  °C.  This secondary 
graphitization is strongly influenced by the silicon content of the cast iron [3]. The 
pearlitic grey iron has good tempering resistance at 500  °C  but it will soften at 
600  °C  already after 24 hours to a level of about 300  HV.  Figure 2.7 shows the 
hardness values for surfacemelted pearlitic structures after tempering at 500°C. 

The microhardness after laseralloying varied between 720 and 800  HV,  as a function of 
the velocity and the amount of chromium in the alloyed zone. The alloyed specimens 
showed good resistance against tempering for 24 hours at 520  °C  independent of the 
chromium content in the alloyed zone. The hardness decreased to approximately 710  HV  
after 24 hours as can be seen in figure 2.8.  
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Figure 2.7. Hardness of surface melted cast irons after tempering at 500  °C.  
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Figure 2.8. Hardness of alloyed pearlitic ductile cast iron after tempering at 520  °C.  

2.3.3 Wear resistance 

Untreated samples and samples with laserhardened single circular tracks were exposed to 
dry sliding wear in a conventional pin-on disc machine. Additionally samples, treated 
with overlapping (hardened as well as melted) tracks on a larger area were also tested. In 
the set-up the disc was the sample, and the pin was spherically tipped with a diameter of 
4.7 mm.The material was tested to a total wear length of 1000 m, at a rotational speed of 
100 r.p.m. Test conditions are summarized in table 2.3 The wear tracks were also 
examined in  SEM  to evaluate the active wear mechanism. 

Table 2.3 Conditions used in the dry wear tests 

Type of 	Pin type 	Load 	Surface preparation 
sample 	 Kg  
as cast 	steel* 	2.5 	as received (ground) *Hardness = 927  HV  
hardened 	Si3N4 	5.0 	ground on SiC paper, grid 1000 
melted 	Si3N4 	5.0 	as received (ground) 

With the present test parameters, hardening or surface melting lead to a decrease in the 
wear rate of approximately 10 times. For laser treated samples, the wear rates are in all 
cases small, but appear to be generally lower for surface melted than for surface 
hardened materials. There is also a tendency for continuously hardened surfaces to have 
better wear resistance than for the single tracks although the difference is very small. 
The results of the wear tests are summarized in figure 2.9. For the laser treated samples, 
the wear process leads to an annealing of the surface, which gives a decrease in hardness 
of 100  HV.  

42 



Engström;  Paper  ffi  

The wear rate as well as the wear mechanism depend on what type of cast iron is being 
used: grey cast iron has the lowest wear rate in both the surface hardened and surface 
melted condition. On surface hardened grey cast iron, the wear loss appears to take place 
by brittle fracture in the material at the graphite flakes. This is also the case for the 
ferritic/pearlitic ductile iron that was hardened in overlapping tracks. In all other cases, 
the wear track shows a more or less oxidized, smeared structure. 
The load, frictional force and rotational speed were monitored continuously throughout 
the test. After the test , the amount of wear was determined by calculation of weight loss 
from profilometry measurements of the wear track. 

• Fer  Duct 
• Fer+pear Duct 
• Pear Duct 
Ea Pear Mall 
CI Pear Grey 

log mg 102  

Weight loss 

101  

100  
Untreated Hardened Overlapped Melted 

Figure 2.9. Wear test results for different cast irons. The untreated samples were tested 
with a 2.5 kg load on a steel pin, the other with a 5 kg load on a Si3N4 pin. 

2.4. Conclusions 

The surface hardness of cast irons can be increased from about 200  HV  to 500-800  HV  
by the three methods used in the experiments, hardening, melting and alloying of the 
surface respectively by a CO-2-laser. 

The tempering resistance of the treated materials increases in order hardening - melting - 
surface alloying by Cr. 

The wear rate of different cast irons will decrease by a factor of approx. 10 after surface 
hardening or melting of the material. 

Finally, these experiments have shown that it's possible to adapt the microstructure of 
cast irons by laser treatment to different demands. 
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3. TAILOR-MADE CLADDINGS OF STELL11'E No6 ON MILD STEEL 

3.1 Introduction  

Laser cladding is one of the new methods for surface modification introduced in 
industry. The process offers possibilities to achieve thin layers with low dilution of 
corrosion- and wear resistant alloys [4, 5]. 

Cladding with laser offers a new possibility of precision work on components which 
have so far not been possible to clad because of the thermal distortions caused by 
conventional methods. Mainly, it is the low and easily controllable energy input provided 
by the laser which gives this opportunity. 

In general the cladded layers exhibit a very fine dendritic structure with low amount of 
dilution and porosities, and with an excellent bonding to the substrate. By regulating the 
energy input it is possible to control the grain size of the microstructure. 

The size of the dendrite arms is controlled by the cooling rate, which in turn is controlled 
by the heat input from the laser and interaction time. In the present paper the 
microstructure of laser claddings of StelliteTM  No 61, ( 28.3% Cr, 4.5 go W, 2.2% Fe, 
2.0 %  Ni,  1.2 %  C,  0.1 % Si,  bal  Co), powder grade W (150/45 gm) on mild steel, 
SS1312 (AISI 1020), processed by two different lasers of 2.5 and 10 kW, is being 
compared to conventional  TIG-welded cladding. The wear properties of the different 
cladding types have been compared from pin-on-disc wear tests in artificial sea water 
under cathodic protection. 

3.2 Experimental set up 

The samples of dimensions 50*50*10 mm were ground and blasted before cladding. 
The Stellite powder was applied to the surface by powder injection as shown in figure 
3.1. The powder feeder used was a Tech Flow 5102, which is a commercially available 
standard feeder originally designed for plasma spraying applications. 

Figure 3.1 Laser cladding by powder injection 

The lasers used were two DC-exited fast transversal flow CO2-lasers, Spectra Physics 
973 (2.5 kW) and United Technology Research Centre (10 kW). 

1  Stellite is a trademark of Cabot Corp., USA 
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For the processing with the United Technology-laser, an integrating mirror (Spawr) 
giving a flat energy distribution with a beam size of 12*12 mm was used. All other 
samples were processed by the use of lenses with a focal length of 131 mm. 

Table 3.1 summarizes the laser- and  TIG  parameters used in processing. 

Table 3.1 Process parameters 

PROCESS PARAMETERS  LASER TIG  

RS 1700 UTRC 
Beam intensity distribution Ring mode Flat* 
Power density [kw/cm2] 23 6 
Energy input** [J/inin] 230 864 1000 
Interaction time [s] 0.37 1.2 
Beam overlap [To] 62 33 
Shied gas N2  Ar  
Shield gas flow [1/mm] 23 16 
Powder feed rate  [g/s]  1.8 2 
Current [A] - 180 
Voltage [ r] 10 
Pre-heating [OC] - 150-300 
* Spawr integrator used 
** Reflection losses excluded 

After processing the  TIG-samples where slowly cooled while the laser samples where 
cooled in ambient air. 

The equipment used for wear testing was a conventional pin-on-disc wear testing 
machine in which the sample is a flat rotating disc. On the disc at a radius of 10 mm rides 
a loaded stationary pin with a spherical Si3N4 tip of 0 4,7 min. 

The instrument has been modified by the addition of an electrochemical cell [6]. This 
consists of a cylinder which is clamped directly onto the disc, a platinum counter 
electrode and a capillary tube connected to a saturated calomel reference electrode, thus 
allowing the electrochemical potential to be controlled. The electrolyte used was synthetic 
sea water which was circulated through a pump to create agitation in the cell. 

The independent variables are load, rotational speed, cell temperature and electrochemical 
potential (or corrosion current). The dependent variables are friction force and corrosion 
current (or electrochemical potential). All variables are registered continuously. 

In order to study the effects of mechanical wear alone without the effects of corrosion, 
the disc was held at a cathodic potential of -800 mV vs. SCE. Two loads, 4 and 8 kg, 
have been used in the experiment. The result of combined corrosion and wear has been 
reported earlier [6]. 

3.3 Results and discussion 

3.3.1 Microstructure 

The main factors influencing the microstructure of the three different cladding types is 
the heat input and the cooling rate.  TIG-cladding is characterized by a large energy input, 
high utilization of the electric energy providing a high deposition rate, thus giving slower 
cooling rates than laser cladding. This results in a very coarse microstructure as shown 
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in figure 3.2 with dendrite diameters of typically l5 pm. Suitable parameters for the 
2.5 kW lasers produces a microstructure, which is much finer as shown in figure 3.3. 
The dendrites are here typically 7-10µm in diameter. 

Figure .17:..Microstructure of TIG-cladded Stellite No6. Energy input 1 	J/rnm. 

Figure 3.3. Microstructure of laser cladded Stellite No6. Energy input 230 J/mm. 

With the integrating mirror the 10 kW laser produces a microstructure, which is an 
intermediate between the other two, as shown in figure 3.4. 
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Figure 3.4. Microstructure of laser cladded Stellite No6. Energy input 864 Pram. 

The difference in heat input also causes the iron content of the cladding to vary as seen in 
table 3.2 

Table 3.2. Properties of cladded Stellite No6. 

Cladding method Iron content Hardness Carbide 
[To] [HV0.3] [volgo]  

TIG-welding 10-11 425 54 
10 kW laser 15 450 59 
2.5 kW laser 6-7 502 37 

A stereologic analysis of the micrographs in Figs 3.2-3.4 gives the approximate volume 
fractions of the interdendritic carbides also shown in table 3.2. The smaller volume 
fraction of carbides in the 2.5 kW laser cladding, is due to incomplete precipitation of the 
carbides caused by the rapid cooling. Furthermore, there is an obvious difference in the 
structure of the carbides in the  TIG-welded and the laser welded claddings.The carbides 
in the laser claddings are more coherent than the "spiky" carbides in the  TIG-cladding. 
This probably has a large influence on the strength of the carbides, which is decisive for 
wear strength. There is usually a clear correlation between the iron content and the 
hardness of Stellite claddings, but the larger hardness of the 10 kW laser-cladding 
compared to the  TIG-cladding must be due to the smaller grain size of the former. 

3.3.2 Wear tests 

The results of the wear tests in terms of weight loss after 1000 m of wear are shown in 
table 3.3. The weight loss was calculated from the dimensions of the wear track, as 
determined by profilometry. 

At the low load (4 kg) it is clear that the  TIG-welded and 10 kW laser welded claddings 
are far superior to the 2.5 kW laser cladding. This is not entirely unexpected because 
sliding wear resistance is determined by the hardest phase present. It must be concluded 
that the coarse carbides provide a higher resistance to sliding wear. It should be noted 
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that, in contrast, erosion resistance is controlled by the softest phase present, usually the 
matrix, and it would be expected, that the laser-clad samples would exhibit better erosion 
resistance than the  TIG  samples, simply because of the smaller grain size. 

Table 3.3 Pin-on-disc wear of Stellite No6 claddings 

Cladding method 	 Weight loss [mg] 

4 kg load 	 8 kg load  
TIG-welding 	 1.7 	 12.3 
10 kW laser 	 1.0 	 4.5 
2.5 kW laser 	 6.2 	 12.1 

At the high load (8 kg) the  TIG  cladding and the 2.5 kW laser cladding show similar 
resistance, both inferior to the 10 kW laser cladding. This could be due to the different 
structure of the carbides in the  TIG  cladding. The "spiky" appearance of the carbides in 
the  TIG-cladding could reduce its fracture toughness and thus reduce the wear 
resistance. The combination of coherent carbides, small grain size and complete 
precipitation of the carbides that has been obtained with the 10 kW laser has also resulted 
in the best wear resistance. 

3.4 Conclusions 

The results from this work demonstrate the possibilities to create surfaces of different 
microstructures by varying the heat input. This has been accomplished by using different 
lasers, but it is also possible to vary the heat input using only one laser. In the case of 
cladding using the 2.5 kW laser the energy input has been varied between 185-300 
J/mm, all giving high quality claddings, but with smaller variation of the size of the 
microstructure. 

Wear resistance is influenced not only by the size of microstructure but probably also by 
the geometrical shape of the carbides, indicating increasing wear resistance advantages 
for laser cladding with increasing load. 
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Laser cladding is a high precision method of improving the wear and corrosion resistance of metal 
surfaces. The process gives high quality, porosity free surface layers, with low dilution of the 
substrate material and with excellent bonding to the substrate. Most frequently metal powder is used 
as cladding material and there are basically two different methods of application:  i)  a pre-placed bed 
of powder on the substrate surface; ii) powder blown into the beam-substrate interaction zone by an 
inert gas stream. The blown powder cladding process is much more flexible with respect to surface 
geometries and is therefore the most frequently used method in industry and the subject of this paper. 
As the blown particles travel through the laser beam on their way to the laser-substrate interaction 
zone they become heated. This paper gives the results of a theoretical model which investigates the 
level of pre heating experienced by the particles and the effects of various parameters on this pre 
heating. The results are important, as the powder particle temperature is expected to be an important 
parameter in the modelling and control of the cladding process. 

KEY WORDS: Laser, Cladding, Pre-heating, Modelling, Powder. 

LIST OF SYMBOLS 

A 	 absorption coefficient of a single particle 
a,b 	 position co-ordinates in XOY-plane 	 DTI] 
a*,b* 	co-ordinates in X*0*Y*-p1ane 	 [ia]  
C 	 specific heat of particle material 	 {J/°C kg]  
D 	 reflection coefficient of particle  
E 	 energy 	 [J1 

volume fraction of particles in the powder cloud 
I(x,y) 	intensity of the laser beam 	 [J/m2s] 

penetration depth of the laser light in the powder 	[m] 
cloud before reaching the particle concerned  

Q 	 total power input 	 [IN] 
rb 	 laser beam radius 

particle radius 	 [m]  P  
rc 	 powder stream radius 	 [In] 

length of particle path 	 [In] 
time 	 [s] 
temperature 	 VC] 
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To 	 ambient temperature 	 [°C]  
v 	 velocity of particles 	 [m/s]  

a 	 angle defined in figure 2 	 [deg] 

13 	 absorption coefficient of particle material 	 1m-1 
0 	 angle defined in figure 2 	 [deg]  

P 	 density of particle material 	 [kg/m3] 

1. INTRODUCTION 

Laser cladding is a high precision method for improving the wear and corrosion resistance 
of surfaces. The process gives high quality, porosity free surface layers, with low dilution 
of the substrate material and with excellent bonding to the substrate. 

Most frequently, powder is used as cladding material and there are basically two ways 
of adding the cladding material:  i)  a pre-placed bed of powder; ii) powder blown into the 
beam-substrate interaction zone by an inert gas stream. The main advantage of the 
pre-placed powder method is the very low dilution obtained [1], but it is limited to 
applications where the substrate is flat or almost flat. The blown cladding process is much 
more flexible with respect to surface geometries and is therefore the most frequently used 
method in industry. 

The blown cladding process is a dynamic process where powder is injected to the 
interaction zone between the moving heat source (laser beam) and the substrate, see figure 
1. The powder particles will be pre-heated on their way through the laser beam to the melt 
pool. This was discussed in early theoretical work by Powell [2] which revealed that 
temperatures of approximately 1000  °C  may be reached if nickel is used as cladding 
material. It is clear therefore that energy arrives at the melt pool surface by two routes:  i)  
direct laser radiation and ii) energy contained in the preheated particles, which are 
continuously arriving on the melt pool surface. 

An excess of powder supply to the process can lead to instabilities in the melt pool 
because the incoming particles reduce the direct irradiation by casting a shadow on the 
melt pool surface. There must, therefore, be a correct balance of the energy used for 
pre-heating of the powder and the energy left for melting the particles and substrate 
material. 

A large number of variables influence the amount of pre heating experienced by the 
powder. These include: particle size and velocity, particle composition, the density of the 
powder cloud, the inclination of the cloud and the intensity, the area and energy 
distribution of the laser beam. 

So far the development of this process has mainly been performed as experimental, 
laboratory studies and few models for laser cladding have been published [3, 4, 5] In this 
paper, a model is developed for calculating the pre-heating temperature of the powder 
particles in the blown powder cladding process and the results of the model are discussed. 
The future objective is to expand this study to cover modelling of the complete cladding 
process. 
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Figure 1 Laser cladding by the blown powder process. 

2. MODELLING 

General Assumptions and Basic Considerations 

Laser cladding is a complicated process. As mentioned above, a number of variables 
including processing parameters and materials properties may affect the final result and 
the quality of the cladding process. In order to develop a mathematical model for 
calculating the temperature distribution of the powder particles arriving at the laser-
substrate interaction zone, certain simplifying assumptions have to be made. They are 
summarised as follows: 

1. The laser beam and the injecting powder stream are both assumed to be cylindrical. 
The two "cylinders" converge in the cladding zone. 

2. The particles of cladding powder are spheres of uniform size. 
3. The temperature dependence of physical properties such as density, specific heat and 

the absorption coefficient of the particle material is neglected. 
4. Energy reflected from particle to particle or from the workpiece to the particles is 

ignored. 

Figure 2 shows the schematic view of the blown laser cladding process. The cladding 
material in the form of a fine powder is injected into the laser-generated melt pool on the 
surface of the moving substrate. 

The basic consideration for calculating the temperature of any particle is the law of 
energy conservation, i.e. 

E0  = +  ER  ± 	+ Ei 	 (la) 
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where E0  is energy incident on the particle, Ea  is the energy absorbed, ER  is energy 
reflected from particle surface, Er.„ the radiant, and convected losses and Et  is the energy 
transmitted through the particle. 

If the radiation and convected losses are neglected, we have 

E0 	ER  Er  =  E, 	 (lb) 

N.B. The energy transmitted through any particle Et, can also be neglected, see section 2.3. 

Energy Input to Any Particle (Ea) 

The aim of this model is to calculate the temperature of a particle which impacts at the 
point  P*  defined by (a*,b*) in X*0*Y* co-ordinate plane or by P(a,b) in the co-ordinates 
of XOY (see figure 2). From figure 2 it can be seen that  x*  =  x  / cos a and  y*  =  y.  

Considering a particle at a location  B  on its path of injection, the projection of  B  in 
XOY co-ordinates is defined by  (x, y)  in figure 2. The energy input to the particle is 
dependent on its depth in the powder stream because of the screening effect of the particles 
above the particle concerned. Therefore, ignoring radiative, convective and transmitted 
losses the energy absorbed by the particle for a small time interval At, Ea  can be expressed 
as:  

E, = (1— D)I(x,y) r 2p  e- ß A t 	 (2) 

Figure 2 The geometry of the process of laser cladding using blown powder. 
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where  D  is the reflection coefficient of the particle, rp  the particle radius, 13 the absorption 
coefficient of the particle material, f„ the volume fraction of the particles in the powder 
cloud, I(x,y) distribution function of the intensity of the laser beam and lz  is penetration 
depth of the laser light in the powder cloud to reach to the particle concerned. 

In eqn. (2), the absorption coefficient of the powder cloud is approximated by 13f.„. A 
method for exactly calculating the absorption coefficient of the cloud can be obtained by 
a statistical procedure. For the present calculation, 13f„ is a good approximation. The 
penetration depth, lz, is represented by the distance between the points  B  and  B'  in figure 
2 and can be calculated by: 

2 	2 

1_ = a (tan 0 + tan a ) + 

where I-, is the radius of the powder stream, 0, and a are defined in figure 2. In eqn. (2), 
the intensity function I is usually defined by:  

 

(3) 
cos 0 

Q 
x, y) =- 	e 

7i r b  

+ 
for a Gaussian source (4a) r h  

I (x,y) 	2  
IT  b  

for a top-hat source 	(4b) 

where  Q  is the total energy input of the laser and r, the beam radius. 

Note on the Energy Transmitted through the Particle,  E,  

In the strict sense, laser light incident on a particle is only partly absorbed and a certain 
amount of the energy can pass through the particle. According to the exponential 
absorption law, the ratio of the absorbed energy to total incident energy is dependent on 
the particle size and its absorption coefficient, 13. For metals, the absorption coefficient 13 
is of the order of 107  m-1  and the penetration depth of the CO2-laser light is about 10-7  m 
(0.1µm). Therefore, the particles can be assumed to be totally opaque at this wavelength 
(10,6 gm) if the particle diameter is greater than one micron. In practice, the particle size 
is one to two orders of magnitude larger than this limit. In the present model it is therefore 
assumed that particles are opaque, i.e.:  

E, =-- 0 	 (5)  

If the particles are sub micron, the energy transmitted through the particle has to be 
considered and the following absorption coefficient must be used: 

Ea  = A  (E,  +  E,) 	 (6a) 
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where  

e-2  13r° (2ß r + 1) - 1 
P  

2/3 2  rp2 

Temperature Rise in the Particles 

The absorbed energy (Ea) leads to an increase in the temperature of a particle, AT and it 
4 

can be expressed by Ea= 3  IT r p  c  A T. This, using eqn. (2) gives: 

( 1 - D) 1(x, y) r 
p
2  e- 13- f‘ L.:  t = -4

3
7r r3

p
p C T 	 (7)  

or  

3 
A T 	(1 -  D)  I  (x, y)  e-ßfniz  At 

4 rp  p C  

where  p  is the density of particles and  C  the specific heat of the particle material. 
The total increase in temperature of any particle before reaching the melt pool can be 

obtained by integration: 

t, 

T- To= f 3  r  p  C
(1  D)  1  (x, y) 	dt 

P  
(8) 

where the integral limit t, is the total time of the particles movement within the laser beam, 
To  and T are the initial and end temperatures of the particle. If S is the path length of the 
particle within the laser beam (see figure 2), we have:  

ds 	dx 
dt - 

vcose 

where v is the speed of the particle. Substituting eqn. (9) into (8) gives: 

3 (1 - D) 	f 
T - 	= 	 1(x, y) e-  f3 f1: dx 

- 	4 rp  p Cv cos 0 
a 

It can be seen from figure 2 that  y  for a particle is constant for its entire path. 
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Substituting  y=--b  into eqn. (10), gives: 

3 (1 — D) 
T — To = 	  

4 rp  p Cv cos 8 
1(x, b) e-  1311:  dx 	 (11) 

a 

This is the equation for calculating the temperature of the particle impacting on the melt 
pool at the point (a*,b*) in the X*0*Y* plane or at (a,b) in the XOY plane. 

Equation (11) relates the temperature to a number of variables which include the beam 
parameters (I, rb,  Q),  geometrical parameters (0,a,/ ) and the particle parameters 
(p,u,r,,13,f,). The effect of these variables on the particle pre-heating temperature can be 
predicted by calculation and these results are presented in the following section. 

3. RESULTS AND DISCUSSION 

Eq (II) has been solved numerically and the results are plotted in the following figures. 
Modelling was carried out using an ordinary mild steel as cladding material. For all 
calculations, where not otherwise specified, the parameters in Table I have been used. 

Power Input 

Figure 3a presents the results of the model for particles travelling through the beam at 
three different power levels. The rapid rise in particle temperature as they traverse the 
beam is clearly demonstrated. Figure 3b takes the relative temperature of particles exposed 
to the three different powers at a certain point in their flight  (x  = —0, 00075 m). It can 
clearly be seen that, as would be expected, there is a linear relationship between laser 
power and particle heating. 

Laser Beam Radius 

The influence of the focused laser beam radius is shown in figure 4. It can be seen that an 
increasing the beam size reduces the particle pre-heating temperature considerably. 

This effect is clearly explained for particles travelling along the centre line of the laser 
beam  (b  = 0, see figure 2). If the beam diameter is doubled then the particle-laser 

Table 1. Standard parameters used in the calculation of the pre-heating temperature of powder particles. 

Laser power  (Q): 	 1800 W 	 13  = I07  m'' 
Laser beam radius(rb): 	 0,001m 	 C  = 443 J/kg 
Powder particle radius (rp): 	 0,00001m 	 D  = 0,5 
Powder speed (v): 	 1m/s 	 L = 0 
Intensity distribution 	 Gaussian 	 a = 30° 
Volume fraction of particles (fu): 	 0,0003 	 q  = 45° 

To  .= 25°C  

p  = 8000 kg/m3  
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Figure 3a Pre-heat temperature of powder particles as a function of the impacting locations along the line 
defined by  b  or  b*  = 0 for different laser powers [W]. 

interaction time is doubled. On the other hand the intensity of the beam (which is 

proportional to —72  is reduced by a factor of four. The overall effect of doubling the beam 

diameter is therefore a reduction of the pre heating by a factor of two. This linear 
relationship between preheat temperature and beam diameter is clearly demonstrated in 
figure 4. 

Particle Size 

Figure 5 demonstrates that the amount of pre heating experienced by a particle is inversely 
proportional to the particle radius. This is clearly because the volume or mass of the 
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Figure 3b The temperature achieved by particles by the time they reach  x=  -0,00075 m at different powers. 
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Figure 4 The change in pre heat temperature of particles impacting on the centre of the weld pool (e=0, b*=0 
see figure 2) as a function of beam radius. 

particle increases in proportion to r3  whilst the absorbing surface increases only in 
proportion to r 2. One point of interest here is that the absorbing area of the sphere is not 
equal to the surface area of its upper hemisphere (2-n-r2) but is equal to its cross section  
-tt  r 2 because this is the area of the "shadow" cast by the particle and therefore the area of 
energy removed from the beam. 

Powder Flow Rate 

The powder flow rate, in this model represented by the volume fraction of powder, fv, is 
another important parameter to control in the cladding process. Too low a flow rate will 

 	Rp = 0 0000' 
Rp-0 00002 
Sp=0 00003 
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Figure 5a Pre-heat temperature of powder particles impacting along the line defined by  b  = 0 for different 
particle sizes [m]. 
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Figure 5b The linear relationship between I/rp  and the temperature achieved by a particle. (Information taken 
from the  x=  -0, 00075 position in figure 5a). 

give a thin cladding, often with high dilution whilst a too high a flow rate will give bad 
quality cladding containing porosity and defects in the binding zone. 

Figure 6 shows the amount of preheating experienced by particles impacting the 
cladding pool along the centre line (b=0, figure 2) with different volume fractions of 
powder. As the volume fraction increases the shadowing effect of the topmost particles on 

1500 — 

a (m) 

Figure 6 Pre-heat temperature of powder particles impacting along the line defined by  b  = 0 for different 
volume fraction of the powder in the powder beam. 
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their lower neighbours is increased. The preheating temperature of any but the topmost 
particles decreases dramatically as the volume fraction of powder increases,  eg  an increase 
of volume fraction from 0,02% to 0,04% decreases the preheating temperature of particles 
impacting the weld pool at a=-0,0005 (b=0) from ,---550  °C  to ---85  °C.  This rapid decrease 
is due to the high absorption coefficient of the particles mentioned earlier in the discussion 
about transmitted energy. This coefficient (13=107  m-1) is related to the preheating effect in 
a non linear manner (see eq. 11) and is thus responsible for the sensitivity of preheating 
effects to changes in powder volume fraction. 

Particle Speed 

Figure 7 demonstrates that pre heating temperature is inversely proportional to the powder 
velocity. This is clearly the result of the reduced laser-particle interaction times at higher 
velocities. 

Distance from the Beam Centre and Mode Types 

Figure 8 shows the particle preheat temperatures decrease as the particle flight path moves 
away from the centre line (i.e. as  b  increases). In the case of a top hat mode the amount 
of pre heat is simply related to the time of flight through the circular cross section beam. 
Obviously a particle which travels through the centre line of the beam will be exposed to 
the laser light for longer than the one for which  b  has a value greater than zero (see figure 
8). 

In the case of a Gaussian distribution this reduction in heating is amplified because the 
beam intensity falls off with distance from the centre of the beam. Particles travelling an 
off centre path are therefore exposed to a less intense beam. For this reason particle 
heating curves fall away from the b=zero line and particles near the edge of the beam are 
heated only slightly. 
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Figure 7a Pre-heat temperature of powder particles impacting along the line defined by  b  = 0 for different 
powder particle speed [m/min]. 
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Figure 7b The linear relationship between 1/v and T. (Information taken from the  x=  -0,00075 position in 
figure 7a). 

5. CONCLUSIONS 

This work demonstrates that it is possible for particles to be pre heated or even melted on 
their passage through the laser beam to the cladding melt pool. The laser-material 
interaction is not, therefore, as simple as it first appeared and we can no longer consider 

Laser beam 
cross section 

Maximum 
exposure 
and heating 

Reduced 
exposure 
and heating 

b>0 

Figure 8 Pre-heat temperature of powder particles impacting along lines defined by  b  = 0, 0,2, 0,4, 0,6, and 
0,8 mm for Gaussian beam intensity distribution. 
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a laser generated melt pool which accumulates cold powder particles. lndeed it is possible 

that in some cases the incoming powder cloud would contain more laser energy than the 

underlying substrate (in this case successful cladding would be unlikely). It would be 

much more common for the powder cloud to remove a smaller proportion of the energy 

prior to the melt pool impact. One interesting point is that, as the particles are moving 
during their absorption they are physically transporting the original laser heat to another 

area of the melt. This has the effect of distorting the original mode of the laser beam. For 

example, a 'top hat' mode experiencing the cladding geometry shown in figure 2 would 

have an effective heating 'mode' which supplied more heat to the top of the clad trace than 

the bottom. This is because the incoming particles effectively carry heat from the right to 

the left. Such effects are rather complex and will be the subject of future work by the 

present authors. 

The subject of powder cloud energy absorption is obviously of prime importance if the 

thennodynamics of the laser cladding process is to be understood. Many of the trends 

demonstrated by this mode! are those which may have been expected (e.g. the linear 

relationship between laser power and heating effect). On the other hand some interesting 

relationships have become apparent such as the surprising sensitivity of the pre heating 

process to the volume fraction of particles in the powder stream. 

Future work will include detailed analysis of such relationships and the accumulation 

of accurate data on such things as particle velocity and powder cloud density. 
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