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ABSTRACT 
 
 
 The thesis treats both fundamental physical mechanisms of a materials processing 

technique, namely laser cladding, and its introduction to a certain product, namely piston 

rings, in production. In particular it is demonstrated that even very fundamental physical 

mechanisms discovered can have important impact on several production stages. After 

discussing three physical mechanisms of the laser cladding process, and after discussing 

possible scenarios for introducing laser cladding to production, this context will be 

illustrated and discussed. 

 

 The three physical mechanisms investigated are based on earlier research work that 

was developed further, by applying new methods and approaches.  

 

 Absorption as the essential conversion mechanism from highly expensive high 

power laser beam power to heat is studied for preplaced powder laser cladding, where a 

fundamental experiment enables facilitated theoretical estimation of the absorptance, that 

turns out to decrease with increasing pulse energy and to range typically between 25% and 

10%. 

 

 The temperature field resulting from the combined heat flow through the clad layer 

and the substrate of a second different material is studied by deriving an analytical 

equation for this complex case, again in a simplified manner. The induced changes in the 

temperature gradient are discussed for four substrate materials and two clad layer materials 

as well as for three different clad layer thicknesses. Steeper gradients are induced in the 

clad than in the substrate. Moreover, the lowered thermal conductivity of a preplaced 

powder layer is studied through a parametric study by accomplishing a simplified model, 

showing its insulating behaviour. 

 

 The third mechanism studied is the stress and strain formation in laser cladding. For 

former Finite Element Analysis a method for additional investigation and illustration was 

developed, facilitating the understanding of the complex mechanisms behind. A series of 

evident and hypothetical theories can be stated and discussed in a more rational manner 
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than before. For example the strong transversal tensile stresses can either cause clad layer 

detachment or longitudinal edge cracking. 

 

 Beside these three physical mechanisms of laser cladding, the implementation of 

laser cladding to production is discussed, comparing the alternative possibilities of direct 

investment into a laser cladding system for the manufacturing line or by outsourcing this 

step to a laser cladding job shop. A series of other production steps as well as the product 

development are affected by introducing such new technology.  

 

 Eventually the context between the above three physical studies and the production 

is discussed by demonstrating how a better understanding of the process physics can have 

an impact on different production steps from a holistic view. Showing the context through 

such holistic and interdisciplinary treatment is a new approach with the aim to enhance the 

understanding that treating engineering steps in a partially holistic manner rather than 

separately can be of importance for the whole product development and production, as 

demonstrated for laser cladding of piston rings. 
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CHAPTER 1. INTRODUCTION 
  
1.1    About the Thesis 
 
 
1.1.1   Motivation behind this thesis 
 

The motivation behind the thesis is twofold: On the one hand existing research 

studies on laser cladding of piston rings shall be developed and discussed further by 

introducing new approaches and methods. On the other hand a holistic context between 

deep physical studies and their relevance to production shall be demonstrated.  

 

 The added value from the thesis on laser cladding and on piston ring manufacturing 

is eventually manifold: 

 

 Enhanced knowledge on three physical mechanisms of laser cladding 

o fundamental absorptance discovery for the preplaced powder technique 

o study of the temperature field generated by a two-material case 

o deep understanding of the complex stress/strain behaviour 

 Enhanced knowledge on introducing laser cladding to production 

A holistic view on the wide context between physical mechanisms and production 

 
 
1.1.2   Methodological approach 
 

As mentioned above, based on earlier studies and results, the advanced study of 

three physical mechanisms of laser cladding is carried (Chapters 2-4) out as well as a study 

on introducing laser cladding to the production of piston rings (Chapter 5). In addition the 

holistic context between the three mechanisms and the production is illustrated and 

discussed (Chapter 5). Such diversified kind of study is unusual but has important 

advantages from the holistic point of view. 

 

Beside the practical results, the whole thesis is based on a series of new approaches 

and methods that are well suited for the complex case treated, but are also generally 

applicable: 
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 combining a fundamental experiment with a fundamental equation (Chapter 2: 

absorptance) 

 deriving a new, suitable, complex analytical equation for two material heat 

conduction (Ch. 3: heat conduction) 

 developing an illustrative method for improved interpreting of FEA-results (Ch. 4: 

stress/strain) 

 illustrating and discussing the context between physical studies and the whole 

production in a holistic manner (Ch. 5: production) 
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1.2   The product: piston rings 
 
 

Piston rings are precision-made components that help the engine to extract the 

chemical energy contained in the fuel and convert it into useful power through the kinetic 

energy of a moving piston. In fact, piston rings are absolutely essential to an engine’s 

efficiency and durability, as well as to meeting all necessary emission regulations. 

Together with lubricants, they are the key factors preserving combustion power and 

absorbing the immense piston-cylinder friction [1]. Three figures for ship engines are 

given as an example: during its working life a ring travels more than 300,000 km under 

severe working environment, see Figure 1, with temperature in excess of 400 degrees C, 

and a load of about 120 tonnes on the top ring [2]. 

 

 

Figure 1: This figure illustrates the complexity and number of parameters which influence 

the conditions for piston ring operation [12]. 
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1.2.1   Piston ring functions 

 

There are three primary functions performed by piston rings: gas seal, heat transfer 

and oil control function. Gas seal function means that the combustion chamber must be 

made as gas-tight as possible, so that the pressure generated by the burning combustion 

gases will move the piston in the cylinder, making power available. This sealing can only 

be optimum if the ring makes perfect contact with the piston and the cylinder liner, see 

Figures 2, 3 and 4. The maximum stress in working position (KB1) can be calculated using 

the following formula, 
1
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elasticity E, the ratio f, the nominal ring diameter D and on the radial ring thickness a. The 

maximum stress during installation (KB2) can be calculated using the following formula, 

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

−

⎟
⎠
⎞

⎜
⎝
⎛ −

= 122

1

4
64.0 BB K

a
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E
K  [N/mm2]. To pass the piston for installation, the ring ends have 

to be separated by about 9 x a. In the heat transfer function, the rings act to carry heat away 

from the hot piston into the cooled cylinder wall/block of the engine. This function is very 

Figure 2: Design for maximum stress in 

working position [12]. 

Figure 3:Design for maximum stress 

during installation [12]. 
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important to maintaining acceptable temperatures and stability in the piston and piston 

rings, so that the sealing ability is not weakened. Finally, the oil control function refers to 

the piston rings oil lubrication requirements. It is desirable to keep this amount to a 

minimum so that rings act in a scrapping manner, keeping excess oil out of the combustion 

chamber. In this way, oil consumption is held at an acceptable level and harmful emissions 

are reduced [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It's interesting to note that the ring does not press with uniform force all the way 

around its circumference, from one gap-end to the other. In fact, this contact pressure can 

be controlled during ring manufacture to guarantee that the desired contact pressure 

distribution is achieved in the assembled engine. The ring designer must consider the 

specific engine application and then design the ring's free shape and free gap. 

 

The ring must be made with negative or zero ovality depending on engine type 

characteristics, see Figure 5. A negative ovality ring mounted in a cold liner will expand 

when heated and changes its shape towards zero ovality. Because of this, a perfectly round 

Figure 4: The diagram shows the variation in the stresses KB1 and KB2 with D/a for 

different values of f [12]. 
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ring with zero ovality will expand when heated changing to a slightly positive shape. 

Another benefit of negative ovality rings is that they minimize the risk of sticking [18]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     

 

Figure 5: Different types of piston ring ovalities and corresponding pressure distribution 

[12]. 

 

1.2.2   Piston ring materials, cross-sections and joints 

 

The periphery (running face) of a piston ring, see Figure 6, requires a material that 

reduces contact friction as much as possible and still allows the ring to perform its sealing 

function against the cylinder wall. Even though the ring's running face is usually gliding on 

a very thin layer of oil, the friction force can be large. Therefore, it is a good idea to use a 

high strength base material for the piston ring, coating it with a high wear-resistance layer 

of different material, see Figure 7 [2, 3]. 

Negative ovality 
Negative ovality with ring 

ends without wall pressure 

Positive ovality Zero ovality 
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Surface treatment materials are often divided into two main groups, hard coatings / 

wear resistant coatings (hard-chrome plating, chromium-ceramic coating and plasma 

sprayed Rias coating)  and soft coatings, which can be divided in running-in coatings 

(aluminium bronze, copper plating and graphite layer coating) and in corrosion protection 

coatings (phosphate coating). Most piston rings are manufactured from cast iron with a 

Figure 6: Example of a barrel-faced chromium-ceramic coated compression ring [12]. 

Figure 7: Wear process and advantage of the plasma coatings in the two-stroke, large-

bore engine. The ring operates as a normal unsprayed ring after the plasma coating 

has worn off  [12]. 
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broad variety of cast iron materials being used. Small changes in the composition of the 

base material (substrate), coupled with fine tuning of the casting techniques, mean a wide 

range of cast iron with varying characteristics: toughness, elasticity, strength, thermal 

fatigue resistance, modulus of elasticity, corrosion resistance, etc, see Table 1. 

 

 

Table 1:  Metallurgical specifications of the most common materials used as substrate [12] 

 

Principal Analysis [%] Material 
Ref. 

Characteristics 
C Si Mn P Cu Cr Ti V Mo Ni 

R 
Low-alloy cast iron used 

in B&W engines 
3.30 1.40 0.80 0.30 0.15 0.15     

 

RAK 

Alloyed, wear-resistant 
cast iron with high 

anticorrosive properties 
used in MAN engines 

 
 
3.25 

 
 
1.30 

 
 
0.80 

 
 
0.25 

 
 
0.75 

 
 
 

 
 
0.10 

 
 
0.25 

 
 
 

 
 
 

C8 
Alloyed cast iron used in 

B & W engines 
3.30 1.40 0.90 0.25   0.03 0.15 0.35 

 
 

RS 
Alloyed cast iron used 

by Sulzer 
3.25 1.30 0.85 0.25 0.50    0.50  

RM4 
Alloyed cast iron for 

modern diesel engines 
3.15 1.30 0.80 0.10 1.00 0.15  0.15 0.60 0.35 

DAR- 

CAST ™ 

High-alloy, high-
strength, compact 

graphite iron 

3.55 2.00 0.90 0.10 1.00 0.35 0.10 0.10 0.50 0.30 

RSG 
Alloyed, nodular 

graphite, ductile cast 
iron 

3.55 2.00 0.50 0.05 0.90    0.50  

 

 

About ten types of piston ring groups, see Table 2, are nowadays manufactured 

without regarding the different cross-sections (rectangular, taper-faced, barrel-faced, 

stepped, oil scrapping with one edge, etc) and appearances of joint (non-opened, scarf joint 

left and right, vertical, lap, double lap, joint with pinhole, etc) available in the market that 

can be combined in each particular case, depending on the engine requirements. 
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Table 2: Piston ring categories: different product groups, cross-section and appearance of 

joints available [12]. 

 

 

 

1.2.3   Piston rings types of wear 

 

If good operating conditions are not carried out, high wear and unacceptable 

periods between overhauls are achieved. Different types of wear that can appear on the 

cylinder wall and rings are gathered in three main groups: abrasive, corrosive and adhesive 

wear, see Figure 8. 

 

Abrasive wear is caused by hard particles such as ash deposits or metallic particles 

which normally enter the engine via the fuel oil. These hard grains wear down the surface 

of cylinder liners and rings by continuous scratching. 
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Corrosive wear on piston rings and cylinder liners is caused by chemical attack on 

the metallic surface caused by sulphuric acid formed through a chemical reaction in the 

combustion chamber.  

 

Adhesive wear (mechanical wear) is the "normal" wear that takes place mostly at 

the top dead centre where the oil film is not enough thick to completely separate the piston 

ring from the liner surface. Severe mechanical wear (scuffing) takes place when the 

temperature, the sliding speed or the load exceeds a critical value [2]. 

 

It has been proven that the all three types of wear occur simultaneously, but their 

share of the total wear may vary. 

 

 

 

 

             

            Figure 8: The three different types of   

             wear [12].                                          

                                                                   

             

 

  

 

 

 

 

Adhesive wear (scuffing) 

Abrasive wear Corrosive wear 
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1.3   The production: piston ring manufacturing today 

 

Today piston ring manufacturing processes are formed by several operations, see 

Figure 9. Depending on the ring complexity and requirements, they can vary widely from  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9: Flow chart of today piston rings manufacturing stages (cont. in next page). 
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3 to 20. As it was said in 1.2.2, about ten types of piston rings groups are nowadays 

manufactured. Each type can also have a different cross-section and appearance of joint. 

Nevertheless, a general current process carried out in a standard workshop will be 

described here. 

Figure 9: Continuation of today piston rings manufacturing stages flow chart. 
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1.3.1   Piston ring casting technique 

 

The metal casting process, specifically the pot casting technique, is the first stage of 

the process. As its name implies, pot cast rings are machined from a pot or short cylinder. 

There are three main substrate materials used to form piston rings. Cast iron, compact 

graphite cast iron (CGI) or spheroidal graphite cast iron (SGI) are melted in electric 

induction furnaces. Then, the melted metal is poured into an oval mould, see Figure 10, 

and allowed to cool. The creation of the mould, the so-called forming, involves the use of 

some materials that can be gathered into sand, clay, carbonaceous materials and water, see 

Figure 11. When the melted metal is completely cold, the mould is removed. The shakeout 

is the process used to shake the sand from the metal part. Then it is blasted and cleaned 

using steel shot, grit or other mechanical cleaners in order to remove any remaining casting 

sand, metal flash or oxide. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Typical oval mould used in pot 

casting method [12]. 

Figure 10: In the foundry, the cast iron 

is poured into the moulds 
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1.3.2   Piston ring turning, cutting and grinding processes 

 

The second stage consist of the turning and cutting processes. The turning, see 

Figure 12, is performed in a cam turning lathe which was usually equipped with copying 

arms that control the cutting tools. By changing the shape or ovality of the cam, rings with 

various circumferential pressure distributions can be produced. It is also possible to find 

CNC camless piston rings lathes, more accurate and effective than any other traditional 

machinery, that enable to obtain almost any piston ring shape that may be required. Once 

the pot has been machined, the rings are parted into individual piston rings. Finally, the 

free gap is cut, see Figure 13, regarding the type of gap required in each ring, see Table 2, 

in 1.2.2. 

 

 

 

 

 

 

T 

 

 

 

 

 

 

There are now two different possibilities depending on the diameter of the ring 

going to be treated. If it has a diameter bigger than 900 mm, a manually grinding and final 

adjustment are made in a CNC grinding machine; but if the diameter is less than 900 mm, a 

robot will perform over the rings, see Figure 14, a combination of operation similar to the 

ones manually made. 

 

 

 

 

Figure 12: Cam turning of oval pot [12]. Figure 13: Cutting the free gap [12]. 
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1.3.3   Piston ring surface treatments 

  

Before the surface treatment stage is developed, it is necessary to separate the rings 

that do not require any surface treatment. They go directly to the marking stage which will 

be commented later. 

 

The rings that require a surface treatment are again divided between those that 

require a plasma spraying Rias coating (where post-processing grinding is necessary) and 

those that require any of the other treatments: Soft coatings, Hard-chrome plating and 

Chromium-ceramic coating. 

 

 As it was stated in 1.2.2, the coating techniques required can be divided into two 

main groups: hard / wear resistant coatings and soft coatings. The second one is also 

divided into two new subgroups: running-in coatings and corrosion protection coating. The 

different possibilities can be seen in Figure 15.  

 

 It is at this stage where we are considering the possibility to either introduce a laser 

cladding machine or send the rings to a laser cladding job shop. 

 

 

 

Figure 14: High speed robots carrying out different operations [2]. 
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Now it is time for piston ring quality testing. Fatigue, metallurgical and geometrical 

tests are carried out before marking and storing. It is important to note that not all 

manufactured rings are tested. Only one ring of a batch determined by the factory quality 

engineers is taken out from the assembly line to be checked. 
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Figure15: Flow chart showing the different surface treatments.  
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1.3.4   Marking, storing, packaging and delivery of piston rings 

 

The marking of piston rings is made using a laser 

branding equipment. This marking provides the necessary 

product and manufacturing information: manufacturer 

logo, material information, the “top” mark and a 

manufacturing number: the year of manufacture, the 

manufacturing order number and the batch number. 

 

Then, piston rings are treated with anti-corrosive 

oil and stored as shown in Figure 17.  Packaging is done 

using special protective paper in batches of about 6 to 12 

rings. 

 

Finally, the rings batches are delivered to 

customers. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

Figure 17: Correct way of storing piston rings (left) and wrong (right) [12]. 

 Figure 16: Rings are 

transported through the factory 

by a conveyor system [13]. 
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1.4   Laser cladding process 

 

1.4.1 Introduction to the process 

 

As an option for traditional surface treatments, laser cladding is studied. Industrial 

applications require parts with special surface properties such as good corrosion resistance, 

wear resistance and hardness. Parts with these surface properties are usually very 

expensive due to alloy cost. This can be reduced considerably by applying a hard or 

corrosion resistant surface layer to a cheaper substrate [5]. One of the techniques to 

improve surface properties is laser cladding. It can be defined as a melting process in 

which the laser beam is used to fuse an alloy addition onto a substrate producing 

metallurgically well-bonded coatings. These may have a variety of materials of moderate 

thickness (0.2 - 2 mm) and track width (2 – 15 mm). In order to obtain a strong fusion 

bond, the process requires the formation of a melt pool on the substrate. For a better 

coating, the depth of the melt pool must be as small as possible; therefore, a minimum 

dilution in the substrate is achieved. Unlike conventional methods (hardening or nitrogen 

hardening), laser cladding can be considered precise and, because of this, with a small 

heat-affected zone (HAZ) [4]. The quality of the deposit is also high which means that 

laser clads can be made with low porosity and few imperfections. However, high cooling 

rates increase the sensibility of the clad and HAZ to cracking, and precautions such as 

preheating might be necessary. 

 

The alloy can be introduced 

into the beam-material interaction 

zone in different ways, either during 

(single stage), see Figure 18, or prior 

(two-stage) to processing. In the single 

stage process, also called blown 

powder process, the cladding alloy is 

fed into the interaction zone between 

the laser beam and workpiece. In the 

two-stage process, also called 
Figure 18: Single stage laser cladding process    .    
[5]. 
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preplaced powder cladding, the cladding material is pre-deposited on the substrate. Both 

techniques allow the deposition of a wide range alloys. 

 

The type of laser used depends on the surface area to be covered, the thickness of 

clad required and the complexity of the component. The laser beam can be manipulated 

easily, quickly and in a flexible manner. The beam can be directed into inaccessible 

locations, either using mirrors or fibre optic beam delivery.  

 

The energy input of laser cladding is low, compared with conventional hardfacing 

processes, which results in finer microstructures and leads to a significant reduction in 

post-treatment machining operation. Since the maximum clad width is limited by the 

power density required for melting, overlapping passes for large area coverage are required 

[6]. 

 

The general aim is to produce a clad with appropriate service properties, a strong 

bond to the substrate, with the highest coverage rate, the minimum use of alloy addition 

and minimum distortion. 

 

For the present application, the research was performed at the Sirius Laboratory 

(LTU) and it concerns the application of laser cladding on 2-strokes marine engine piston 

rings. In the next pages, laser cladding process is briefly described, emphasizing the 

techniques, materials (coating and substrate), means (laser technology), process parameters 

and other process characteristics that are involved in the experiments carried out at LTU. 

 

1.4.2   Competing techniques of surface coating 

 

There is a large number of competing techniques available, many of which are 

more familiar to engineers and managers responsible for production decisions than laser 

cladding. 

 

The principal disadvantages of laser cladding to industrial application relate to cost 

and unfamiliarity with the process. The capital cost of the equipment is much higher than 

for many conventional techniques. Applications are required to be of sufficient volume, or 
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add sufficient value to the part, to be economically feasible. In addition, this high tech 

process is difficult to control, requiring research and skilled staff. 

 

A simplified comparison of the various techniques of surface coating is given in 

Table 3 where SMA, shielded metal arc; MIG, metal inert gas; SA, submerged arc; TIG, 

tungsten inert gas and HVOF, high velocity oxy-fuel. 

 

Table 3:  Comparison of laser cladding and competing coating processes [6]. 
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Thickness 
(mm) 0.2-2.0 1.6-10 1-6 2-10 0.5-3.0 0.1-0.2 0.8-2 0.3-1.5 1-5 

Deposition 
rate (kg h-1) 0.2-7 0.5-2.5 2.3-11 5-25 0.5-3.5 0.5-7 0.4-2.7 1-5 2.5-6.5 

Distortion Low Med. Med. High High Low  High  Low Med. 

Precision High Low Low Low Med. Med. Low Low Med. 

Dilution 
(%) 1-5 15-25 15-20 10-50 10-20 5-30 1-10 Low Med. 

Integrity High High High High Med. Low Med. Med. Med. 

 

 

1.4.3   Material properties 

 

 Substrate 

 

The substrate must have sufficient thermal conductivity to act as an efficient heat 

sink to form a metallurgical bond. The surface is prepared prior to cladding by cleaning 

and degreasing, if contamination of the clad is undesirable. Components made from 

carbon-manganese alloy and stainless steels are popular for laser cladding. Other suitable 

substrates include alloys based on aluminium, magnesium, cast iron, and nickel-base 

superalloys. 
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The substrate in the experiments at LTU consisted of compacted (or vermicular) 

graphite cast iron (CGI). It is also referred to as quasi-flake, pseudo modular and semi-

ductile cast iron [7, 8]. Compacted graphite cast iron has advantageous casting properties 

compared to other cast irons [9]. 

 

The microstructure of CGI has graphite particles that are randomly oriented, similar 

to grey iron, but are thicker and have rounded edges which prevent notch-effects and 

provide a high strength, stiffness and fatigue resistance. This morphology results in strong 

adhesion between the graphite and the iron matrix. Furthermore, it inhibits both crack 

initiation and propagation and is the source of the improved mechanical properties 

compared to grey iron. 

 

Types of alloy addition 

 

There are relevant factors such as composition, thermal conductivity and coefficient 

of thermal expansion that must be taken into account when choosing the right alloy 

addition. The composition should be such that dilution with the substrate material creates 

an alloy that solidifies in a strong metallurgical bond; their thermal conductivity should be 

enough to conduct heat into the substrate and the coefficient of thermal expansion similar 

to that of the substrate to avoid cracking. 

 

Hardfacing alloys can be classified into four different categories: cobalt-base, iron-

base, nickel-base and carbides of tungsten, titanium and silicon. Next, only cobalt-base 

alloys with carbides will be explained more deeply because is the specific type of alloy 

used in the research at the Luleå University of Technology. 

 

Cobalt-base alloys possess good mechanical, thermal and chemical properties, 

particularly at high temperatures. They may contain different amounts of chromium, 

carbon, iron, silicon, and nickel which are used to enhance the alloy properties. For 

instance, chromium forms carbides, which strengthen the cobalt matrix and nickel increase 

ductility. Cobalt-base alloys also exhibit good resistance to oxidation, erosion and 

abrasion. They are mainly used to coat components in the chemical and power generation 
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industries, and are available in powder, rod, electrode, chip, foil and wire form. The most 

popular cobalt-base alloys are the Stellite family. 

 

1.4.4   Alloy introduction 

 

It was already commented that alloy can be introduced into the beam-material 

interaction zone in different ways: either during (single stage) or prior (two-stage) to 

processing. 

 

In the two-stage process the cladding material is pre-deposited on the substrate, 

usually in the form of a powder, see Figure 19. It is usually mixed with a binder, which 

evaporates during the process, to ensure that it will stick to the substrate during the 

process. Enough structural strength has to be given to withstand forces imposed by gas 

flows or gravitation. Then the process continues with the formation of a melt pool in the 

surface of the coating material. The melt pool propagates to the interface with the 

substrate. Continued heating ensures that the melt pool is extended to the substrate and that 

a strong fusion bond is achieved. The heat input must be well controlled to prevent a deep 

melting of the substrate and to achieve a strong fusion bond [10]. 

 

The two-stage process can be applied easily to horizontal surfaces but has many 

limitations: 

 

- The part complexity is restricted. 

- A uniform bed thickness is difficult to achieve. 

- It is difficult to control process parameters, referred to bonding. 

- High energy input is required. 

- It is not possible an in situ change of alloy composition.  
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Even though some of these drawbacks may be overcome by using organic binders 

to locate the powder, care must be taken as volatile compounds can generate porosity and 

other imperfections in the clad. 

 

The two-stage process was the most common way of introducing alloy in early 

investigations of cladding but it has one major disadvantage for industrial applications: the 

consumption of time [6]. 

 

In the single stage process, see Figure 20, the cladding material is introduced into 

the interaction zone between the laser beam and workpiece. The process starts with the 

formation of a melt pool in the substrate and, simultaneously, coating material is fed into 

this pool and melts. A strong fusion bond between coating material and substrate is 

immediately achieved.  

 

The most common means of introducing alloy involve the use of powders and 

wires. However, the injection of powder (also known as blown power process) is a much 

more common method compared to wire cladding. It is more robust, because there is no 

      Figure 19: Laser cladding with preplaced powder [17]. 
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direct contact with the melt pool and, the laser beam can pass through the stream of powder 

particles instead of being obstructed by the wire. It is also more flexible, allowing on-line 

variation of clad dimension and clad composition. Moreover, many more alloys are 

available as powder than as wire.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the blown powder process alloy powder is delivered from the feeder into the 

process area using a gravity feed or via a gas-assisted (argon, helium, nitrogen) delivery 

system. After that, it is directed to the melt pool by a powder nozzle which can have two 

basic configurations: co-axial or side supply of powder. 

 

The co-axial supply of powder, see Figure 21, can be integrated with the optical 

system. An advantage of a co-axial powder supply is the independence of the direction in 

which the workpiece moves. Other advantages are the controlled heating of the powder 

before it enters the melt pool and the high powder efficiency. However, not all products 

can be applied a co-axial powder nozzle. 

   Figure 20: Laser cladding with blown powder [17]. 
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The side supply of powder allows the treatment of complex geometry components 

by applying specialized powder nozzles [6, 10]. 

 

Finally, the advantages of single stage over two-stage process can be summarized 

as follows: 

 

- It is possible to coat large areas which require several tracks with less dilution. 

The clad layer still contracts but as the material is fed to the substrate directly next to the 

then existing track no part of the substrate is irradiated unnecessarily. 

- The coating thickness can be adjusted by controlling the material feed rate. 

- Products with a complex geometry can be treated, because material is fed 

continuously to the interaction zone.  

 

 

1.4.5   Process parameters, physical mechanisms and resulting quality 

 

There are many input variables that can influence the blown powder process. Most 

of them are listed in the Figure 22. It can be seen that it is a complex process with 

numerous relationships between the parameters and the resulting clad quality. 

 

  Figure 21: Cross section of a coaxial nozzle [5]. 
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Figure 22:  Variables in laser cladding with blown powder [11] 

 

1.4.6   Imperfections 

 

There are many imperfections that can affect laser clads. The most important are 

briefly described below. 

 

Dilution 

 

The depth of the substrate’s melt pool must be as small as possible in order to 

obtain a pure surface layer which is not diluted by the base material. However, molten 

substrate mixes with the molten clad by convection, diluting the composition of the clad. 
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The dilution is used to measure the clad quality. It can be done in two ways. The 

first method is based on the clad layer geometry while the second is based on an analysis 

of the material composition in the clad layer. Dilution of about 5% is sought [6]. 

Dilution can be controlled by ensuring efficient melting of the alloy addition through 

adjustments to the alloy delivery geometry and feed rate. 

 

Porosity 

 

The presence of holes is referred to as porosity, which can have many origins. In 

the clad layer, fine porosity is a result of gas bubbles that are trapped as the clad solidifies. 

Porosity is also dependent of the geometry of solidification of the clad: outer regions 

solidify first, enclosing gas in the centre. These kind of porosity can be solved by applying 

a vibration of the workpiece. 

 

It is possible to have others sources of porosity but now in the interface between the 

clad and the substrate. The first one is caused by contamination of the substrate surface 

(grease, for instance) which can result in vaporization of volatile compounds. To eliminate 

such imperfection, the substrate should be cleaned and degreased properly. The last type is 

caused by the so-called inter-run porosity which appears when too much powder is 

supplied. It can be avoided with a width-height ratio of more than five [10]. 

 

Cracking 

 

Cracks have their origin from thermal stresses developed because of the high 

thermal gradients present during cooling. This type of cracking may be reduced by 

preheating the substrate. Differential thermal expansion of the solidified clad and the 

substrate can also cause cracking. 

 

Distortion 

 

During cladding residual stresses are created. These may result in distortion of the 

substrate, which increases the amount of post-process reworking required to meet 
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dimensional tolerances. This type of imperfection can be reduced through a reduction in 

the energy input of the process. 

 

Lack of fusion 

 

Small cracks (crevices) are often observed in adjacent overlapping clads when the 

aspect ratio (relation between height and width) is high. Lack of fusion can be reduced by 

decreasing the powder feed rate and the rate of traverse of the workpiece. These actions 

should help in forming an overlap region of high integrity. 

 

 

1.4.7   Industrial applications 

 

Initially, cladding was developed as an industrial surfacing technique, but 

nowadays has evolved into a cost-effective method of repairing expensive components as 

well, see Table 4. 

 

Application of laser cladding was usually limited to small areas, complex shapes 

and very high value components. However, reductions in the cost of laser power, higher 

reliability and increased output power have led to cost-effective deposition of thicker 

claddings over larger areas, see Figure 23. 

 

Although CO2 and Nd:YAG laser have traditionally been used, there is an 

increasing interest in the use of multikilowatt diode lasers. Next page, a brief list of 

common applications is given as an example, see Table 4. 

 

Due to the importance of understanding the involved mechanisms, numerous 

analytical and numerical models of the cladding process have been recently developed. 

Here are some interesting references: [19, 21, 25, 26, 27, 29, 30, 31, 32]. 
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Table 4: Industrial applications of laser cladding and metal deposition [6]. 

 

INDUSTRY 

SECTOR 
COMPONENT 

CLAD 

MATERIAL 
REFERENCE 

AUTOMOTIVE 

 

Valve seat 

Valve seat 

Valve rim  

Copper 

Ni-Cr-B-Si  

Stellite 

Belforte, 1994 

Ahiua et al., 1991 

Küpper et al., 1990 

AEROSPACE 

 

Turbine blade 

Turbine blade 

Compressor blade 

Stellite 

Nickel alloy 

Ni-Cr 

Merchant, 2002 

Ritter et al., 1992 

König et al., 1992 

 

MACHINERY 

Tooling modification 

Extruder screw 

Deep drawing tool 

P20 tool steel 

Al bronze 

Stellite SF6 

Morgan, 2001 

Wolf and Volz, 1995 

Haferkamp et al., 1994 

PETROCHEMICAL 
Drill rods 

Valves 

Stellite, Colmonoys 

Stellite 6 

Eboo and lindemanis, 1985 

Koshy, 1985 

POWER 

GENERATION 

Gas turbine parts 

Turbine blades  

Turbine blades 

Inconel 718 

Cobalt-base 

Stellite 

Mehta et al., 1985 

Regis et al., 1990 

Alam and Ion, 2002 

SHIPBUILDING Catapult rails Stellite Irving, 1996 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Different applications of laser cladding: an engine outlet valve (left), a 

camshaft (right, upper) and a turbine blade (right, lower) [14, 15]. 
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CHAPTER 2. LASER ABSORPTANCE 
 

2.1   Introduction to the experiments 

 

The aim of this chapter is to try to analyse how much of the energy contained in a 

laser beam is absorbed by the cladded material. The rest of the incident energy is reflected 

(and/or transmitted). The absorptivity (A), also called absorptance for technical rough 

surfaces, is defined as the ratio between the absorbed energy and the incident energy. 

Consequently, as much energy is absorbed by the cladded material, a more effective 

process is carried out.   

 

There are many factors that affect the absorption. Some of them are directly related 

with the laser beam properties (wavelength, polarization, etc) and others with the material 

properties (electrical conductivity, temperature, roughness, contamination, etc.). 

 

The experiments were made at the Sirius Laboratory by PhD researcher at LTU, 

Hans Gedda using a CNC-controlled 6 kW CO2  laser manufactured by Rofin Sinar. The 

laser head was placed at a height of 246 mm over the substrate (focal length) and was 

equipped with an optic producing a 4mm beam diameter. The shielding gas was argon and 

it flew at 8 l/min. 

 

A constant laser power of 2.53 kW was applied to 

17 specimens, varying only the pulse time from 0.1 to 4.5 

seconds. Another group of 12 specimens were obtained 

with a constant pulse time of 1 second, but changing the 

laser power from 0.93 to 2.75 kW.  

 

It is important to note that the power supply figures 

used for the calculations were not the power monitor 

values. The real values were measured and can be seen in 

Table 5. 

Table 5: Differences between monitor and measured power values. 

Monitor 
Power 

Values [kW] 

Real  
Power 

Values[kW] 
3.4 2.75 
3.0 2.53 
2.8 2.27 
2.5 1.88 
2.4 1.81 
2.0 1.53 
1.9 1.45 
1.8 1.38 
1.7 1.30 
1.6 1.23 
1.4 0.98 
1.3 0.93 
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 The experiments (performed but not evaluated by Hans Gedda, LTU) were done 

using the preplaced (two stages) powder method. The coating material was Stellite 6, a 

Cobalt base metallic powder. The composition of Stellite 6 is as follows: 

 

Co = 58.3 %   Ni = 3%   Fe = 3%    C = 1.2%   Cr = 28    Mn = 1%   Si = 1.1%   W = 4.5% 

 

 The substrate in this experiments consisted of low carbon steel, but of low 

importance as long as the powder insulates. 

 

 Two pictures can be seen in Figure24. They were made with a camera-integrated 

microscope and using an image processing software. Both show a section of the clad and 

the substrate area before separating them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 24: Clad and substrate images. 

2.8 mm 
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 Figure 25 shows two different images (elevation and ground) of the same specimen 

which was already separated from the substrate. As it can be seen, the specimens are not 

perfect spheres. The shape varies in each particular case. This is way the volume had to be 

calculated using the weight and density of the specimens instead of the sphere volume 

equation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Two images of the specimen already separated from the substrate. 

6.1 mm 
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2.2   Calculations 

 

 Once the cladding specimens were separated from the substrate, see Figure 24 and 

25, they were weighed in a precision scale (microbalance) and their volume calculated. 

Obtaining the volume through microscopic shape measurement was more difficult (non-

spherical shape) and thus abandoned. Results can be seen in Tables 6 and 7.  

 

 Only the cladded specimens that were not diluted with the substrate were used for 

the calculations. 

 

 The absorptance was calculated through the following expression: 

 

                                       ( )[ ] LHmamp EAEHTTCV ⋅==+−⋅⋅ρ                                    (1.1)           

 

 

where: 

  V: Specimen volume [m3] 

  ρ: Stellite 6 density ;  δ = 8442 kg/m3 

  Cp: Specific heat; Cp = 423 J/kg ºC 

  Tm: Stellite 6 Melting temperature; Tm = 1250 ºC 

  Ta: Ambient temperature; Ta = 20 ºC 

  Hm: Melting Latent Heat; Hm = 300 · 103 J/kg 

  EH: Total energy, [J] 

  EL: Laser energy, [J] 

  A: Absorptance, [%] 
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 Table 6: Results of the calculations obtained using a constant laser power of 2.53 kW. 

 

 

 

 

 

CONSTANT LASER POWER  P = 2.53 kW 

Specimen 
Number 

Weight 
[kg] 

Volume 
V [m3] 

Laser 
Power 
[kW] 

 
Pulse 
Time 
t [s] 

 

Laser 
Energy 
 EL [J] 

Absorptance 
A [%] 

1 0.689x10-3 8.16x10-8 2.53 1 2530 22.33 

2 0.704x10-3 8.33x10-8 2.53 1.5 3795 15.20 

3 0.669x10-3 7.92x10-8 2.53 2 5060 10.83 

4 0.615x10-3 7.28x10-8 2.53 0.1 253 199.26 

5 0.614x10-3 7.27x10-8 2.53 0.2 506 99.49 

6 0.579x10-3 6.85x10-8 2.53 0.3 759 62.49 

7 0.544x10-3 6.44x10-8 2.53 0.4 1012 44.06 

8 0.540x10-3 6.39x10-8 2.53 0.5 1265 34.98 

9 0.477x10-3 5.65x10-8 2.53 0.6 1518 25.77 

10 0.440x10-3 5.21x10-8 2.53 0.7 1771 20.37 

11 0.387x10-3 4.58x10-8 2.53 0.8 2024 15.66 

12 0.341x10-3 4.04x10-8 2.53 0.9 2277 12.28 

13 0.322x10-3 3.81x10-8 2.53 2.5 6325 4.17 

14 0.270x10-3 3.19x10-8 2.53 3 7590 2.91 

15 0.233x10-3 2.76x10-8 2.53 3.5 8855 2.15 

16 0.170x10-3 2.01x10-8 2.53 4 10120 1.37 

17 0.080x10-3 9.47x10-9 2.53 4.5 11385 0.57 
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Table 7: Results of the calculations using a constant pulse time of 1 second. 

 

CONSTANT PULSE TIME t = 1 s 

Specimen 
Number 

Weight 
[kg] 

Volume 
V [m3] 

Laser 
Power  
[kW] 

 
Pulse 
Time 
t [s] 

 

Laser 
Energy EL 

[J] 

Absorptance 
A [%] 

86 0.30x10-3 3.55x10-8 0.93 1 930 26.43 

87 0.29x10-3 3.43x10-8 0.98 1 980 24.23 

89 0.31x10-3 3.67x10-8 1.23 1 1230 20.66 

90 0.33x10-3 3.90x10-8 1.30 1 1300 20.77 

91 0.33x10-3 3.90x10-8 1.38 1 1380 19.57 

92 0.32x10-3 3.80x10-8 1.45 1 1450 18.14 

93 0.33x10-3 3.90x10-8 1.53 1 1530 17.65 

97 0.35x10-3 4.14x10-8 1.81 1 1810 15.83 

98 0.33x10-3 3.90x10-8 1.88 1 1880 14.36 

101 0.35x10-3 4.14x10-8 2.27 1 2270 12.63 

103 0.32x10-3 3.80x10-8 2.53 1 2530 10.40 

107 0.36x10-3 4.26x10-8 2.75 1 2750 10.72 

 

 

 

2.3   Results and discussions 

 

 Three different graphs were made from the results stated in the tables shown 

before: absorptance - pulse time (constant laser power), absorptance - laser power 

(constant pulse time) and absorptance – laser energy. 
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 From the first one, absorptance – pulse time (constant laser power), see Figure 26, 

it can be seen that as the pulse time increases from 0.1 to 4.5 seconds, the absorptance 

decreases considerably. In spite of a clear trend line, the results obtained for 0.1 and 0.2 

pulse times can’t be taken into account because the calculated absorptance is almost 100 % 

or more. Obviously, this is something not admissible. But there is a possible explanation 

for this matter: due to the short laser pulse times (0.1 and 0.2 seconds), the CO2 laser 

machine is not able to control the laser beam because of the gas laser machines operating 

principles. 

 

 Anyway, even the 200 % absorptance figure can give us some valuable information 

related with the trend followed by the distribution.             
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Figure 26: Absorptance versus different pulse times for a constant laser power. An 

absorptance of 200 % is not possible but can give us some valuable information.  
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Figure 27: This figure clearly depicts that for the first group of specimens, the pulse time 

varies from measure to measure while the laser power remains constant at 2.53 kW. 

 

 

 From the second graph, absorptance – laser power (constant pulse time), see Figure 

28, it can be seen that as the laser power increases from 0.93 to 2.75 kW, the absorptance 

decreases following a clear trend line.  

 

 Note that in this case the absorptance range goes from 10 to 27 %. 

 

 

Figure 28: Absorptance versus different laser power inputs for a constant pulse time. 
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Figure 29: This figure clearly depicts that for the second group of specimens, the laser 

power varies from measure to measure while the laser pulse time remains constant at 1 

second. 

 

 Finally, from the third graph, laser energy – absorptance, see Figure 30, it can be 

seen (maybe not as clear as desired due to the different values range) that both distributions 

 

Figure 30: Laser Energy EL versus Absorptance A for both distributions, constant laser 

power and constant pulse time. 
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follow a similar trend for laser energy values 

over 2000 Joules. 

 

 In the right pictorial description, see 

Figure 31: 1, 2 and 3, a general explanation of 

the results obtained during the experiments can 

be seen graphically through three different 

stages of the cladding process. As it was 

commented before, longer pulse time and bigger 

laser power are translated into smaller 

absorptances, in contradiction with the general 

beliefs. This will be explained in the following 

lines. 

 

 Figure 31-1 represents the first stage of the laser 

cladding process. The laser beam approaches the 

preplaced powder. At the moment there is absorption 

by the cold grains, enhanced through multiple 

reflections in the cavities. 

 

 In Figure 31-2 it can be seen that a big part of 

the energy is absorbed by the powder, making it to melt 

and shrink a bit. The rest of the energy is both reflected 

by the melted clad and heat conducted through the 

powder. The transmission of the cladding powder is 

low compared with such of the substrate. 

 

 When pulse times are longer or laser power 

inputs bigger, the melted clad reaches the substrate, see 

Figure 31-3, and it starts to conduct much energy to it, 

because as it was stated before, it is a good condcutor of 

energy, much better than the cladding powder. There is 

Laser 
beam

Preplaced
powder

Substrate
1

Substrate
2

Substrate
3

Figure 31: The three stages of the 

laser cladding experiment. 
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also some reflected energy. This can explain why it is more effective to apply low laser 

power inputs and short pulse times than high and long values respectively. 
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CHAPTER 3. TWO-MATERIAL HEAT CONDUCTION 
 
 

3.1   Introduction to the heat conduction problem 
 
 

The aim of this chapter is to analyse the temperature behaviour when an incident 

single pulse laser beam hits on a preplaced powder layer. There are temperature changes 

due to the two materials’ (clad and substrate) different thermal conductivities. 

 

At first sight, the heat conduction problem seems to be not very important, but it 

becomes more significant when talking about manufacturing or production processes. 

Changes in temperature may affect the materials properties causing them to perform in an 

unexpected way. Differential thermal expansion of the solidified clad and the substrate can 

also cause cracking. Because of this, it should be well studied and taken into consideration. 

 

Four different substrates (low-carbon steel, stainless steel, aluminium and Al Mg3) 

and two coating materials (Ni-Cr base alloy and cobalt base alloy, Stellite 6) were studied. 

 

The results were obtained by doing an analytical study of the physical problem. 

Then, they were represented in several graphs. Most of the graphical and analytical 

information used in this chapter was created by the visiting PhD researcher at LTU, Chung 

Yang Cui (enrolled at Chinese Academy of Science, Beijing), who kindly gave me the 

authorization to use it. 

 
Figure 32 depicts the situation which was the object of study of this chapter. There 

is a semi-finite region, -L < X < +∞, where –L < X < 0 is one medium (coating powder / 

clad layer) and X > 0 is the other (substrate). 

 

The material properties for –L < X < 0 are conductivity K1, density ρ1, specific heat 

Cp1 and diffusivity κ1, while T1 is the temperature. For X > 0, the material properties are 

K2, ρ2, Cp2 and κ2, with T2 as temperature. It was supposed a constant heat flux f = 30 

W/mm2 in the boundary X = -L and a pulse time of t = 200 ms. 
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Density, thermal conductivity and specific heat of the different substrates and 

coating used in this study are clearly listed in Table number 8. The three material 

properties are also shown for three temperatures: room, melting and average temperature. 

 
 
Table 8: Density, thermal conductivity and specific heat for substrates and coatings for 

three temperatures. 

 
 

Density 
ρ [kg / m3] 

Thermal Conductivity  
K [W / m k] 

Specific Heat 
Cp [J / kg oC] 

 

Room Melting Avg. Room Melting Avg. Room Melting Avg. 

SUBSTRATES  

Low-C Steel 7830 6430 7130 54 36 45 465 743 604 

Stainless Steel 7920 6430 7175 16 24 20 502 490 496 

Al 2700   237   900   

Al Mg3 2670 2057 2363.5 115 125 120 900 1080 990 

COATINGS  

Ni-Cr 
(80-20%) 

8400   13.4   419   

CobaltAlloy 
(Stellite 6) 

8442   14.82   423   

Figure 32: The two materials heat conduction model which was studied. 
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3.2 Analytical solution 
 

A very comprehensive book on heat conduction solution is: “Conduction of heat in 

solids”, written by Carslaw, H.S. and Jaeger, J.C., published by Oxford Clarendon in 1959. 

Many different conduction models are explained and their equations derived. There is not a 

valid model which fits with ours because of its special characteristics: single pulse laser 

beam (step in time heat flux), two different materials and one dimension heat conductivity 

considered. This is why the equations needed to be derived. The calculation process is 

summarized in the next few lines. 

 

There are two heat equations to be solved: 
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where the initial conditions are :   T1 = T2 = 0  , t = 0 
 
 

At the end and after solving these equations, we gradually get two hyperbolic 

functions through series-expansion by the theorem: 
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The calculation process followed to get the solutions is given in Appendix 1, at the 

end of this Thesis. 
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3.3   Preplaced powder conductivity model 

 

For the first time a preplaced powder conductivity model was studied, at least in the 

laser treatment field. Due to the existing cavities between the particles (spheres) of 

preplaced powder, a lowered thermal conductivity (K*) is achieved when an incident laser 

beam hits on it. If each of those spheres were perfectly rounded, the heat conductivity 

should be considered as zero. This is in this way because only one point or one atom of the 

sphere will contact the next, which means that the conduction is almost technically 

impossible. 

 

But real conditions are not like the ideal explained above. There are some factors 

like plastic deformation and surface irregularities of the spheres that make the spheres to 

contact with more than one point at the same time, see the below sketch.  

 

The model of the lowered thermal conductivity K* can be seen in the next equation, 

which is a function of the particle interface contact radius rI, the powder particle radius R 

and the thermal conductivity K of the material, plus the distance r2. 

 

 

 

 

 

                                         r2 << R          (3.4)  

  

 

                                                                                                           

 

 

In order to know the influence of the variables above, it was chosen R = 100 µm 

and the obtained results assumed cases of r1 for two were: K* = 0.01 K for rI = 10 µm and 

K* = 0.2 K for rI = 50 µm. 
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3.4   Results and discussions 

 

3.4.1 Influence of thermal conductivity 

 

The graph of Figure 33 was made supposing a low-carbon steel substrate coated 

with a cobalt-base alloy clad of 0.5 mm in height. Three different results were compared: 

room, melting and average temperatures. The conductivity strongly depends on 

temperature, but in analytical models a proper constant value has to be chosen. 

 
 
 
 

F

rom Figure 33 it can be seen that the sensibility to temperature changes is low, at least, in 

the clad area (from 0 to -0.5 mm) and close to it. It is in this region of the cladded 

specimen where we are deeply interested in knowing the real behaviour. The consequences 

of the changes in the rest of the part are not relevant enough. Nevertheless, applying the 

average temperature properties is recommended, which is done in the following. 
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Figure 33: Temperature (ºC) vs X coordinate (mm)  for three different thermal 

properties. 
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3.4.2   Influence of the substrate material 

 

In Figure 34, four distinct substrates (low-carbon steel, stainless steel, pure 

aluminium and Al Mg3) were tested. They all were coated with Stellite 6 (cobalt-base 

alloy) of  0.5 mm of height. 

 

As it can be seen from the graph, the substrate material and, consequently, it 

thermal conductivity are important. Depending on the substrate, the temperature reached 

on the top of the coating can vary from 800 ºC for pure aluminium to 1900 ºC for stainless 

steel.  

 

It can also be seen that the gradients followed by the curves for pure aluminium, Al 

Mg3 and low-carbon steel are different (see the step) to those for the coating, due to the 

dissimilar thermal conductivities between the materials. With the stainless steel substrate 

the opposite happens, because it has a similar thermal conductivity to such in the clad 

material, see Table 8. In this last case, we don’t need to use the equation deduced in 3.2 

because it can be considered as one single material (for which many solutions are 

available). 
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Figure 34: Temperature (ºC) vs X coordinate (mm) for four different substrates

and co-clad.. 
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3.4.3   Influence of the clad material 

 

The following analysis, Figure 35, was made using 3 clad materials for two 

substrate materials. Two of them were not a real combination because cladding and 

substrate materials were the same (Al-Al and Low C Steel-Low C Steel). They were 

introduced just to verify with the case when one material equations were used. 

 

Co- and Ni-clads behave very similar, however they clearly demonstrate that single 

material solutions induce a significant error in the clad (although not in the substrate). 

 

 

 

3.4.4   Influence of the clad layer thickness 

 

In the graph of Figure 36, 0.1, 0.5 and 1.5 mm clad thicknesses were studied using 

average properties values for low carbon steel substrate and Stellite 6 clad layer. From the 

graph we can see that as the clad layer thickness increases, the gradient temperature also 

increases. For the cases L = 0.1 mm and L = 0.5 mm, there is almost no change in the 

temperature due to the small thickness of the clad. The temperature will remain close to the 
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Figure 35: Temperature (ºC) vs X coordinate for six clad-substrate combinations. 
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melting temperature values. However, in the other extreme, L = 1.5 mm, the reached 

temperature is high compared with the melting temperature. 

 

 

 

3.4.5 Influence of the initial preplaced powder conductivity 

 

At the beginning of preplaced powder cladding the laser beam heats the originally 

cold powder, see Figure 31.1. 

 

In this case, three supposed different thermal conductivities cladding (K = 0.15, 3 

and 14.82 W/mK, see section 3.3) for co-powder were tested over a low carbon steel 

substrate. A change must be done in the process conditions. The heat flux f was decreased 

from 30 to 1 W / mm2. However, this is just a scaling measure and the results are 

completely valid. 

 

From Figure 37 it can be seen that very low thermal conductivity, K = 0.15, makes 

the temperature to increase considerably. For the other two cases, K = 3 and K = 14.82, 

temperature changes are less important. 

 

Figure 36:Temperature (ºC) vs X coordinate (mm) for three clad layer thicknesses. 
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3.4.6 Influence of the initial preplaced powder conductivity for different 

layer thicknesses  

 

In Figure 38 can be seen the different distributions for three thicknesses (0.1, 0.5 

and 1.5 mm). The difference between 3.4.4 “Influence of clad layer thicknesses” graph and 

this is that here a cladding material with a thermal conductivity of 3 W/m K was used 

instead of 14.82 W/m K. There are not big differences between 0.1 and 1.5 trends 

compared to those of 3.4.4. However, a big change can be seen for medium thicknesses 

(0.5 mm), where the temperature reached for this particular case was considerably higher.  

 

 

 

 

 

- 0 .5 0 .0 0 .5 1 .0 1 .5 2 .0
0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0

7 0 0
T

em
p

er
at

u
re
(o

C
)

X  C o o r d in a te (m m )

 k = 0 .1 5
 k = 3 .0
 k = 1 4 .8 2

F ig .9  h e a t  c o n d u c t iv i t y 's  c h a n g e

f = 1 w /m m 2

t= 2 0 0 m s

Figure 37: Temperature (ºC) vs X coordinate (mm) for three different thermal conductivity 

values of preplaced co-powder on low carbon steel substrate. 
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CHAPTER 4. STRESS AND STRAIN 
 
 

4.1 Introduction to the simulation 
 

The aim of this chapter is to perform a thermo-mechanical analysis to understand 

the stress and strain induced in the clad and substrate after a laser cladding process on a 

piston ring sector. In Chapter 3, the laser cladding process was studied by using analytical 

modeling. It is not a very complex tool, which makes it easy to use and generally 

applicalbe. Deep knowledge of specific computer programs or sophisticated techniques is 

not necessary. But, as a result, only less complex cases can be studied [28, 20, 23, 24]. 

 

In this Chapter a more powerful and, consequently, intricate tool was used. It was 

Finite Element analysis, by the code LS – DYNA. All the pictures were taken from “Piston 

ring cladding – Thermo mechanical analysis”, a recent study done at LTU by María José 

Tobar, from University of La Coruña (Spain). Numerous analytical models of the cladding 

process have been recently developed. No new results will be presented, but the discussion 

will be extended instead. 

 

As was stated before in Chapter 3, heat conduction has an important role in the 

production process. However, the resulting stress and strain are even much more 

significant. In Chapter 1 it was said that many of the cracks have their origin from thermal 

stresses developed because of the high thermal gradients present during cooling. Residual 

stresses are also created during cladding. These may result in distortion of the substrate, 

which increases the amount of post-process reworking required to meet dimensional 

tolerances. These are some of the reasons for the convenience to carry out a suitable 

control over stress and strain, e.g. by understanding the mechanism quantitatively and 

qualitatively through FE-simulation. 
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4.2   Model settings 
 

The first step is creating a model mesh. It was supposed a 900 mm diameter piston 

ring, but only a sector (20 x 30 x 100 mm) was modeled. The clad path was 15 x 80 mm 

with a height of 0.5 mm, see Figure 39. 

 

 Compact graphite iron (CGI) was used as a substrate material, specifically Darcast 

from Daros. The clad layer was a Ni based alloy. 

 

 The analysis was done under different conditions: preheating, postheating and 

variations in the laser power input and scanning speed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Luleå Un
Figure 39: Piston ring sector mesh (upper). Detail of the shape of the piston ring

clad (lower). 
iversity of Technology                                                Division of Manufacturing Systems Engineering 
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4.3    Results and original discussion 
 

Figures 40 and 41 show the normative residual stress for a laser input of 1850 W 

traverse (line focus), a scanning speed of 300 mm/min and with no preheating process. In 

figure 40 the whole piston ring sector (clad + substrate) is shown while in Figure 41, only 

the substrate thus the interface substrate-clad can be seen. From both pictures it can be 

concluded that residual stress affects primarily to the edges and initial area of the clad layer 

while the substrate is almost not affected. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 40: Residual stress in clad and substrate. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure41: Residual stress without showing the clad, thus at the interface substrate

clad. 

Luleå University of Technology                                                Division of Manufacturing Systems Engineering 



                                                                 Chapter 4. Stress and Strain                                                            54                              

 

Displacements were plotted for Z direction, as can be seen in Figure 42, where P = 

1850 W, v = 399 mm/min and no preheating conditions were applied. It can be deduced 

from them that Z deformation affects primarily the inner and lower area of the piston ring.  

 

 
Figure 42: Z displacement shown from the ring innen (left) and the outer side (right). 

 There is a notable reduction in residual stress values obtained after analyzing the no 

preheated and preheated (350ºC) piston rings sectors. The difference between both tests 

can be seen in Figure 43. The biggest reduction was obtained in the clad layer but, a small 

one is also seen in some substrate areas. Selected points can be plotted as a function of 

time in the graph showed in Figure 44. 

 

 
 

 
Figure 43: Residual stress with no preheating (left) and with preheating at 350ºC (right). 
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Figure 44: Stress vs time for preheating and no preheating situation. 

 

 

Finally, another test was made changing in this case the laser speed from 300 to 150 

mm/m and the laser power from 1850 to 1300 W. Less power and slower laser speed 

allowed to get a less residual stress in the clad. The results are shown in Figure 45. 

 

 

 

Figure 45: Influence of changing laser speed from 300 to 150 mm/min and power supply 

from 1850 to 1300 W. 
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4.4 Extended discussion 
 

Numerical results from Finite Element Analysis used to be highly complex, in 

particular for three-dimensional time-dependent cases. In addition non-linear physical 

phenomena and combined properties increase the complexity, as is particularly the case for 

fluid flow and for stress formation problems. Although powerful computers achieve good 

results today a proper illustration and in turn the right interpretation is difficult. Therefore 

it became engineering practice to often be satisfied of only very limited targeted 

conclusions compared to the full extent contained in the computed results. 

 

In the following ideas and possible instruments shall be discussed (for laser 

cladding) that could lead to deeper analysis of complex FEA-results in the future. 

 

In particular: 

 FE-results shall be improved by arrows illustrating some governing directions (like 

forces, flow) 

 Theories or hypothesis shall be stated, each of them to be discussed or even proven 

in a subjective manner  

 The governing time-dependent behaviour shall be illustrated by drawing sequences 

of the essential mechanism(s), if needed in false exaggerated dimensions 

 

Illustrating arrows 

 

Compared to the results shown in the previous section Figure 46 shows the same 

results but through improved illustration with supporting arrows for the main directions. 

The arrows improve the immediate understanding of the plots and facilitate combined 

thinking, discussing and understanding, as e.g. both shown pictures have a non-linear 

combined mechanism. Additional plots can be desirable, e.g. from the cross section at 

certain points. However, even the arrows need proper definition. 

 

In the shown case:  

 directed outwards = tensile stress (that can relax to expansive stress and to cracks) 

 directed inward = compressive stress (that can relax to compressive strain) 
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The length of the arrows can be both the size of the stress or the extension over the 

product. An improved illustration can be desired.  

 

  

                                   
 

Figure 46: Improved illustration by supporting arrows: of the x-stress (left), of the y-stress 

(right) and of the z-stresses (lower) during laser cladding of a piston ring segment. 

 

Series of possible theories 

 

The results shown in Figure 46 facilitate the understanding in a form that can be 

expressed in a theory or a series of possible theories, e.g. as follows: 

 

It can be distinguished between theoretical evidence (based e.g. on visual results or 

on a profound logical chain of steps/mechanisms) and hypothesis (assumptions, often 

depending on the order of magnitude of several mechanisms happening at the same time).  
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Theoretical evidence: 

 

 The clad layer has a large extension of longitudinal (y) stresses 

 In contrast the substrate beside tends to strong longitudinal compressive (y) stresses 

 transversal x-stresses are strongest at the border of the clad layer 

 transversal x-stresses increase in scanning direction 

 longitudinal y-stresses are higher than transversal x-stresses 

 maximum vertical tension z-stresses at the ring side boundary, between fine and 

rough mesh, decreasing longitudinal and in depth 

 

Theoretical hypothesis derived: 

 

 lots of tensile stresses occur in the clad layer, being a risk for cold cracking 

 longitudinal tensile y-stresses can initiate cracking in the center of the clad and 

propagate transversal across the clad 

 transversal tensile x-stresses can initiate cracking at the edge of the clad or at the 

lateral boundary between the crack and the substrate, leading to detachment of the 

clad from the substrate  

 (longitudinal) compressive y-stresses along the upper substrate edges suppress 

substrate cracking 

 z-stresses appear at the mesh interface, which gives no physical meaning and 

therefore seem to be computed wrong, putting in question all computation results, 

e.g. the compressive stresses up in the finer mesh as consequence 

 

Illustration by drawing sequences 

 

The theories and hypothesis can be illustrated in a clear manner through drawing 

the essential mechanisms, in particular if taking place as a function of time. Figure 47 

shows the two possible theoretical hypotheses resulting from the transversal tensile x-

stresses located at the borders of the clad layer, namely either interface edge ablation of the 

clad from the substrate (right upper), or longitudinal clad border region cracking (right 

lower). 
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Figure 47: Cross section of the laser clad piston: generated transversal tensile x-stresses 

at the clad border (left) as evidence from the simulation and two hypothesis for resulting 

effects, namely interface edge ablation of the clad from the substrate (right upper) or 

longitudinal cracking of the clad border regions (right lower). 

 

Similar illustrations can be drawn for further hypothesis postulated, e.g. for 

transversal cracking through longitudinal stresses. 
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CHAPTER 5. PRODUCTION 

 

5.1 Introduction and earlier results 

 

The aim of this Chapter is to explain how a piston ring manufacturing factory is 

organized and what are the current manufacturing processes carried out today. All the 

information used here was given by the Division of Manufacturing Systems Engineering, 

due to the deep knowledge they have achieved in this field after many years of studies, 

facility visits and interviews with Technical Managers. It is important to note that all the 

information showed here corresponds to a real factory founded in 1792 which is 

developing its activity at the moment, and due to results published earlier. As a result, there 

is some information that may not be specified due to the company restrictions. 

 

A complex combination of factors has to be fine-tuned to produce quality piston 

rings. It is important to focus the manufacturing process on the development of the base 

material, coatings and geometry. 

 

The company, which is a supplier for marine and stationary large bore engines, 

produces mainly 2 stroke piston rings with diameters varying from 250 to 1100 mm,. 

 

There are 95 employees but this number might vary according to peaks in demand. 

The factory is composed of several sections/departments organized as Management (1 

employee), Administration (8 employees), Maintenance (3 employees), Sales and 

Marketing (7), Research and Development (5), Accounts (4), Foundry (20 employees), 

Workshop (40) and Stock room (2 employees). 

 

The rings are made to order under the customer requirements. However, there are 

standard types of rings, widely requested, which are manufactured to stock. The production 

time for a simple ring is approximately 24 hours and for a fully coated, 48 hours. 
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Some figures are now given just as an example, to get an idea of the production and 

the product: 

 

- Kg material cast/year: 2 700 000 kg 

- Meters of piston rings made every year: 250 000 m 

- Average ring wear after above distance: 2 mm 

- Average ring temperature: 250 ºC 

- Average ring speed during the stroke: 36 km/h 

- Target of the company: 100 000 piston rings/year 

- Initial number of piston rings in stock: 15 000 (regarding the sales forecast) 

 

There are some systems working in the factory in order to have the maximum 

control on the production process. For instance, the work in process (WIP) level is 

controlled through a conveyor system that keeps track on the ring batch along the 

production process and also carries information about the following operations as well as 

historical events. The system can be described as a combination of philosophies, which 

uses the advantages of both line and cell manufacturing. 

 

There is also a computer that controls the product entering and leaving the stock 

room. The stock room is organized in different levels of shelves, each one for a type of 

piston ring (10 types). Every time any product is stored in or taken out from the stock 

room, an employee inserts manually the type and number of piston rings of such 

movement. 

 

Table 9 lists the processing time and cost per hour for the different manufacturing 

stations and piston ring types. Numbers from 1 to 10 represent a different type of ring. 

Piston ring type 1 is the only one that does not need to be machined. Therefore, only this 

type of rings should be diverted out of the stream addressed to machining section. 

 

In Table 10 the processing time and cost per hour is divided depending on the ring 

diameter, bigger or smaller than 900 mm. 
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Table 9: Processing time for 9 out of 10 different types of piston rings. Piston ring number 

1 does not need to be machined [18]. 

 

Processing time (min) 

Type of piston ring 

 

 

2 3 4 5 6 7 8 9 10 

Number of 

machines 

Cost per 

hour 

(SEK/hour) 

Robot 

machine 
40 33 40 33 40 40 30 40 45 2 750 

Grinding 

machine 
45 35 45 35 45 45 33 45 45 2 350 

Adjustment 

machine 
15 10 15 10 15 15 8 15 15 2 400 

Phosphating 

and marking 
50 70 70 60 60 70 70 50 50 1 1100 

 

Table 10: Processing time for piston rings depending on the diameter size [18]. 

 

Processing time (min) for 
each piston ring  

Stations 
d < 900 mm d > 900 mm 

Cost per hour 
(SEK/hour) 

Forming station 

Melting & casting 
station 

Blasting & 
cleaning station 

 
 

45 
 
 

 
 

50 
 
 

 
 

1500 
 
 

Lathe & cut off 
station 

40 45 500 
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5.2    Consequences when introducing laser cladding 

 
5.2.1 Surface treatments when introducing laser cladding 

 

A general view of the different surface treatments after introducing a laser cladding 

process can be seen in the flow chart of Figure 47. It is important to note that the laser 

cladding process can also be carried out in two different ways (see Chapter 1): preplaced or 

blown powder process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: Flow chart showing the extended choice of different surface treatments after 

introducing laser cladding. 
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5.2.2 Introducing a laser cladding system to the production line 

 
The possibility of introducing a laser cladding system to the production line was 

studied. In Figure 48, the changes from today manufacturing workshop organization by 

laser cladding introduction (addition) can be seen. It is important to note that laser cladding 

can be done in two different ways: preplaced or blown powder process. As the flow chart 

shows, the blown powder method needs a specific previous process, the sandblasting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 48: Introduction of a laser cladding system to the production line 
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5.2.3   Context between physical studies and production 

 
In this Thesis three physical mechanisms related to laser cladding were studied. All 

three, absorptance, heat conduction and stress and strain, may affect the different 

operations or not. The operations affected by these mechanisms can be seen in Figure 49.  
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Figure 49: Context between the physical studies and the whole production. 
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The explanations of why some operations are affected by the studied physical 

mechanisms are given in the following lines. Starting from the beginning of the process 

and following the previous flow chart, we have: 
 

- Product development: It is affected by stress and strain (product shape) and heat 

conduction (clad layer material, thickness) mechanisms. They must be considered when 

designing the product. The absorptance is a parameter that must be tuned during the 

manufacturing process. 

- Preplaced powder laser cladding: This process is mainly affected by absorption 

and heat conduction. In this specific case, the preplaced powder absorption is the relevant 

while the substrate’s is not. This is the explanation why the preplaced powder process 

doesn’t need a previous sandblasting operation. As it was said before, the heat conduction 

mechanism is important due to laser heat supply. 

- Sandblasting: This operation is carried out only prior to the blown powder laser 

cladding process. Its purpose is to increase the substrate surface absorptance in order to 

make the process more effective. 

- Laser cladding process: It is inherently affected all three mechanisms: absorption 

and heat conduction are part of the process, stress and strain result, affecting the product. 
- Grinding: The grinding operation is affected mainly by the stress and strain 

mechanism. Depending on the deformations or displacements achieved on the piston ring 

surface, will be needed a longer and, consequently, more expensive grinding process. 

- Testing: The fatigue, metallurgical and geometrical tests are all affected by the 

stress and strain mechanism. The stress has a major influence on the fatigue mechanism 

while the strain or deformation affects mainly to the results of metallurgical (cracks, layer 

detachment) and geometrical tests (product shape tolerances). 

 

5.2.4   Introducing laser cladding via a job shop 

Finally, there is another alternative to carry out the laser cladding process and it is 

sending the piston rings to the so called laser cladding job shop. There are some conditions 

that a job shop needs to provide to be suitable. The first one is that should be located close 

to the piston rings factory or, at least, in its area of influence. Job shops are highly 

successful in laser cutting, as this can be treated as a less critical, insulated manufacturing 
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step, while laser cladding is of high tech and only applicable to a smaller range of products. 

High tech requires involvement in product and process development and in testing. 

As it can be seen in Figure 50, there are three operations (sandblasting, grinding 

and testing) that can be done either in the factory or in the job shop.  

 

 

Figure 50: Laser cladding via a job shop flow chart. Part of the steps could be outsourced. 
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This is a matter that should be decided by the production engineers and it depends 

on the respective capabilities/equipment of both companies. 

Another question should be taken into account: A continuous communication, thus also 

confidence and updating, must be kept between the product development department and 

the laser cladding job shop, but also with the production quality and testing. Changes must 

be consulted and/or reported to the job shop via constant dialogues. So the jobshop 

solution has advantages and disadvantages. 
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CHAPTER 6. CONCLUSIONS 
 

 Laser cladding of piston rings was studied  

 New approaches and methods were developed 

 Laser cladding was studied in a holistic context ranging from three fundamental 

studies on physical mechanisms over the study of manufacturing to a holistic study 

on the context between them 

 

Conclusions on the absorption of preplaced powder laser cladding: 

 

 The absorptance decreases with increasing pulse energy (increasing pulse duration 

or power) 

 The absorptance ranges typically from 10% to 25%, coinciding with earlier studies 

 Unreliable results were achieved for low pulse energy 

 

Conclusions on the temperature field generated by a two-material problem: 

 

 The influence of the clad material cannot be neglected, except for thin layers (< 0.5 

mm) 

 Exceptionally for stainless steel the Co- or Ni-clad layer are very similar, 

permitting to apply a one-material solution 

 The clad layer tends to stronger temperature gradients than the substrate 

 The low conductivity of preplaced powder causes steep gradients in the powder, 

but keeps the substrate cold 

 

Conclusions on the stress/strain FE-simulation results: 

 

 Evidence of high tensile stress is observed both transversal in the clad-centerline 

and longitudinal at the clad border 

 The centerline can cause transversal cracks 

 The border can either cause detachment of the clad layer or longitudinal cracks at 

the border regions 
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Conclusions on the introduction of laser cladding to production: 

 

 Direct investment into laser cladding will be a question of investment costs 

 Outsourcing to a job shop bears less financial risks, but requires additional 

communication, logistics and confidence 

 Several pre- and post-manufacturing steps will be affected, e.g. probe preparation, 

grinding and testing of various kind, but also product development 

 

Conclusions on the holistic context between physical mechanisms and production: 

 

 Even fundamental mechanisms can have high relevance for production and costs 

 The absorption has only an impact on the process and process preparation, but can 

be essential for the investment costs 

 Two-material heat conduction and stress/strain have a wider range of impact, from 

product development to testing 

 

Conclusions on new approaches and methods developed: 

 

 combining a fundamental experiment with a fundamental equation is very powerful 

 deriving a new, suitable, complex analytical equation for two material heat 

conduction leads to a series of conclusions 

 developing an illustrative method for improved interpreting of FEA-results is 

essential for avoiding to miss important results, and as a facilitated communication 

technique 

 illustrating and discussing the context between physical studies and the whole 

production in a holistic manner shall increase the awareness of the importance of 

both deep studies and holistic treatment and the context between them 
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CHAPTER 7. SUGGESTIONS FOR FURTHER WORK 
 

 

Based on the findings about the various methods, studies and results contained in 

the present thesis, the following suggestions can be stated for further work:  

 

 Production treatment in a quantitative manner in terms of production time and 

costs, including the quantitative impact of fundamental mechanisms on costs 

 Calculating the impact and potential of improvement of absorption on investment 

costs 

 Further fundamental experimental studies on absorption 

 Further developing and applying illustrative methods and rational discussions on 

the interpretation of complex FEA-results, in for time-dependent particular 

stress/strain, fluid flow and complex geometry simulations 

 Studying the holistic differences between direct investment into a laser cladding 

system and outsourcing to a job shop, including human aspects like additional 

communication 

 Studying how to transfer complex knowledge, as in the present thesis, in a proper 

way to industry and how to stimulate a positive attitude to deep studies as well as to 

holistic studies. 
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CHAPTER 9. APPENDIX 
 

9.1 Appendix 1 
 

The complete derivations of the main equation on heat conduction, Chapter 3, were 

made by the PhD visiting researcher at LTU, Chung Yang Cui (origin: Chinese Academy 

of Science, Beijing) and can be seen in this Appendix. Equations (3.1), (3.2) and (3.3) used 

in Chapter 3 (Heat conduction), were extracted from these derivations. 
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