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Abstract 
A newly developed martensitic stainless steel powder, called “powder A”, designed for surface 

coating with laser cladding and PTA cladding was characterized. The purpose with powder A is to 

achieve both good corrosion resistance and wear resistance in a stainless steel grade. 

The investigation of powder A was divided into cladding characterization, microstructural 

investigation and a property comparison to existing grades 316 HSi and 431 L.  

Powder A was successfully deposited with laser cladding, exhibiting a wide process window, and PTA 

cladding. In both cases no preheating was required and no cracks were formed.  

The microstructure examination indicates that powder A has a martensitic structure possibly 

containing small amounts of ferrite in the grain boundaries. Thermodynamic calculations in 

computer software Thermo-Calc 4.1 supported this theory. The microstructure of powder A proved 

to be very stable over a wide range of cladding parameters.  

Powder A was significantly harder than 316 HSi and 431 L and had better corrosion resistance than 

431 L in a chloride environment. Powder A had similar corrosion properties as 316 HSi in the 

experiments made .The wear performance of the powder A coatings was similar to 431 L. This was 

surprising since the hardness of the powder A coatings is significantly higher compared to 431 L.     
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1. Introduction 
Surface coatings are generally applied in order to provide either corrosion protection or wear 

resistance. Only in a few cases can these properties be combined in one material. This is true for 

stainless steels where the choice of stainless steel grade often is a compromise between wear and 

corrosion resistance. The currently developed martensitic stainless steel aims to fill this gap by 

providing both these properties. The material has been designed to have higher corrosion resistance 

compared to available martensitic stainless steels and higher hardness compared to stainless steels 

used to provide good corrosion resistance. For the purpose of this report the coatings are designated 

as being of “Material A” and the powder is “Powder A”. For commercial reasons it is not possible to 

disclose the exact composition of the material at this time but the main alloying elements in powder 

A is Cr, Ni, Co and Mo. 

The purpose of this report is to examine processability, achieved quality and properties of surface 

coatings provided by laser cladding and plasma transferred arc (PTA) cladding of powder A. Laser 

cladding and PTA cladding are two different welding techniques used to deposit metal powder as a 

surface coating.  The work that has been done with powder A was divided into three main parts. 

1. Cladding characteristics – A thorough investigation of how different laser cladding settings 

effect the quality of powder A coatings was performed. The powder was also PTA clad. 

2. Examination of microstructure – A comprehensive study of the microstructure of powder A 

in as clad condition was done. Both the phase constitution and stability of microstructure 

was examined. 

3. Comparison with existing grades – The properties of a laser clad powder A coating was 

compared to laser clad coatings produced with the austenitic stainless grade 316 HSi and the 

martensitic stainless grade 431 L. 

316 HSi and 431 L are existing grades of stainless steel powder produced by Höganäs AB and the 

composition of the specific production lots used in this report is shown in table 1. 

Table 1: Composition of 316 HSi and 431 L. 

 

These have been chosen since they represent possible competing grades to powder A. They also 

represent two different classes of stainless steels. 316 HSi which is austenitic is a soft material with 

good corrosion properties. The 431 L grade on the other hand is a martensitic stainless steel and 

therefore is harder. There are harder martensitic grades but 431 L has a somewhat similar 

composition as powder A. Generally martensitic stainless steels are used when hardness and wear 

resistance combined with a modest corrosion resistance is required. 

 C Mo N Ni Co Mn Cr Si Fe 

316 HSi 0,017 2,4 0 11,9 0 1,6 17,1 1,6 Bal. 

431 L 0,009 0,06 0,052 1,97 0,05 0,48 15,52 0,55 Bal. 
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2. Martensitic stainless steels 
Martensitic stainless steels are the smallest group of stainless steel, compared to ferritic, austenitic 

and duplex stainless steels [1]. They are ferromagnetic, hardenable and resistant to corrosion in mild 

environments. 

2.1 Metallurgy 
Martensitic stainless steels generally contain about 12-17% Cr, 0-4% Ni and 0,015-1% C [2]. At low 

temperatures the microstructure is body centered tetragonal (BCT) and the main phase is martensite 

even though the equilibrium microstructure is a mix of ferrite and carbides. In order to achieve a 

martensitic structure it is necessary for the material to first be fully austenitic. In regular low alloyed 

steels the material must be quenched from higher temperatures were austenite is the stable phase 

to suppress ferrite formation and achieve the diffusionless martensitic transformation.  However in 

martensitic stainless steels the alloy content is much higher and therefor ferrite formation is delayed. 

Because of this it is hard to avoid formation of martensite. If a martensitic stainless steel of type 410 

with approximately 12% Cr and 0,10% C is cooled from the austenite region to 400⁰C it will take more 

than a week for any ferrite to form [3]. When steels are hardenable enough to form martensite after 

slow cooling they are considered to be air hardening.  

As mentioned previously, in order to form martensite it is necessary to start out with austenite. 

Figure 1 show the Fe-Cr binary phase diagram.  

Figure 1: Fe-Cr phase diagram containing austenite (γ), ferrite (α) and liquid phase [4]. 

As can be seen in figure 1 it is not possible to get a completely austenitic structure if the Cr-content 

exceeds approximately 11%. Since a great deal of martensitic stainless steels has higher Cr-content it 

is necessary to add austenite stabilizing alloying elements to get a single phase austenitic structure. 

Such elements are Ni, C, N and Mn for example. This is not the only concern when adding alloying 

elements. If for example Mo, which promotes ferrite formation, is added to improve corrosion 
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resistance it has to be compensated with austenite stabilizing elements in order to get the desired 

microstructure. Another important aspect when adding alloying elements to martensitic stainless 

steels is their influence on the Ms-temperature which is the temperature where martensite starts to 

form. If the Ms-temperature is depressed below room temperature the risk of retained austenite 

formation will increase [2]. Elements such as C, Cr, Mn, Ni and Mo will lower the Ms-temperature 

while Al and Co will increase it and therefor improve the steels hardenability [5].  

The hardness of the martensitic structure is proportional to the amount of carbon in the material. 

Martensitic transformation is a form of very strong solution hardening where C distorts the iron 

lattice making it hard for dislocations to move [6]. Figure 2 shows how the hardness of martensite 

varies with the carbon content.  

 
Figure 2: Shows how hardness of hardened steel varies with carbon content [7]. 
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2.2 Cobalt in martensitic stainless steels 
The use of cobalt, Co, as an alloying element in steels in general is very low and restricted to highly 

specialized applications such as tool steels. In martensitic stainless steels Co has been found to 

increase the tempering resistance. This means that the hardness of the steel is reduced slower during 

heat treatment if Co is added which is shown in figure 3 [8], [9].                     

 
Figure 3: Hardness plotted against parameter P which depends on temperature, T, and time, t, for 

martensitic stainless steel (0,1C, 12Cr, 4Mo) [8]. 

As discussed previously in this section Co will increase the hardenability of stainless steel [5]. This 

would suggest that Co stabilizes austenite since an austenitic structure is the first step to form 

martensite. For stainless steel it is true that Co stabilizes austenite [10] but this is true for stainless 

steels only. Figure 4 displays the Fe-Co phase diagram which shows that Co stabilizes ferrite which 

indicates that Co has the opposite effect on the microstructure for plain carbon steels. 

 
Figure 4: The Fe-Co phase diagram [11]. 
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2.3 Heat treatment of martensitic stainless steels 
The heat treatment to achieve a martensitic microstructure in martensitic stainless steels is similar to 

that of low carbon steels. First the material is austenitized and then cooled to get a martensitic 

structure. The main difference is as mentioned that the alloy content in martensitic stainless steels 

makes the ferritic transformation very slow while a high hardenability is maintained. As a result of 

this air cooling is sufficient to get a martensitic structure but still oil and water are often used as 

quenching mediums.  

Prior to heating cleaning is important in order to avoid contamination. Oil, dirt etc. could be sources 

of carbon which might cause carburization of the material during the heat treatment. Before 

austenitizing preheating might be required for larger and more complex parts. Preheating 

temperatures range from about 760⁰C to 790⁰C [12]. The main reason for preheating is that stainless 

steels generally have lower thermal conductivity than carbon steels and this operation simplify the 

austenitizing process.   

During austenitization the temperature should be in a range where austenite is the only stable phase 

for the steel being heat treated. Even if the stable microstructure will be austenite for every 

temperature in this range the final microstructure after quenching will be effected different if the 

steel was austenitized in the higher or lower end of this range. In the higher parts of this range the 

hardness will start to drop due to an increase of retained austenite in the final microstructure [2]. 

After quenching martensitic stainless steels are generally brittle and sensitive to crack formation. To 

increase toughness and ductility the material is tempered. During tempering at approximately 200-

260⁰C the martensitic structure is stress relieved and the material gains ductility but remains 

relatively hard [13]. Martensitic stainless steels with higher C-content are more sensitive to heat 

treatment due to the formation of chromium carbides. The chromium carbides precipitate in grain 

boundaries at elevated temperatures and the surrounding areas will be depleted of Cr. This results in 

areas that are more sensitive to corrosion since the Cr-content is lower. The phenomenon is called 

sensitization. For example the AISI 410 martensitic stainless steel experience decreased corrosion 

resistance between 370 and 650 ⁰C [14]. 

2.4 Welding martensitic stainless steels 
Martensitic stainless steels most often are not used in their as-welded condition since the weld area 

tends to be very brittle. Usually the material needs to be heat treated after welding in order to 

increase ductility. Because of its hardness it is not suitable to choose an austenitic filler material 

when welding in martensitic stainless steels. This will cause a under match between the filler and 

base material due to a severe difference in hardness. Instead it is better to use a martensitic stainless 

filler material combined with proper heat treatments to improve the properties of the weld area. 

One problem with using a martensitic stainless filler material is hydrogen cracking. In austenite 

hydrogen has good solubility and its diffusivity is low but as the material is cooled and martensite 

starts to form the solubility will decrease and diffusivity increase causing hydrogen to be 

supersaturated. Due to the rapid transformation from austenite to martensite hydrogen is trapped in 

a supersaturated state and if mechanical stress is applied it diffuses towards the high stress regions 

and can initiate cracks. If there is no demand of similar strength in the weld and the base material an 

austenitic filler material can be used. Using an austenitic filler material prevents hydrogen cracking 
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since a lot of the introduced hydrogen will be solved in the austenite where it cannot initiate cracks. 

Hydrogen is most often introduced by moist and cracking most often occurs at low temperature 

close to room temperature.  

One method of preventing cracking during welding of martensitic stainless steels is preheating. In the 

case of hydrogen cracking, preheating decreases the cooling rate allowing more hydrogen to diffuse 

out of the material lowering the hydrogen concentration. It is also beneficial to hold the preheating 

temperature for a couple of hours after welding to minimize the risk of hydrogen embrittlement [15]. 

If it is possible the preheating temperature should be below the Mf-temperature to ensure an 

effective postweld heat treatment. If the preheating temperature is above the Ms-temperature the 

microstructure will be partially austenitic during welding. Since austenite has higher solubility of 

hydrogen the total hydrogen content of the material might increase resulting in a hydrogen enriched 

martensite after cooling. Also if the steel has already been tempered prior to welding a preheating 

temperature exceeding Mf-temperature might cause problems. Tempered martensite transforms to 

austenite during preheating which is transformed to novel martensite with high hardness and poor 

ductility during cooling. This newly formed martensite is more susceptible to cracking [3]. When 

preheating is used the interpass temperature should be kept the same as the preheating 

temperature. 

In order to determine the preheating temperature it is helpful to calculate an approximate Ms-

temperature. According to [3] the Mf-temperature is about 100⁰C lower than the Ms-temperature, 

for example this is true for the martensitic stainless steel type 410 [3]. It should be noted that this is 

an approximate way to estimate the Mf-temperature that might not be true for all steel types since 

the alloying elements will affect both the Ms- and Mf-temperature. Figure 5 illustrates this by 

showing how the Ms- and Mf-temperature varies with C-content for plain carbon steel. 

 
Figure 5: Ms- and Mf-temperature as a function of C-content for plain carbon steel [16] 
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There are several studies generating different equations to describe how the Ms-temperature 

depend the concentration of different alloying elements. Ishida developed equation (1) [5]: 

                                               (1) 

                                                   

The Welding Institute developed equation (2) [17] which also predict the Ms-temperature: 

                                                (2) 

As can be seen in equation 1 there are several common alloying elements in stainless steels that will 

lower the Ms-temperature significantly. C-content is especially important in this context since it not 

only lowers the Ms-temperature but also increases the hardness of the martensitic structure and 

therefor increases the risk of hydrogen cracking. Conventional martensitic stainless steels such as 

AISI 410, approximately 12,5% Cr and 0,15% C, are preheated in the range of 200-300⁰C but for some 

martensitic stainless steels with high C-content (>0,2%) the Mf-temperature can be below 150⁰C. In 

the case of AISI 410 it is not recommended to lower the preheating temperature below this level 

since the risk hydrogen embrittlement is severe at these temperatures [3]. 

Another example when the Mf-temperatures are very low is for the low carbon martensitic stainless 

steels who contains 13-17% Cr, Ni and/or Mo and has a C-content around 0,05%. When the heat 

affected zone has more complicated geometries for these grades preheating at about 100⁰C should 

be applied [18]. Since the carbon content is much lower the material is softer and not as sensitive to 

hydrogen cracking, allowing low preheating temperatures. When welding low carbon martensitic 

stainless steels it is possible to use either a high or a low interpass temperature. The low interpass 

temperature should be kept below the Mf-temperature as described earlier in the text but when 

using the higher interpass temperature it should be kept above the Ms-temperature not allowing any 

martensite to form. In this case it is necessary to slowly cool the material to just below the Mf-

temperature while the martensitic transformation takes place [18]. 

The reason for postweld heat treatment is to reduce hardness and increase the ductility of the heat 

affected zone and the weld. For martensitic stainless steels it is usually done in one of two ways. One 

is to heat the material at temperatures below when austenite starts to form. This is performed at 

about 650-750⁰C. Another option is to completely austenite the material before cooling it to near 

room temperature before heat treating it at temperatures below the formation temperature of 

austenite. This latter is applied when a martensitic filler material is used [3]. For martensitic stainless 

steels with very low C-content (<0,1%) postweld heat treatment is normally not required. 

2.5 Localized corrosion of martensitic stainless steels 
Since martensitic stainless steels generally have lower concentrations of Cr and Mo they are more 

susceptible to localized corrosion compared to austenitic stainless steels for exampe. Localized 

corrosion is the accelerated attack of a passive metal in a corrosive environment at sites where the 

passive film has broken down. The most common forms of localized corrosion are pitting and crevice 

corrosion. [19 aqueous corrosion], [20 understanding localized corrosion] 
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2.5.1 Pitting corrosion  

Pitting corrosion is a form of localized corrosion where corrosion occurs in points where the passive 

surface layer of the stainless steel is weakened. This can be as a result of surface damage such as 

scratches or local inhomogeneity such as slag inclusions or imperfections in the passive layer. 

The most common corrosion agent associated with pitting corrosion is chloride but other halides may 

also cause pitting corrosion. When a pit is formed it results in stagnant environment with little or no 

flow of the corrosive medium. In the pit the local chemical environment become more aggressive 

than average since the concentration of corrosive agents will be higher [21]. 

High flow rates over the surface will help preventing pitting corrosion since fewer areas with higher 

concentration of corrosion agents will form. Another way of improving a materials resistance to 

pitting corrosion is to alloy with Cr, Mo and N which will stabilize the passive layer of stainless steel. 

A simple way to compare the resistance to pitting corrosion for different stainless steels is to 

calculate the PRE, pitting resistance equivalent, according to equation (3) [22], [23].  

                                       (3) 

2.5.2 Crevice corrosion 

Crevice corrosion is also a form of localized corrosion that may be considered as a severe form of 

pitting corrosion. Crevices are larger than pits and can occur in metal-to-metal joints for example. 

The crevice is penetrated by the corrosive fluid and a stagnant environment is created with large 

concentration of corrosive agents such as chloride ions. This results in aggressive corrosion in the 

crevice. The risk of crevice formation is one reason why stainless steels should not be painted. Just as 

with pitting corrosion crevice corrosion is prevented by high flow rates and alloying elements Cr, Mo 

and N [21], [23]. 

2.6 Applications of martensitic stainless steels 
Martensitic stainless steels are extensively used in applications where wear resistance is required in 

combination with corrosion resistance [24], [25]. Compared with austenitic stainless steels, which is 

the largest category of stainless steels, the martensitic stainless steels has modest corrosion 

properties but the hardness provided by the martensitic structure provides these materials with a 

competitive edge. There are different kinds martensitic stainless steels used for different 

applications. The most common grades of martensitic stainless steels contains approimatley 13% Cr, 

0,1-0,3% C and low concentrations of Ni. A few examples are the 410 and 420 grades  which are 

typically used in application such as surgical instruments, valves, nozzles, wear resistant surfaces and 

springs for example [26]. One example where a wear resistant surface in combination with good 

corrosion properties is needed is when the material is exposed to cavitation erosion. Cavitation 

erosion occurs in high velocity water streams which cause bubbles or cavities to form in the fluid. 

When these cavities implode shock waves are produced on the surface of the material and cause 

permanent deformation. Eventually cracks will form in the surface and small parts will fall of causing 

volume loss on the surface [27]. This was examined by [28] where new materials for the South 

African mining industry were investigated. This environment exposes the materials to corrosion due 

to acidic conditions as well as cavitation erosion from fluids. In the article the cavitation erosion 

resistance was compared for martensitic, austenitic and ferritic stainless steels and the study showed 

that the martensitic stainless steel was the best choice of the materials tested.  
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2.6.1 13-4 martensitic stainless steels 

One area where cavitation erosion resistance is very important and martensitic stainless steels are 

used is for hydroelectric power turbine components. The efficiency of hydroelectric power turbines is 

highly dependent on its hydraulic profile and since cavitation erosion cause volume loss the shape of 

the turbine blades will change. If the turbine needs to be taken out of service for maintenance the 

availability and profitability for the hydroelectric station drops and therefor avoiding cavitation 

erosion is of high priority. 13-4 martensitic stainless steels, 13% Cr and 4%Ni, are commonly used to 

manufacture these turbine components. Although it is widely used, the 13-4 steel experience 

competition from other materials to further improve cavitation erosion resistance [29], [30]. 

13-4 martensitic stainless steel has also been used successfully in oil and gas applications such as 

downhole tubulars. Downhole tubulars are pipes with hinges making it possible to screw them 

together used for oil and gas transportation during drilling. Low carbon 13-4 martensitic stainless 

steels have also been developed in order to being able to weld without post weld heat treatment 

making them suitable for oil and gas pipelines. In this kind of application the material must be able to 

withstand severe corrosion internally as well as externally at temperatures ranging from 5-160⁰C 

internally [31]. Other applications for low carbon 13-4 steels are valves, pump casings and 

compressor components in the petrochemical industry [32].  

2.6.2 Supermartensitic stainless steels 

Supermartensitic stainless steel are similar to 13-4 steel but has lower C-content, <0,03%, and 

additional Ni, about 5,5%, to maintain the martensitic structure. There are two kinds of 

supermartensitic stainless steels, lean and high grades. High grades contain about 2% Mo to improve 

corrosion resistance and lean is free of Mo. Supermartensitic stainless steels has been developed in 

order to further increase the corrosion resistance compared to 13-4 steels in CO2/H2S environments 

such as oil and gas operations[33], [34].  

Due to the low C-content supermartensitic stainless steels are considered to have good weldability 

and are extensively used in pipelines for oil and gas. Even if supermartensitic stainless steel has 

better corrosion resistance than 13-4 steels there they are still sensitive to both sulfide stress 

cracking and stress corrosion cracking. An alternative with better corrosion properties is duplex 

stainless steels but since they are about 50% more expensive it is often more economical to use 

supermartensitic stainless steels [35]. In welded structures the most critical section is the heat 

affected zone surrounding the weld joint. To avoid corrosion problem in the heat affected zone post 

weld treatment might be necessary for some applications [33], [34], [36]. 
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3.  Surface coating processes: Laser and PTA cladding 
Laser cladding and PTA cladding are two different surface coating processes were metal powder can 

be deposited onto a metal surface to enhance the properties of the surface. 

3.1 Laser Cladding 
During laser cladding a metallic surface is coated with a different metallic material in order to 

improve the surface properties. Laser cladding can also be used to repair worn surfaces by deposition 

of new material covering cavities for example [37]. In laser cladding a coating is created when a laser 

melts the coating material and a small part of the base material fusing them together. The aim is to 

produce a defect free surface with a metallurgical bond between the coating material and the base 

material while minimizing dilution. Dilution is the mixing of coating material and base material due to 

melting during the cladding operation. There are two main methods of laser cladding, the 1-step and 

the 2-step process.  

3.1.1 1-step process 

The 1-step process is the most common laser cladding method. In the 1-step process the coating 

material is in the form of powder or wire. Of these powder is most extensively used due to higher 

efficiency and a wider range of different cladding material available. During 1-step laser cladding the 

coating material is continuously fed into a melt pool created by the laser. The coating material is 

melted or preheated and a thin part of the base material is melted. As the laser focus moves along 

the base material the melt pool will also move leaving a solidified weld bead consisting of the coating 

material [38]. Figure 6 shows a schematic picture of the 1-step laser cladding process. 

 
Figure 6: Schematic picture of 1-step laser cladding with off-axis powder feeding [37].  

There are two types of powder blown laser cladding techniques, off-axis and coaxial powder feeding. 

Off-axis powder feeding is shown in figure 6. In the off-axis powder feeding the laser source and the 

feeder is separated and powder is blown into the melt pool from a different angle compared to the 

laser. In order to protect the powder stream and the cladding from the surrounding atmosphere 
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inert shielding gas can be blown in together with the powder stream [37]. Good catchment efficiency 

can be accomplished with off-axis powder feeding when using a larger angle between the feeding 

nozzle and the laser beam. This will expose the powder to a larger cross-section area of the melt pool 

and the powder will hit the melt pool uphill [38].  

Figure 7 shows a schematic picture of coaxial powder feeding. 

 
Figure 7: Schematic picture of 1-step laser cladding with coaxial powder feeding [39]. 

With a coaxial feeding system the powder is fed perpendicular to the substrate into the laser beam 

along with the shielding gas. The powder is fed through a nozzle surrounding the laser beam. One 

great advantage with coaxial feeding compared to off-axis feeding is that reproducibility is higher. 

When using off-axis powder feeding the position of the laser beam relatively to the feeding nozzle 

may vary over time since they are to separate instruments. This might cause deviation in different 

weld beads even if the same settings are used. This is not a problem with coaxial feeding since the 

nozzle and the laser source are attached. This makes it suitable for repairing of more complex 

geometries such as turbine blades. Another advantage is that the interaction time between the 

powder and the laser beam is extended since they come in contact before they hit the surface which 

improves the energy efficiency [38]. Coaxial powder feeding is considered to be the state-of-art 

powder feeding system in laser cladding processes [37]. 

3.1.2 2-step process 

In the 2-step laser cladding process the first step is to deposit the coating material on the surface and 

the second is remelting of the deposited material in order achieve a metallurgical bond. As in the 1-

step process the coating material can be in the form of metal powder and is deposited by thermal 

spray for example. The coating material can also be deposited simply be applying a layer of powder, 

strip, foil etc [37], [38]. The deposited layer is then melted by a laser and a melt pool is created. 

Compared to the 1-step process the laser does not interact directly with the base layer which means 

that heat needs to be conducted through the pre-deposited layer in order to achieve a metallurgical 

bond. Laser cladding with the 2-step process has only limited use because of the time consuming 

extra step combined with the fact that it is difficult to apply on complex shapes [40]. 
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3.1.3 Microstructure of laser clad coatings 

In laser cladding large amounts of heat are induced locally leading to high solidification rates. This 

affects the microstructure of the clad layer since it might not solidify at equilibrium. If the 

solidification rate is high enough formation of stable phases might be suppressed because the 

diffusion is not fast enough, resulting in metastable phases in the weld bead. In laser clad duplex 

stainless steels for example extensive delta ferrite has been found compared to the amount 

predicted by the phase diagram [41]. Since the solidification is rapid the microstructure becomes 

very fine which is desirable in many applications. During laser cladding of austenitic stainless steels 

[42] experienced that very a very fine dendritic austenitic structure was formed and even if Cr-

depletion occurred the coating had similar or better corrosion properties than the bulk austenitic 

stainless steel. Another advantage with laser cladding is that dilution is generally low. Dilution in this 

case is the mixing between base material and the coating material due to extensive heating. If too 

much energy from the laser beam is applied to the base material it will start to melt and mix with the 

coating material. This will change the chemistry of the coating which may have a negative effect on 

its properties.  

During 1-step laser cladding there are three main parameters except for materials selection. These 

are travel speed of the laser, laser power and feeding rate of powder or wire. How these parameters 

are set will influence the microstructure of the clad layer. How these parameters affects 

microhardness of laser clad austenitic stainless steel type 316L was studied by [43]. They found that 

higher travel speed and lower laser power generates higher microhardness in the laser clad coating 

layer. This is because higher travel speeds and lower laser power allows higher quenching rates and 

generates a more refined microstructure. If the opposite settings are applied the material will be 

annealed resulting in coarser grains. They also found that the powder feeding rate did not have any 

significant influence on microhardness. Compared to conventional stainless steel of type 316L the 

microhardness of the coated layer was higher for all settings. Also the pitting corrosion resistance 

was marginally improved. 

For martensitic stainless steels the refined microstructure due to higher travel speed will have an 

opposite effect on the hardness of the clad coating. When travel speed increases the cooling rate will 

also increase resulting in a more refined microstructure and smaller austenite grains. The smaller 

austenite grains formed during solidification suppress the solid state martensite formation. Since the 

amount of soft retained austenite will increase the hardness will decrease. One theory regarding the 

fact that martensitic transformation is harder to achieve when the austenitic grain size is smaller is 

that the Ms-temperature is lowered due to higher yield stress in the austenitic matrix. When the 

grain size is reduced the material will be hardened since possibility for dislocations to move is 

reduced. Deformation of the austenite grain is required to initiate martensitic transformation and 

therefor a greater driving force is needed to form martensite in materials with higher yield stress 

[44], [45]. Another example where the travel speed has significant effect on the microstructure is 

when the stainless steel type 420 is applied with laser cladding. During equilibrium this material will 

start to solidify with the formation of delta ferrite but with laser cladding travel speeds ranging from 

1-100 mm/s the solidification will start with the precipitation of austenite [40]. 

The settings during laser cladding have different effects on the coating depending on which material 

is being clad, for example the travel speed has different effect on austenitic and martensitic stainless 

steels. The effect of dilution on the coating quality is individual from case to case since it depends on 
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the chemical composition of both coating material and substrate. Regardless of its effects it is usually 

unwanted since it changes the properties of the coating material applied. During laser cladding 

dilution increases with lower powder feeding rates and increased travel speed [46]. Dilution will 

change the materials chemical composition, possibly having a negative impact on material 

properties. 

3.1.4 Laser cladding for martensitic stainless steel applications 

Since there is a very wide range of materials suitable for laser cladding there is a wide range of 

applications. Common for laser cladding operations is that they are generally done to either improve 

the surface life time or to repair a worn out surface. One way to increase the operating life of a 

surface exposed to wear is to apply a coating with higher hardness and better wear resistance. This is 

called hardfacing and since martensitic stainless offers a combination of wear and corrosion 

resistance it is commonly used in demanding environments such as steel manufacturing, mining and 

paper industries. Laser cladding offers several advantages compared to other coating techniques 

when hardfacing with martensitic stainless steels such as low dilution and good control over process 

parameters. Hardfacing applications for martensitic stainless steels when applied with laser cladding 

include different rolls, bearing journal areas and repairing of pump components [47]. In steel 

manufacturing martensitic stainless steels has been the used as coating material for continuous 

casting rolls. This is a very demanding application where the material is exposed to high temperature 

cycles, wear and corrosion. Minimizing maintenance on the continuous casting rolls is important to 

increase productivity. Compared to other welding processes coatings applied with laser cladding 

shows longer life time since the risk of stress corrosion cracking is reduced due to a smaller heat 

affected zone [48]. Although martensitic stainless steels have been the first choice for coating of 

continuous casting rolls several other solutions are being studied [49], [50]. 

Laser clad martensitic stainless steels have also been considered for repairing plastic moulds [51]. 

Laser cladding has been found to be suitable for plastic mould repairing because coatings with few 

defects and could bonding can be produced. Plastic moulds in this case are made of high 

molybdenum tool steels which are very expensive and repairing the mould is an attractive option 

instead of replacing. These moulds need to have both corrosion and wear resistance. When coatings 

with martensitic stainless steel and tool steel were compared it turned out that the tool steel coating 

was the best selection [51]. 
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3.2 PTA cladding 
PTA stands for plasma transferred arc and is another method besides laser cladding to deposit a 

coating layer onto a metal surface. Just like with laser cladding a metallurgical bond is created 

between the coating layer and the substrate but the process for depositing the powder differs. 

Figure 8 shows a schematic illustration of the PTA cladding process. 

 

 

 

 

 

 

 

 

 

 

Figure 8: Schematic illustrations of the PTA cladding process [52]. 

During PTA welding an electric arc is formed between a non-consumable tungsten electrode and the 

copper nozzle which is called the pilot arc. Plasma gas is fed into the pilot arc and a plasma 

transferred arc is formed between the tungsten electrode and the substrate as the gas is ionized. The 

plasma gas is inert gas. The plasma is extremely hot reaching temperatures of 20 000-30 000⁰C. 

Metal powder is coaxially fed into the plasma creating a metal deposit which is metallurgical bonded 

to the substrate. Shield gas is also fed coaxially to protect the melt pool from oxidation [53], [54], 

[55], [56]. 

PTA cladding offers great flexibility considering the material selection and it is used to produce 

coatings that either improves the mechanical properties or the corrosion properties [56]. It is 

extensively used to deposit high performance materials such as Ni-based, Co-based and Cr-based 

metal powders. PTA welding is a stable process and the arc is stable also at low currents. The dilution 

is relatively low which ensures that the properties of the coating material resemble the bulk material 

regardless of which substrate that is used [55]. Furthermore PTA cladding is very suitable for 

automation and the process parameters are relatively easy to control. On the downturn the PTA 

equipment is relatively expensive and complex which requires more maintenance compared many 

other welding techniques [57]. 

Just like laser cladding PTA cladding is used both to improve surface during manufacturing as well as 

replacing and repairing worn out surfaces. There are applications for PTA within several fields where 

high material performance is required such as oil and gas, power generation, agriculture, earth 
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moving and chemical industry. More specifically a typical application for PTA cladding can be for 

different valves and valve seat for combustion engines, plastic dies and glass moulds [55], [58], [59]. 

3.3 PTA cladding vs laser cladding 
Even if PTA and laser cladding have several similarities the coatings produced will possess different 

properties useful for different applications. One important feature for both techniques is low dilution 

between substrate and coating but when they are compared PTA generally has higher dilution than 

laser cladding. The higher dilution levels for PTA will also result in a larger heat affected zone in the 

substrate. Both laser cladding and PTA have high cooling rates after cladding which generates fine 

microstructures with good mechanical properties. In the laser cladding section it has been stated that 

laser clad coatings often have better properties than the bulk material due to this rapid cooling. This 

effect has also been observed in coating produced with PTA cladding [55], [60]. Generally though the 

cooling rate is higher for laser clad coatings compared to PTA clad. One reason for this is that PTA 

clad coatings is both thicker and wider generating a larger metal volume that will cool slower. The 

result is that laser clad coating generally gets a more refined microstructure which gives higher 

hardness and better wear resistance. The hardness and wear resistance is better for laser clad 

coatings in as welded condition but if the temperature is increased the hardness is generally better 

for PTA clad coatings. This is due to the slower cooling which provides a microstructure closer to the 

equilibrium phase composition resulting in smaller changes as the diffusion rate increases in the 

material [61], [62], [63]. 

The fact that PTA claddings are both wider and thicker generates a larger melt pool during cladding. 

Thanks to this more powder is caught and the overspray is generally lower for PTA. This also enables 

higher powder deposit rates for PTA cladding compared to laser cladding making it more suitable for 

cladding larger areas [63].  
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4. Experimental setup 
The experimental part was divided into three parts. 

1. Cladding characteristics of powder A – Experiments investigating the processability and 

achieved coating quality of powder A coatings done with laser and PTA cladding. 

2. Examination of microstructure – In this part the constitution and the stability of the 

microstructure of material A were examined.  

3. Comparison with existing grades – Experiments and calculations were performed on laser 

clad coatings of the stainless steel grades 316 HSi, 431 L and material A in order to produce 

and compare property data. 

4. 1 Cladding characteristics of powder A  
To examine the processability and achieved quality of laser clad powder A coatings a process window 

was determined for with respects to powder feeding rate was determined for three different main 

settings. Also a cylindrical rod was continuously laser clad with powder A in order to examine the 

performance in more complex applications. For PTA cladding it was examined if this is a suitable 

process for depositing powder A. 

4.1.1 Determining process window for laser cladding 

Single track beads were laser clad on mild steel plates using powder A in order to assess the 

processability of the powder. Several samples were produced in this way. The laser and powder 

feeder were assembled on an industrial robot arm which moved along the substrate during welding. 

Figure 9 shows the setup for the laser cladding equipment. In figure 9 a rod is laser clad but setup 

was the same when laser cladding on plates.  

 
Figure 9: Laser cladding equipment setup. The bright spark shown in the picture is where the powder 

is being deposited and the coating produced. This picture shows laser cladding on a cylindrical but the 
setup is the same when laser cladding on plates.  
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Laser power and travel speed of the robot arm was fixed and the powder feed rate was changed 

continuously in order to examine its effect on the coating quality. Each weld bead was weighted in 

order to determine the overspray which is the ratio between powder that does not bond to the 

substrate and the total powder fed by the laser cladding equipment. Three main settings were used 

for laser power and travel speed, displayed in table 2. 

Table 2: Main settings for welding laser power and travel speed during laser cladding. 

 Laser power (kW) Travel speed (mm/s) 

Fast setting 3,8 5 

Intermediate setting 2 5 

Slow setting 2 2 

 

For each of the main settings the powder feeding rate was varied and the series of samples were 

produced. Each sample was liquid penetrant tested for cracks by using CRC Crick 120 penetrant color 

to mark possible cracks and failures purple.  

The samples was then cut in profile and molded into plastic so the cross-section of the weld bead 

could be observed by light optical microscope. Before looking at the samples in microscope they 

were ground and polished. First the samples were ground with a grinding stone in order to remove 

excess plastic and other surface defects. Then the samples were ground with a coarser grinding disc 

before being polished with diamond polishing cloths. The diamond size was ranging from 1-9 µm and 

the polishing started with the coarser cloths using finer diamond size for each polishing step. The 

polishing and grinding operations were performed with machines and cloths manufactured by 

Struers. After being polished the samples were cleaned with ethanol and dried. The samples were 

etched in 4% Nital which consists of 4% nitric acid and ethanol. Nital etches the heat affected zone in 

the carbon steel substrate but not the martensitic stainless steel coating. Since the coating was not 

etched it was not possible to examine the microstructure of the martensitic stainless steel but it 

makes macroscopic defects of the coating more visible, such as pores in the interface between 

coating and substrate. Etching with 4% Nital also reveals the heat affected zone in the substrate. 

After the preparation the samples were observed by using a light optical microscope of the brand 

Leica. Each sample produced was examined in order to determine which defects occurs as the 

powder feeding is changed. The amount of porosity in the interface between substrate and coating 

was measured as well as the geometrical dilution. The geometrical dilution is the area ratio of 

coating below the horizontal line of the substrate and the total amount of coating when looking at 

the cross-section of the sample. If it turned out that after examining each sample they did not 

produce enough information regarding defects related to the powder feeding rate new samples were 

produced to fill the gaps. The samples was observed and photographed. The geometric dilution was 

determined from the photographs by using the computer software Photoshop. From the information 

gathered a process window was constructed to summarize the effect of powder feeding rate for each 

of the three main settings and what defects that can be expected.  

When determining the process windows the amount of porosity had to be below 5% and at the same 

time the geometrical dilution should be below 10%. 
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4.1.2 Laser cladding powder A on cylindrical rod 

Powder A was continuously laser clad onto a cylindrical solid rod of mild steel with diameter 6 cm. 

During welding the rod was rotated and the robot arm holding the laser and powder feeder moved 

along the rod, the cladding this way covers the whole rod. The laser cladding was continued until the 

coating layer cover 30 cm along the rod. Laser cladding settings are shown in table 3: 

Table 3: Laser cladding settings for continuous laser cladding on cylindrical rod. 

Rotation speed (rad/min) Laser power (kW) Powder feed (g/min) Overlap (mm) 

6,28 3,8 27,6 10 

 

4.1.3 PTA cladding 

The goal with the PTA cladding was to find settings that produced good quality coatings of powder A 

with symmetrical weld bead, dilution between 5-10% and no pores in the interface between 

substrate and coating. Two kinds of samples was produced, one were the nozzle, were the arc is 

generated, oscillated and one without oscillation. In order to produce these samples with good 

quality a trial and error approach was used. A single 10 cm string of powder A was clad onto a mild 

steel plate.  After a sample was produced the roughness of the weld bead was briefly observed. Then 

the sample was cut and the interface was etched with 4% Nital to reveal the heat affected zone, this 

information was used to determine the dilution and amount of pores. When the coating did not 

meet the requirements the PTA cladding settings was changed and the process was repeated until 

powder A coatings of good quality were produced. The same approach was done both with and 

without oscillation.    

4.2 Examination of the microstructure 
Several methods were used in order to provide information about the microstructure of coatings 

produced by laser cladding and PTA using powder A. Etching was used identify what phases the 

microstructure contains. The etched samples were compared to thermodynamic calculations 

performed in the computer software Thermo-Calc 4.1, the martensite start temperature, Ms-

temperature, was also calculated. The stability of the microstructure for different cladding settings 

and cladding techniques were also examined by microhardness and grain size measurements.  
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4.2.1 Etchants 

In order to examine the microstructure of the material powder A etching was used. Table 4 shows 

which etchants that has been used in order to characterize the microstructure of powder A in laser 

clad condition. 

Table 4: Etchants used on powder A as well as their recipes and properties.  

Etchant Recipe Additional information 

Modified Murakami 30 g KOH 
30 g C6FeK3N6 
100 ml distilled water  

Used at 90ᵒC. Colors ferrite. 

Acetic Glyceregia 3 parts HCl 
2 parts acetic acid 
1 part HNO3 
2 droplets glycerol 

Etches carbides and sigma 
phase. Höganäs AB uses Acetic 
Glyceregia to etch austenite 
and carbides in tool steels and 
other high alloyed steels. 

No. 5 10 ml HNO3 

100 ml HCl 
100 ml distilled water 

Used at 65ᵒC. Used to etch all 
kinds to stainless steels to 
reveal the structure. 

Etchant 3.3 100 ml 95% ethanol 
2 g picric acid 
1 ml HCl 

Etches martensite and carbides 

Kallings No. 1 33 ml distilled water 
33 ml ethanol 
33ml HCl 
1,5 g CuCl2 

Martensite will be dark. 

 

4.2.2 Thermodynamic calculations 

Thermodynamic calculations were performed in the computer software Thermo-Calc 4.1. The 

database TCFE6 was used for all calculations in Thermo-Calc. The Thermo-Calc software was used for 

phase diagrams, property diagrams, Scheil simulations and single equilibrium calculations for powder 

A. Graphs and tables were produces in order to display the result of the calculations. The Ms-

temperature for powder A was calculated using equations (1) and (2). 

4.2.3 Hardness measurements for microstructure analysis  

Microhardness measurements were performed on powder A samples etched with Kallings No. 1. The 

hardness was measured on areas with lighter or white color and on areas with dark color. The overall 

hardness was also measured by creating larger measuring points that covered both lighter and 

darker areas of the sample. For each sample three measurement series were done with a Matzusawa 

MMT-7 hardness measurements machine that measures hardness in Vickers, HV: 

- The microhardness was measured at six randomly distributed points on the light areas using 

a 25 g weight. From these measuring points an average was calculated.   

- The microhardness was measured at six randomly distributed points on the dark areas using 

a 25 g weight. From these measuring points an average was calculated. 

- The overall hardness was measured at five points close to the center of the powder A coating 

with a 1000 g weight. This measuring point covers both dark and light areas. 
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This was done with 8 laser clad samples, 2 with a round laser spot and 6 with a rectangular spot laser. 

The laser cladding settings used when manufacturing the samples are shown in table 5: 

Table 5: Laser cladding settings for samples used for hardness measurements.  

                       Laser cladding settings  

Sample Laser power [kW] Travel speed [mm/s] Powder feed [g/min] Laser spot 

LC1 3,8 5 31,8 Rectangular 

LC2 3,8 5 36,6 Rectangular 

LC3 2 5 14,4 Rectangular 

LC4 2 5 16,8 Rectangular 

LC5 2 2 10,2 Rectangular 

LC6 2 2 16,8 Rectangular 

LCR1 3 16 30,2 Round 

LCR2 4 16 30,2 Round 

 

The overall hardness measurement with the 1000 g weight was also done for two PTA clad samples, 

one with oscillation and one without oscillation. The PTA settings are shown in table 6: 

Table 6: PTA cladding settings samples used for overall hardness measurements. 

Sample PTA1 PTA2 

Oscillation distance [mm] +- 10  0  

Oscillation speed [cm/min] 50  0  

Travel speed [cm/min] 4,1  4,1  

Current [A] 150  150  

Powder feeder setting 68 68 

Pilot gas [dm3/min] 2,5 2,5  

Shield gas [dm3/min] 11,0  11,0  

Powder gas [dm3/min] 9,0  9,0  

 

4.2.4 Grain size measurements 

The grain size was measured for all samples in table 5 and 6. The samples was etched with Kallings 

No. 1 and photographed in a Leica microscope with magnification 20x. The width of the smallest and 

largest cellular grain in each micropicture was then measured. 

 

4.3 Comparison with existing grades 
The properties powder A was compared to two existing stainless steel grade, 316 HSi and 431 L. In 

order to get property data a series of experiments and tests were conducted. The properties 

compared was hardness, PRE-number, melting temperature, hot hardness, abrasive wear resistance 

and corrosion resistance. 

4.3.1 Hardness measurements for comparing different grades 

The hardness measurements were done with a Matzusawa MMT-7 hardness measurement machine. 

Three plain carbon steel samples were laser clad with powder A, 316 HSi and 431 L respectively. 



21 
 

During laser cladding the laser power was 3 kW, travel speed 5 mm/s and powder feed rate 22,2 

g/min for each grade. The samples were cut and the hardness was measured to produce a cross-

section of the coating. The hardness was measured seven times for each coating using a 1000 g 

weight and the average hardness value was calculated for each grade. 

4.3.2 Melting temperature calculation 

The melting temperature for each grade was calculated in the software Thermo-Calc 4,1 using the 

database TCFE6. The melting temperature was calculated by creating a property diagram from which 

the temperature where all material is liquid could be read.  

4.3.3 Corrosion resistance 

A salt spray test was conducted according to the ISO 16701:2008 standard which exposes the 

material to cyclical exposure to a wet phase. The salt spray test mainly tests materials resistance to 

pitting and crevice corrosion [64]. In the salt spray test the material was sprayed with a sodium 

chloride solution with pH 4,2 for 15 minutes followed by a wet stand-by time of 1 hour and 45 

minutes. This was repeated 3 times making a complete cycle of 6 hours. This cycle was then 

preformed twice a week. The test was conducted in an Ascott CC-450 XP salt spray chamber [65]. 

Salt spray test was performed on four different laser clad surface coatings produced with stainless 

steel powder. Two coatings were produced with powder A but one of them was heat treated at 

384⁰C for 2 hours in an induction furnace after cladding. The other two coatings were produced with 

316 HSi and 431 L and tested in as clad condition. 

Three strings of each coating were laser clad onto a plate of plain carbon steel in two layers. During 

laser cladding the laser power was 3 kW, travel speed 5 mm/s and powder feed rate 22,2 g/min. To 

be sure no extensive dilution had occurred during cladding the composition of each coating was 

measured with a XRF gun. From these plates six samples of with approximate dimensions 2,3 x 2,3 

centimeters were cut out. Each sample was ground and polished down to 1 µm before placed in the 

salt spray chamber. The heat treated powder A sample was in the salt spray chamber for 

approximately 6 weeks and the other samples stayed in the salt spray chamber for about 8 weeks. 

The weight of each sample was recorded before and after exposure. 

For the heat treated powder A samples one sample was removed from the salt spray chamber each 

week, for the other grades one sample was removed each week the first five weeks and the last 

sample was removed after approximately 8 weeks. Each sample was photographed at a fixed 

distance. From the picture the total corroded area was measured. It was also measured how much of 

the corroded area that was in contact with the edges of the sample and how much that was situated 

in the middle of the sample not in contact with the edges.     

4.3.4 Abrasive wear 

An abrasive wear test was performed according to the standard ASTM G65. In this test a rectangular 

sample of mild steel was laser clad with powder A and 431 L. Each sample was placed against a 

rotating rubber wheel while sand was deposited between the wheel and the coated sample. The 

wheel rotated in the same direction as the sand causing mass loss in the coating. Each sample was 

weighed before and after testing and the mass loss was recorded [66]. 
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5. Results 
The results are divided into the same three parts just as the experimental setup. 

1. Cladding characteristics results – Displays the results from the cladding characteristics 

experiments done with powder A. 

2. Results from the microstructure examination – Results in form of micropictures, calculations 

and experiments performed in order to examine the microstructure of powder A. 

3. Property data for comparison with existing grades – Displays achieved property data for 

powder A, 316 HSi and 431 L used for comparison of the different grades.  

5.1 Cladding characteristics results 
A process window with respect to powder feed rate was determined for three main laser cladding 

settings where laser power and travel speed was fixed. Also powder was laser clad onto a cylindrical 

rod to simulate a realistic application. This section also features the results from the PTA cladding of 

powder A done in order to determine if powder A is suitable to deposit with PTA cladding.  

5.1.1 Determining process window for different laser cladding settings 

The process window with respect to powder feed rate was determined for three different laser 

cladding settings.  

The fast setting: Laser power: 3,8 kW; Travel speed 5 mm/s 

Figure 10 shows how interface porosity and dilution depends on power feed rate. The overspray 

range for this setting is also displayed.  

 

Figure 10: Dilution and interface porosity in percentage for different powder feed rates as well as 
overspray level. Laser power is set at 3,8 kW and travel speed 5 mm/s. 
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Figure 11 shows how the weld bead height varies with increased powder feeding. 

 
Figure 11: Weld bead height versus powder feed rate with also showing the trend for laser power of 

3,8 kW and travel speed of 5 mm/s.  
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Figure 12 shows nine samples including pictures of the weld bead, crack test and a micropicture of 

the cross-section of the coated layer and the substrate. The powder feeding rate is increasing from 

sample a to i. 

 

 

 

 

 
 

 

 

Figure 12: Weld bead, crack test and a micropicture of samples welded with laser power 3,8 kW and 
travel speed 5 mm/s. The bar in the micropicture represents 2 mm.  
 

 

 

 

 

 

   
  

   

  

  

  

  

Sample: f 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 31,8 

g/min 

 

Sample: e 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 27,6 

g/min 

 

Sample: d 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 22,3 

g/min 

 

Sample: c 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 20,4 

g/min 

 

Sample: b 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 16,8 

g/min 

 

Sample: a 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed: 10,2 

g/min 

 

Sample: g 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 36,6 

g/min 

 

Sample: h 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 42 

g/min 

 

Sample: i 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 48 

g/min 
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The intermediate setting: Laser power 2 kW; Travel speed 5 mm/s 

Figure 13 shows how interface porosity and dilution varies with powder feed when the laser power is 

set to 2 kW and travel speed is 5 mm/s.  

 

Figure 13: Interface porosity and dilution in percentage for different powder feed settings as well as 
overspray level. Laser power is set at 2 kW and travel speed 5 mm/s. 

Weld bead, crack test and micropicture of the coated layer cross-section. Powder feed increases 

from sample a to f. 
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Sample: a 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 10,2 

g/min 

 

Sample: b 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 14,4 

g/min 

 

Sample: c 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 16,8 

g/min 

 

Sample: d 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 20,4 

g/min 

 

Sample: e 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 27 

g/min 

 

Sample: f 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 37,2 

g/min 

 

Figure 14: Weld bead, crack test and a micropicture of samples welded with laser power 2 kW 

and travel speed 5 mm/s. The bar in the micropicture represents 2 mm. 
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The slow setting: Laser power 2 kW; Travel speed 2 mm/s 

Figure 15 shows how interface porosity and dilution varies with powder feed when the laser power is 

set to 2 kW and travel speed is 2 mm/s. 

 

 
Figure 15: Interface porosity and dilution in percentage for different powder feed settings as well as 

overspray level. Laser power is set at 2 kW and travel speed 2 mm/s. 
 
Figure 16 shows how the height of the weld bead varies with increased powder feeding. 

 
Figure 16: Weld bead height versus powder feed setting including trend line for laser power of 2 kW 

and travel speed of 2 mm/s. 
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Figure 17 shows seven samples including pictures of the weld bead, crack test and a micropicture of 

the cross-section of the coated layer and the substrate. The powder feeding rate is increasing from 

sample a to sample g. 

 

 

 
 

 
Figure 17: Weld bead, crack test and a micropicture of samples welded with laser power 2 kW and 
travel speed 2 mm/s. The bar in the micropicture represents 2 mm. 
 

 

 

 

 

 

 

 

 

Sample: a 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 5,4 

g/min 

 

Sample: b 
Laser power: 3,8 kW 
Travel speed 5 mm/s 

Powder feed rate: 7,2 
g/min 
 

Sample: c 
Laser power: 3,8 kW 
Travel speed 5 mm/s 
Powder feed rate: 10,2 
g/min 
 

Sample: d 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 16,8 

g/min 

 

Sample: e 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 20,4 

g/min 

 

Sample: f 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 23,4 

g/min 

 

Sample: g 

Laser power: 3,8 kW 

Travel speed 5 mm/s 

Powder feed rate: 27 

g/min 
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5.1.2 Laser cladding of powder A on a cylindrical rod 

Figure 18 shows a picture of powder A clad onto a cylindrical solid rod. The coating shows no visual 

defects and the laser cladding was performed continuously without interruptions. 

 
Figure 18: Cylindrical solid rod of plain carbon steel laser clad with powder A. The diameter of the rod 

is 6 cm and the length of the coating along the rod is 30 cm. 

5.1.3 PTA cladding 

Figure 19 show two samples of PTA clad coatings of powder A. The figure includes pictures of the 

weld bead, crack test and micropicture of the cross-section of the coated layer and the substrate. 

  

Figure 19: Weld bead, crack test and a micropicture of samples PTA clad with settings shown in the 
figure. In the left sample the PTA nozzle was oscillating and in the left no oscillation was used. 
 

For PTA-sample a the dilution between substrate and the coated layer was 14,36% and for PTA-

sample b the dilution was 12,36%.  
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5.2 Results from the microstructure examination 

The microstructure examination consists of two sections. The first part displays results from 

investigations done to determine which phases that is present in material A. The second part shows 

results from investigations about the stability of the microstructure. 

5.2.1 Examination of phases present in material A 

This section consists of observations done with light optical microscope, thermodynamic calculations 

and microhardness measurements done in order to determine the phase constitution of material A. 

Light optical microscopy 

 

 

 
Figure 20: The laser clad sample LC1 of powder A etched with Kallings No. 1. The upper picture 

magnification is 20x and the lower 50x. During cladding the laser power was 3,8 kW, travel speed 5 

mm/s and the powder feed 31,8 g/min. 
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Figure 20 display the microstructure of a laser clad powder A sample etched with Kallings No. 1. The 

etched microstructure consists of martensite and possibly smaller amounts of ferrite (BCC) in the 

grain boundaries. Both the darker and lighter areas are martensite. The bottom of the picture on the 

left is right above the interface between substrate and coating. Close to this interface small round 

grains can be seen and above this area the grain geometry is cellular. This kind of distribution 

between different kinds of grain geometries was seen in all samples made regardless of welding 

settings or welding process. 

 

 
Figure 21: The laser clad sample LC1 of powder A etched with Modified Murakami. To the left the 

magnification is 20x and to the right 100x. During cladding the laser power was 3,8 kW, travel speed 
5 mm/s and the powder feed 31,8 g/min. 

 
Figure 21 display a laser clad sample of powder A etched with Modified Murakami which colors 

ferrite. The dark areas are either ferrite (BCC) or etched grain boundaries. The white and lighter areas 

are martensite. 
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Microhardness measurements 

When etching with Kallings No.1 some areas was colored dark indicating martensitic structure but 

since some areas were not etched, light phase, microhardness measurements was carried out to 

determine if these areas consisted of different phases. Figure 22 shows microhardness 

measurements of phase areas with different colors after etching with Kallings No.1. It shows that 

there are no signs that the lighter areas are harder than the dark areas or vice versa. All data points 

are average values of the hardness measurements performed. 

 
Figure 22: Hardness of dark and light colored phases in samples from table 5 etched with Kallings 

No.1 done with a 25 g weight. 
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Thermodynamic calculations 

Two property diagrams were made, one where all phases that represented less than 1 mole% were 

excluded and one where only ferrite (BCC), austenite (FCC) and liquid were included.

 
Figure 23: Property diagram for powder A excluding phases that does not reach 1 mole% in single 

equilibrium calculations over the given temperature range. 

Figure 23 shows that powder A initially solidifies as ferrite if the system is at equilibrium. Phases with 

content lower than 1 mole% were excluded according to table A1 in appendix A. Before powder A 

solidifies completely austenite will form alongside with ferrite and the material will solidify 

completely with two solid phases. When the temperature drops further the intermetallic phase’s µ-

phase, σ-phase and P-phase are thermodynamically stable. 
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Figure 24: Property diagram for powder A including only austenite(FCC), ferrite(BCC) and liquid phase. 

Figure 24 shows the property diagram for powder A when all phases but austenite, ferrite and liquid 

are excluded. These are the three largest phases in powder A and figure 24 shows how the 

concentration varies with temperature in a system at equilibrium. 

 

Figure 25 and 26 displays Scheil simulations done in Thermo-Calc. In figure 25 all phases suggested by 

Thermo-Calc are included and the oxide phase Spinel and mangan sulfide, MnS, was present besides 

the dominating phases ferrite and austenite. In figure 26 all phases beside austenite, ferrite and 

liquid phase was excluded during the Scheil simulation. 
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Figure 25: Scheil simulation for the solidification of powder A including all phases suggested by 

Thermo-Calc. 

 
Figure 26: Scheil simulation for the solidification of powder A including only austenite(FCC), 

Ferrite(BCC) and liquid phase. 
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Figure 27: Phase diagram of powder A including only ferrite(BCC), austenite(FCC) and liquid phase 

showing how the amount of phase depends on temperature and mass% Co. 

Figure 27 displays a phase diagram of powder A showing how the most important phases depend on 

Co-content which is the element that differentiates powder A from many other martensitic stainless 

steels that is offered as standard products.   

The Ms-temperature was calculated with according to equation (4) and (5). The calculations were 

called Ms1 and Ms2.  

                                                         

                        (4) 

                                                 

                                                              (5) 
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5.2.2 Stability of microstructure 

The stability of material A’s microstructure was examined by hardness and grain size measurements 

of coatings produced with different cladding settings, cladding equipment and cladding techniques. 

Hardness measurements  

Figure 28 shows that the hardness is very similar for all laser clad coatings even though different 
settings and different welding equipment was used. The hardness for the coatings produced with 
PTA is lower. 

 
Figure 28: Overall hardness for powder A samples from table 5 and 6 produced with different welding 
settings and processes. Each data point is an average of 5 measurements done with a 1000 g weight. 

Grain size measurements 

Figure 29 shows that there were small differences between the largest and smallest cellular grain in 

most of the samples examined. The range was significantly larger for the sample PTA2. 

 
Figure 29: The width of the largest and smallest cellular grain found in a picture with 20x 

magnification for all samples in tables 5 and 6. 
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5.3 Comparing powder A to 316 HSi and 431 L 
This section shows the result of the experiments done to determine property data for powder A, 316 

HSi and 431 L. It was done in order to compare laser clad coatings made from stainless steel powder 

grades powder A, 316 HSi and 431 L. 

5.3.1 Hardness, PRE-number and melting temperature 

Table 7 displays the hardness, PRE-number and melting temperature for each grade. 

Table 7: Hardness, PRE-number and melting temperature for powder A, 316 HSi and 431 L. 

 SP604 316 HSi 431 L 

Hardness (HV1) 375 215 265 

PRE-number 22 25 17 

Melting temperature (ᵒC) 1461 1429 1499 

 

5.3.2 Salt spray test 

Figure 30-33 show the amount of surface area that was corroded plotted against number of weeks in 

the corrosion chamber. Figure 30, 32 and 33 describes corrosion for laser clad coatings made of 

powder A, 316 HSi and 431 L in as-clad condition. Figure 31 shows the result for heat treated powder 

A coatings which were in the corrosion chamber up to 6 weeks compared to 8 weeks. 

 
Figure 30: Amount of corroded surface area for lase r clad powder A coatings in as-clad condition. 
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Figure 31: Amount of corroded surface area for laser clad powder A coatings that has undergone post 

cladding heat treatment. 

 
Figure 32: Amount of corroded surface area for laser clad 316 HSi coatings in as-clad condition. 
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Figure 33: Amount of corroded surface area for laser clad 431 L coatings in as-clad condition. 

 
It was observed that corrosion in most samples started at the interface between the stainless coating 

and carbon steel substrate and then propagated over the edge of the sample onto the coated top of 

the sample. Figure 34 shows the amount of corroded area of the coating in each sample tested that 

had no contact with the edge of the sample. 

 
Figure 34: Amount of corroded area in all samples tested in the corrosion chamber that had no 

contact with the edge of the samples. 
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5.3.3 Abrasive wear 

Figure 35 shows the result from the abrasive wear test according to standard ASTM G65 for material 

A and 431 L. No data was available for laser clad 316 HSi. 

 
 

Figure 35: Result from abrasive wear test for powder A and 431 L. 
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6. Discussion 

6.1 Cladding characteristics discussion 
This section discusses the results from the investigations done to examine the cladding 

characteristics of powder A for laser and PTA cladding. 

6.1.1 Process window determination for laser cladding 

Laser cladding was performed with three main settings for laser power and travel speed while 

varying the travel speed. The purpose was to observe how the weld quality changes with these 

different settings and a varying powder feed. A process window was also determined for all main 

settings.  

The fast setting: Laser power 3,8 kW; Travel speed 5 mm/s 

From this figure 9 it can be seen that the dilution between coating and substrate decreases rapidly 

when the powder feed rate is increased. This suggests that the powder feed rate should not be too 

low in order to avoid excessive dilution. It is not surprising that the dilution increases with decreasing 

powder feed rate. When the powder feed rate decreases there is less powder to absorb the energy 

from the laser resulting in increased melting of the substrate. The energy is consumed when the 

powder is melted but with a lower amount of powder excess energy melts the substrate causing 

extensive dilution. The interface porosity increases rapidly as the powder feed increases as can be 

seen in figure 9. This is expected since the same amount of energy from the laser is required to melt 

more powder in order to form a metallurgical bond between substrate and coating. For this setting 

the process window where dilution was below 10% and interface porosity is below 5% approximately 

ranges from powder feed rate 22 – 42 g/min.  

The overspray was in the range of 31-46% for this setting and the powder feeding rate had little 

effect on the overspray level. At the highest powder feeding rates though it was observed that some 

powder was not melted and laid as dust on top of the weld bed after welding.  

Figure 10 shows that the height of the weld bead increases with the powder feed. It is expected that 

the height increases with the powder feed rate since more material is available. Since the curve is 

relatively smooth it suggests that it should be possible to control weld bead height with the powder 

feeding rate. The jacks in the curve probably depends on the increase of waves in the weld with 

increasing powder feed rate. Because of these waves the height varies along the length which makes 

it harder to get a representative height. This might be caused by the powder feeding equipment or 

the powder might have poor flow characteristics. For example the gas flow in the tube that feeds the 

powder into the nozzle might influence the formation of waves. If the feed gas flow is too low the 

risk of powder clogging in the feeding tube increases which causes a uneven powder flow, this will 

result in more waves and pits in the weld bead. 

Table 7 shows a summary of coatings made with laser cladding using a laser power of 3,8 kW and 

travel speed of 5 mm/s while varying the powder feed rate from low values in sample a to high 

values in sample i. As seen in the cross-section pictures in samples a-d there is significant dilution 

which increases when the powder feed decreases. The dilution is most extensive on the edges of the 

welded layer. In samples e-i there is basically no dilution but as the powder feeding increases more 

pores are observed in the interface between the coated layer and the substrate. In sample h there 

are about 3-4 visible pores and in sample i a very large pore is observed in the middle of the weld 
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bead. The ratio, E, between laser power and travel speed does not change since both are kept 

constant, this ratio is measured in J/mm. Since E remains unchanged the same amount of applied 

need to melt a larger amount of powder when the powder feed rate increases in order to achieve a 

metallurgical bond. Pores form the applied energy is not sufficient to melt enough powder to form a 

uniform metallurgical bond along the surface. As in the samples with low powder feed rates the laser 

seems to affect the edges on the weld bead more than the middle. In the case with lower powder 

feeding it resulted in higher dilution on the edges and with high powder feeding metallurgical bond is 

formed on the edges while the center of weld bead is not affected. If the heat affected zone of the 

substrate, the shadow beneath the coated layer, is observed for sample i it shows that the substrate 

below the center of the weld bead is not affected by the heat from the laser. This kind of pore 

formation in the interface between coating and substrate is very dangerous since it is not visible 

unless the sample is cut. In sample i there is a picture of the weld bead from above illustrating this.  

The pictures in table 7 showing result from the crack test shows that no cracks are visible in any of 

the coatings regardless of the powder feeding rate. The pictures of the weld bead from above 

without penetrant color that the amount of pits is very low overall, there are a few in sample i only. 

The tendency to form waves in the weld bead increases with increased powder feeding. Since more 

powder is added there is probably not enough energy applied to melt all of the powder. This 

decreases the flow in the weld bead and the shape becomes less smooth, waves are formed. 

The intermediate setting: Laser power 2kW; Travel speed 5 mm/s 

Figure 11 show that dilution is not a problem with these settings. It probably depends on the 

combination of low energy input and high travel speed. The energy supplied by the laser is probably 

not enough to melt both powder and substrate at these travel speeds and therefore dilution is not 

possible. One way to describe this is that the E ratio is too low. In this case the laser power is quite 

low and the travel speed high which results in a low E. This is probably one of the reasons why the 

dilution is low when the laser power is set to 2 kW and the travel speed 5 mm/s, not enough energy 

is added. The interface porosity is rapidly increasing with the powder feed rate also for this setting. 

When determining the process window it is not possible to use the dilution criteria since there is 

none. Instead the coating gets extremely thin and if a lower powder feeding setting than 2 is used it 

is not sure if the coating will cover the whole surface. The process window for these settings is in the 

powder feed rate range of approximately 10 – 17 g/min, which is considerably narrower than with 

the fast setting.  

Compared to the fast setting the overspray level is significantly higher for the intermediate setting. 

One reason could be that the melt pool decreases in size when the laser powder decreases. This 

means that there is a smaller area that can catch the powder A and more will probably bounce of the 

substrate instead of depositing on the substrate.  

The cross-section pictures in figure 14 shows that these settings combined with low powder feeding 

rates produce extremely thin coatings. One reason for the low weld bead height is that dilution is not 

a problem with these settings, making it possible to produce coatings while using very low powder 

feeding rates. At lower powder feeding rates there is also no problems with pore formation in the 

intersection between coating and substrate, the opposite is true for higher powder feeding rates. 

Samples d-f clearly shows that the laser is not able to melt all of the powder causing extensive pit 

formation in the weld bead as well as lack of metallurgical bonding. There is also a tendency to form 
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pore like defects were the coating overlaps the substrate in the edges of the weld bead but no bond 

is formed. The surfaces of the weld bead are smoother when the powder feeding is lowered. 

Generally these settings offers a very narrow process window since very low powder feeding is 

required in order to produce a pore free coating which causes very thin coatings. If the coatings are 

too thin they might be hard to machine without exposing the substrate. Also these thin coatings 

become increasingly sensitive to equipment malfunction. For example if the powder feeding is 

irregular and powder is spread uneven this might cause some of the substrate not to be covered 

since the margins are so small. The change in weld bead height was not examined due to the poor 

quality of the weld bead for the high powder feed samples but the weight of the weld bead increased 

with increased powder feeding. 

The slow setting: Laser power 2 kW; Travel speed 2 mm/s 

As seen in the figure 15 the dilution drops rapidly when the powder feed rate decreases. When the 

powder feeding rate drops extensive heat from the laser is transferred to the substrate causing 

dilution. The interface porosity is not increasing as fast as with previous settings but relatively quick 

reaches unacceptable levels. The process window for these settings ranges from approximate 

powder feed rates of 10 – 17 g/min. This is a very narrow process window compared to the fast 

setting. The overspray ranged from 36 – 60%, which is higher than for the fast setting and lower than 

the intermediate setting. 

Figure 16 shows that the height of the weld bead increases with the powder feed. Since this curve is 

quite smooth just as with the fast setting it suggest that the powder feeding rate might be a good 

way to control the weld bead height. 

From figure 17 it can be seen that for lower powder feeding rates there are some dilution and as 

with the fast setting the dilution is most extensive on the edges of the weld bead. As the powder 

feed increases the dilution decreases and ceases to be a problem. As the powder feeding increases 

the weld bead also becomes more symmetrical. As the powder feeding increases the amount of 

pores in the interface increases, in all samples d-g there are pores in the interface. Also the tendency 

to form larger pore like overlapping on the edges of the weld bead increases with the powder feed, 

no metallurgical bond is formed instead the coating just covers the substrate. This kind of pores 

could be very harmful if anther overlapping string was to clad. Then the risk of forming a large 

enclosed pore not visible from the outside would be significant. Signs of these defects can be seen in 

samples e-g. 

Both pictures showing the weld bead from above, with and without penetrant color, reveals that the 

formation of waves and pits increases with an increased powder feeding rate. Sample f for example 

has at least four larger visible waves and sample g has several pits. This combined with the pore 

formation and the overlapping on the edge of the weld bead is what sets the upper limit for these 

settings when deciding a process window, if the powder feed is too high these defects will appear. 

General discussion regarding overspray 

Generally the overspray level did not decrease when the powder feed rates was decreased and vice 

versa. This was surprising since the applied energy per gram of powder Added is higher for lower 

powder feeding rates. This should ensure that the powder gets melted and are able to form a 

metallurgical bond to the substrate. When low powder feeding rates was used there was no visible 

excess powder laying on top of the weld bead as when high powder feeding rates were used which 



44 
 

suggest that a larger portion of the powder is deposited in the weld bead. The results after weighting 

the samples showed that the opposite is true. Since there is no excess powder visible after welding 

there might be another mechanism that causes powder loss at low powder feeding rates. One 

explanation could be that the higher energy input for each gram of powder causes evaporation. 

Numerical analysis of the thermal processes of a single powder particle during coaxial laser cladding 

has shown that evaporation could lead to significant powder loss when the laser is increased and all 

other settings are kept constant [67]. When the powder feeding is increased there is excess powder 

on top the weld bead because the applied energy from the laser is not sufficient to melt all of the 

powder. Generally the overspray levels for all settings are very high and would probably not be 

accepted by a producing company. The reason for this is probably that the equipment used for 

producing the samples are not built for this kind of welding operations. High overspray during laser 

cladding has been a problem for a long time and for several different powders which suggests that 

the high overspray levels does not depend on the powder properties. The overspray results shows 

how overspray for powder A generally is affected by the change of welding parameters but probably 

does not provide reliable information about overspray levels in absolute numbers. 

6.1.2 Laser cladding on cylindrical rod 

The purpose of laser cladding powder A onto a cylindrical rod was to test the powder in a more 

realistic application. When examining the process window for different laser cladding settings only 

short single string coatings was examined, they have little resemblance with how powder A would be 

used. Figure 18 shows that it is possible to coat larger objects with powder A with good results. 

During laser cladding a lot of heat was transferred to the rod basically preheating it during the 

coating process. This did not result in any macroscopic defects such as pits and an increase of waves 

in the coating. Even if this result is promising it only shows that it is possible to laser clad larger and 

more complex geometries with powder without macroscopic defects. To get a more comprehensive 

picture about how powder A behaves during laser cladding of larger surfaces a more thorough 

investigation must be done were process window, microstructure, overspray etc. is investigated.  

In the overlaps in figure 18 small black drops can be observed. This is probably oxide from the surface 

of the carbon steel rod and not powder defects. Before laser cladding the rod was only sand blasted 

and not machined which resulted in a surface covered with impurities that floated up through the 

melt pool during laser cladding.   

6.1.3 PTA cladding 

The purpose of this experiment was to confirm that powder A is possible to deposit by using PTA 

cladding. Just like when laser cladding the cylindrical rod no investigation of how the coating is 

affected by changed cladding parameters was done. In figure 19 it can be seen that crack formation 

during cladding does not seem to be a problem when PTA cladding powder A, just as with laser 

cladding. This further indicates that crack formation in general is not a problem when cladding 

powder A. This is positive since heat treatment of the substrate often is necessary for materials that 

are sensitive to crack formation during cladding, this adds an extra step in the process and is both 

inconvenient and increases the cost. Figure 19 shows that there are no pores in the interface 

between substrate and coating, also the weld bead is free from macroscopic defects. According to 

Höganäs AB some dilution, 5-10%, is desirable for PTA cladding which means that the dilution 

preferably should have been lower for the samples produces. On the other hand the dilution 

geometry is relatively symmetric which should mean that the dilution is approximately the same 
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along the interface. This should give the interface region more homogeneous properties compared to 

sample a in table 7 for example were the clad layer has dug down in the substrate on the sides 

resulting in a wave-shaped interface.   

This result indicates that powder A is well suited for PTA cladding with and without oscillation but a 

more thorough investigation is needed in order to fully understand how the cladding parameters 

effects the coating. More information about the process window of powder A during PTA cladding 

for example would be of great importance for potential users.  

One observation made by the PTA operator at Höganäs AB was that higher current was needed to 

melt powder A compared to other stainless steel powders. Due to this the operator considered 

powder A difficult to deposit with PTA. One explanation could be that powder A contains Co which 

often is added to increase the high temperature hardness [8].  

6.2 Discussion about the microstructure examination of material A 
This part discusses the phase constitution and stability of microstructure for material A. 

6.2.1 Determining phase constitution of material A 

As can be seen in table 4 several etchants had to be tested to find any suitable alternatives for 

powder A. It was known that the structure was mostly martensitic and therefor etchants that has 

previously been used for martensitic stainless steel was tried out. Powder A was relatively hard to 

etch and besides Kallings No.1 and Modified Murakami no other etched from table 4 could produce a 

distinguished microstructure. This was expected since etching is basically selective corrosion and 

powder A is a high alloyed stainless steel design to withstand corrosion. Kallings No.1 was the best 

alternative for etching martensite in powder A and the result can be seen in figure 20 but still several 

light areas can be seen in figure 20 even if it is supposed to color martensite. This suggested that 

either there was another phase of significant volume in powder A beside martensite or that some 

areas was not etched. These lighter areas were still present after very long time of etching, they 

remained light even after corrosion pits started to form which is a sign that the sample is being 

destroyed. To determine whether the lighter areas were another phase than martensite or not 

affected by the etchant the microhardness was measured for both the light and dark areas. If the 

lighter areas are a different phase such as ferrite it should be distinctively softer than the martensite. 

The results of these measurements are displayed in figure 22. In figure 22 it can be seen that there 

were no connection between hardness and the color after etching. In three of the samples the light 

areas was harder than the dark areas and in five samples the opposite was true. This indicates that 

the light areas are unaffected by the etchant rather than the light and dark areas being different 

phases. If they had been different phases there would be a significant difference in hardness. It is 

also seen in figure 22 that the difference between the highest and lowest microhardness 

measurement are only about 40 HV, the sample LC2 dark phase had hardness 395 HV and the LC4 

light phase 355 HV. If they were two different phases the difference would probably be larger. 

Probably martensite is the dominating phase in powder A but according to the property diagrams in 

figure 23 and 24 as well as the Scheil simulations in figure 25 and 26 a part of powder A solidifies as 

ferrite before transforming to austenite. In figure 23 which shows the property diagram of powder A 

austenite starts to form after approximately 56% of the material has solidified. The property diagram 

is calculated assuming that the system is at equilibrium and no segregation takes place. The opposite 

is true for the Scheil simulation which assumes maximum segregation, no solid phase diffusion, and 
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no equilibrium during solidification. In figure 25 the Scheil simulation for powder A including all 

phases suggested by Thermo-Calc 4.1 is displayed and according to this calculation approximately 

47% has solidified when austenite starts to form. The truth is somewhere in between 47% and 56% 

since the property diagram and Scheil simulation represents opposite sides of the spectrum. Ferrite is 

only stable in a short temperature range and will transform to austenite during cooling. According to 

the property diagram in figure 23 this solid phase transformation will take place at approximately 

1440⁰C. The rest of the material that is not solidifying as ferrite will solidify as austenite. A property 

diagram was also constructed when assuming 20% dilution with a substrate containing 0,5% C and 

99,5% Fe. In this case the austenite formation started after approximately 40% of the material had 

solidified. This is a bit lower than for pure powder A but indicates that martensite will be the 

dominating phase also if the coating is significantly diluted. 

The results from etching with Kallings No.1 shows that powder A is mostly martensitic which means 

that most of the coating has to have been austenite in order to achieve a martensitic transformation 

but since a part has solidified as ferrite combined with the high cooling rates laser cladding and PTA 

cladding offers it is possible that a part of the microstructure consists of ferrite. To reveal ferrite 

samples were etched with the Modified Murakami etchant which colors ferrite. Figure 21 displays 

two micropictures with different magnification of sample LC1 etched with Modified Murakami. It can 

be seen in this figure that areas in proximity to the grain boundaries were etched, other areas of the 

sample was not affected by the etchant. It is hard to determine whether the colored areas are ferrite 

or just etched grain boundaries but if there is any ferrite present in the sample it is situated along the 

grain boundaries and is present in a relatively small volume. The microhardness approach used to 

identify areas unevenly affected by the etchant used in the samples etched with Kallings No.1 is not 

possible in this case since the grain boundary areas are too small to make an accurate microhardness 

measurement. Assuming that ferrite was formed along the grain boundaries it could have formed in 

one of three different ways. Either it is ferrite formed during solidification were the solid phase 

transformation to austenite has been suppressed by the fast cooling resulting in a microstructure 

containing a small part of ferrite not transformed to austenite. The disadvantage with this 

explanation is that the ferrite seems to be located along the grain boundaries suggesting that it is the 

part of the material that solidifies last. Also it has been reported that during laser cladding of 

martensitic stainless steels the initial delta ferrite formation sometimes is suppressed using similar 

travel speeds [40]. Another alternative is that ferrite is formed due to a solid phase transformation 

from austenite to ferrite during cooling. It is shown in the property diagram in figure 23 that ferrite is 

thermodynamically stable once again at temperatures around 700⁰C and maybe the diffusion has 

been high enough to form ferrite. The third alternative is that the material has segregated and the 

last liquid phase to solidify has a different local composition than the average and therefor forms 

different phases. According to figures 25 and 26 showing Scheil simulations for powder A possible 

segregation would support the formation of ferrite among the last part to solidify. If there is any 

ferrite present in powder A figure 20 shows that it is situated along the grain boundaries which 

suggest that possible ferrite is formed in the material last to solidify. This could be the consequence 

of either segregation producing a composition more favorable for ferrite formation or slower cooling 

enabling these areas to solidify more according to the property diagram in figure 23. 

Etching has shown no signs of retained austenite in powder A samples produced by laser cladding 

and PTA cladding and the amount of austenite can be assumed to be low. One explanation is that 

powder A seems to have a relatively high Ms-temperature which reduces the risk of retained 
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austenite. There are several equations available for estimating the Ms-temperature and for powder A 

two was used generating very different results. Equation (1) gives a Ms-temperature of 318⁰C and 

equation (2) 120,37⁰C. Both these equations has their own advantages, equation (1) more newly 

developed and includes the effect of more alloying elements while equation (2) is suggested to 

predict the Ms-temperature for martensitic stainless steels by the American Society for Metals (ASM). 

Without any experimental experience work done trying to decide the Ms-temperature for powder A 

it is hard to embrace any appreciations of this kind. Still it has been reported in previous studies [2] 

that the risk of retained austenite formation is increased if the Ms-temperature is below room 

temperature. Even if equation (1) and (2) generates completely different answers they are both 

significantly above room temperature. The Mf-temperature should be established experimentally in 

order to use the material better regarding heat treatments and high temperature applications. 

Figure 27 shows how austenite, ferrite and liquid phase depends on Co-content for powder A at 

equilibrium. This is interesting to investigate since the Co-content is what differentiates powder A, 

during this project no martensitic stainless steel offered as standard product by competitors 

containing Co could be found. Still it is possible that similar grades as powder A is offered as a special 

product. Co stabilizes austenite which is advantageous for powder A since such elements contributes 

to raising the Ms-temperature. In figure 27 it can be seen that the austenite area rapidly increases up 

to approximately 6,5 mass% Co where it starts to slowly decrease. If Co is added in order to increase 

the austenite area and thereby the Ms-temperature the maximum effect is reached at about 6,5 

mass% Co. 

6.2.2 Stability of material A’s microstructure 

Figure 28 shows how the overall hardness varies for six laser clad samples with rectangular laser 

spot, two samples laser clad with a round spot and two samples made with PTA cladding. Even if all 

of the samples have unique cladding settings and was welded with three different machines the 

hardness was very similar. Since the hardness depends on the microstructure of the material this 

shows that the microstructure of powder A is very stable, especially for the laser clad samples. The 

hardness for the two samples produced with PTA cladding is a bit softer. This is not unexpected since 

coated layer got much hotter during the PTA welding compared to the laser clad samples which 

generated slower cooling rates. This was probably a combination of the facts that more material is 

deposited during PTA clad and that the arc gets extremely hot. A lower cooling rate might lead to a 

coarser microstructure that reduces the hardness. Another explanation is that the coating is being 

partly annealed since it is hot for a longer time compared to laser cladding. 

The stability of the microstructure is a strong feature for powder A since it makes it easier to deposit 

as a coating layer. Since the microstructure is approximately the same for a wide range of settings 

powder A offers flexibility during cladding. For example by changing the powder feed during laser 

cladding the thickness of the coating can be controlled and the stability of powder A ensures that you 

get approximately the same microstructure for very thin layers as well as thicker. 

All samples of powder A etched with Kallings No.1 and examined by microscope showed about the 

same kind of microstructure with cellular martensitic grains. In order to get an appreciation of how 

the grain size is affected by the different settings and welding machines the width of the smallest and 

largest cellular grain found in a micropicture with magnification of 20x was measured for all samples 

in table 5 and 6. The result is displayed in figure 29 and it shows that the range between the smallest 
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and largest cellular grain is very consistent for the different samples examined. This agrees with the 

results from the hardness measurements in figure 28 and further supports that the microstructure of 

powder A seems to be very stable. It should be noted that this is a very rough method of examining 

the grain size and was used only to get an idea of how the grain size varies. The results in figure 29 

says nothing about the average grain size for each sample and only a small area of each sample is 

covered in the pictures used for these measurements. Even if this method has its weaknesses it does 

not contradict the hardness measurements results shown in figure 28. The only sample that stands 

out is PTA2 which is not unexpected since the samples made with PTA cladding was slightly softer 

than the laser clad samples which might be an effect of larger grains. 

6.3 Discussion about Powder A properties compared 316 HSi and 431 L 
This part discusses the outcome of the material comparison between laser clad coatings produced by 

stainless steel powder grades powder A, 316 HSi and 431 L. 

6.3.1 Hardness comparison 

In table 7 it can be observed that powder A is considerably harder than its peers. It is not surprising 

that 316 HSi would turn out to be the softest since it is designed to protect against corrosion rather 

than mechanical damage. 431 L on the other hand is a martensitic stainless grade with similar C-

content as powder A. The C-content is what most effects the hardness of martensite and since it is 

basically the same for powder A and 431 L this suggest that powder A compared to 431 L has other 

properties that enhances the hardness. The microstructure of 431 L has not been examined in this 

report but possibly the amount retained austenite is greater in 431 L. It should be noted that both 

431 L and powder A has relatively low C-contents and that there are probably even harder 

martensitic stainless steel grades that has higher C-content. 

6.3.2 Melting temperature 

During PTA cladding of powder A the operator claimed that the powder did not flow very well and 

that a higher current than usual was needed in order to melt the powder. That is why the melting 

temperature of each material included in this comparison was calculated. As seen in table 7 it seems 

that powder A does not have a very high melting point compared to the other materials, in fact 431 L 

has a higher melting point. 

6.3.3 PRE-number calculations 

The pitting resistance equivalent or the PRE-number was calculated for all materials using equation 

(3). The results are displayed in table 7 which shows that 316 HSi has the highest PRE-number which 

was expected. What is more interesting is that powder A has a significantly higher PRE-number than 

431 L. If the results from the hardness measurements are considered along with the PRE-number 

calculations it shows that powder A has significantly higher hardness and PRE-number. This suggests 

that powder A would be more corrosion resistant and is harder than coatings by the martensitic 

stainless steel grade 431 L. 

6.3.4 Salt spray test 

Beside the PRE-number calculations a more comprehensive comparison of the materials corrosion 

resistance was carried out, a salt spray chamber test. Coatings of powder A, 316 HSi and 431 L were 

tested in as clad condition as well as heat treated coatings of powder A. The reason for testing the 

corrosion resistance of a heat treated sample of powder A is since it has been reported that 

tempered martensite is more resistant to corrosion [68]. Corrosion is a diffusion process and it 
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requires energy, if the martensite is heat treated some of the internal lattice stress will be released 

and less energy will be available for the corrosion process. 

Figures 30-33 shows the amount of corroded surface plotted against number of weeks spent in the 

corrosion chamber. The heat treated powder A sample was in the salt spray chamber for 

approximately 6 weeks compared to the other samples that spent about 8 weeks in the salt spray 

chamber. When the heat treated and not heat treated samples of power A is compared it shows that 

the heat treated samples has a slightly higher amount of corrosion on the coating. The 316 HSi 

sample shows approximately the same amount of corrosion on the surface as the powder A samples. 

It should be pointed out that one of the 316 HSi samples was damaged during grinding making it 

useless for testing which is why there are only 5 316 HSi samples plotted in figure 32. The coatings 

made from 431 L shows a different behavior compared to the other samples. The amount of 

corroded surface increases more rapidly compared to the other powders peaking after 4 weeks in 

the chamber. After that the amount of corroded surface declines throughout the rest of the test 

period. The reason for the decline in amount of surface corroded is possibly repassivation. In pitting 

and crevice corrosion a certain potential, the breakdown potential, needs to be reached in order for 

the pit or crevice to propagate and become stable. If this criterion is not met and the potential is 

lower than the repassivation potential the pit will not propagate and the material will repassivate. 

The repassivation potential is defined as the least noble potential where a pit, once formed, will 

repassivate [69].  

Figures 30-33 plots the total amount of corrosion on the surface but does not take into consideration 

were the corrosion attack started. Two different attack mechanisms were observed during this test. 

One was that corrosion started at the substrate or at the interface between the substrate and 

coating. It then propagated over the edge of the sample onto the coated surface where the amount 

of corroded surface was measured in figures 30-33. Compared to the pictures of the samples in 

figures 30-33 the corrosion started at the surfaces perpendicular to the photographed surface. The 

other corrosion mechanism observed was that the corrosion started at the coated surface. Corrosion 

attacks of this kind are much more interesting since the corrosion depends only on the stainless 

coatings resistance to pitting and crevice corrosion. When the corrosion starts at the side and 

propagates over the edge of the sample it is not certain that the actual coating is attacked, in many 

cases the corroded material was easily washed away, leaving the coating unaffected. Also since 

stainless steel is nobler than the carbon steel used as substrate galvanic corrosion will occur in the 

interface between coating and substrate. This probably contributes to the corrosion that propagates 

over the edge of the sample but this says nothing about the corrosion resistance of the coating only 

that there is a potential difference between coating and substrate. 

To better appreciate which of the coatings tested that has the best resistance to pitting and crevice 

corrosion the amount of corroded surface that was not in contact with the edges of sample was 

measured. The result is displayed in figure 34 and it clearly shows that 431 L has the least resistance 

to corrosion in a salt spray test. The curve representing 431 L is very volatile and this probably 

because all contiguous areas connected to the edges of sample was excluded even if they probably 

consisted of several areas that had grown together. When several corroded areas had grown in to 

each other some might have originated at the coated surface and should then have been included. 

The samples with coatings of powder A and 316 HSi show practically no signs of corrosion originating 

at the coated surface. These results indicates that the salt spray test should have continued longer in 
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order to be able to rank the coatings made of powder A, with and without heat treatment, and 316 

HSi. What this result says about powder A is that as clad coatings of powder A performs at the same 

level as coatings made from 316 HSi in an 8 week salt spray test. It also suggests that a heat 

treatment of 384⁰C for 2 hours has no significant effect on the corrosion resistance of a laser clad 

powder A coating according to a 6 week salt spray test. The salt spray test mainly tests pitting and 

crevice corrosion but there are several other kinds of corrosion. As next step it would be interesting 

to test the corrosion resistance of powder A in CO2/H2S environments were supermartensitic grades 

are frequently used. 

6.3.5 Abrasive wear test 

Figure 35 shows the result from the abrasive wear test for powder A and 431 L, unfortunately there 

were no results available for 316 HSi and due to restricted time it was not possible to produce new 

data. As seen in the figure powder A and 431 L shows almost exactly the same volume loss, this was 

unexpected since powder A is significantly harder and they have similar microstructure. To find the 

reason for this difference in abrasive wear resistance the microstructure of 431 L should be more 

investigated and compared to that of powder A in order to see if there is any difference that might 

explain these results. 
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7. Conclusions 

7.1 Cladding characteristics conclusions 
- Laser cladding using the “fast” setting with both high laser power and high travel speed 

offered the widest process window and lowest overspray when powder feed rate was varied 

compared to the other settings. 

- During laser cladding and PTA cladding no cracks were found by liquid penetrant testing for 

any of the samples tested. This shows that powder A is not sensitive to cracks that are 

assessable from the outside of the weld bead. Because of this no preheating is needed. 

- Powder A can successfully be deposited with both laser cladding and PTA cladding. 

- Continuous laser cladding on a cylindrical rod was performed with powder A which further 

proves that powder A is suitable for laser cladding.  

7.2 Conclusions from the microstructure examination 
- The microstructure of powder A when deposited by laser cladding and PTA is martensitic as 

investigated by light optical microscope. Possibly small amounts of ferrite is present in the 

grain boundary areas 

- The hardness varies very little for powder A even when samples tested were produced using 

a wide range of different cladding settings as well as different cladding equipment and 

cladding methods. This suggests that the microstructure is very stable. 

7.3 Conclusions from the comparison to existing stainless steel grades 
- Laser clad coatings of powder A are significantly harder than laser clad coatings of stainless 

steel powders 316 HSi and 431 L. 

- Powder A performs at the same level as coatings made from 316 HSi in an 8 week salt spray 

test. The same test shows that powder A has significantly better corrosion resistance 

compared to 431 L.  

- Heat treatment of 384⁰C for 2 hours has no significant effect on the corrosion resistance of a 

laser clad powder A coating according to a 6 week salt spray test.  

- Laser clad powder A coatings has the same abrasive wear resistance as 431 L coatings. 

 

 

 

 

 

 

 

 

 



53 
 

8. References 
[1] Outokumpu Oyj; Handbook of stainless steel; 2013 

[2] Joseph K.L Lai, Chan Hung Shek, Kin Ho Lo; Stainless Steels: An Introduction and Their Recent 

Developments; Bentham Science Publishers; January 2012 

[3] J.C. Lippold; Introduction to the Selection of Stainless Steels, Welding, Brazing, and Soldering, Vol 

6, ASM Handbook; ASM International; 1993    

[4] Calphad; http://www.calphad.com/iron-chromium.html; 2015-03-04 

[5] K. Ishida; Calculation of the effect of alloying elements on the Ms temperature in steels; Journal of 

Alloys and Compounds 220; pages 126-131; 1995 

[6] G. Krauss; Steels: heat treatment and processing principles; ASM International; 1990 

[7] J.R. Davis; Selection of Wrought Martensitic Stainless Steels, Welding, Brazing, and Soldering, Vol 

6, ASM Handbook, ASM International, 1993 

[8] The Cobalt Development Institute; Cobalt in Metallurgical uses; 

http://www.thecdi.com/cdi/images/documents/facts/COBALT_FACTS-Metallurgical_%20uses.pdf; 

2014-09-15 

[9] AMG Vanadium, Inc; 2009; www.metallurgvanadium.com/cobaltpage.html; 2015-03-04 

[10] R.G. Faulkner, J.A. Williams, E. Gonzalez Sanchez, A.W. Marshall; Influence of Co and W on 

microstructure of 9% Cr steel weld metals; Maney for the Institute of Materials, Minerals and Mining; 

IoM Communications Ltd.; 2003 

[11] Thermo-Calc 4.1; Thermo-Calc Software AB; http://www.thermocalc.com/start/; 2015-03-04  

[12] J.R. Davies, Davies & Associates; ASM Specialty Handbook, Stainless Steels; ASM International; 

1994 

[13] Allegheny Ludlum Corporation, Pittsburgh; Technical data Blue Sheet, Stainless steel types 410, 

420, 425 Mod and 440 A 

[14] G.F. da Silva, S.S.M Tavares, J.M. Pardal, M.R. Silva, H.F.G. de Abreu; Influence of heat treatments 

on toughness and sensitizarion of a Ti-alloyed supermartensitic stainless steel; Journal of Material 

Science; 2011 

[15] Wilhemsen Ship Services; Welding issues: Hydrogen cracking – Cold Cracks (Hydrogen 

embrittlement 

[16] HTP Magazine Volume 8; Obtaining fully martensitic structures using water spray quenching; , 

Issue March 2008    

[17] T.G. Gooch, Welding Martensitic Stainless Steels, The Welding Institute Research Bulletin, Vol 18, 

Dec 1977 

[18] Avesta Welding AB; The Avesta Welding Manual; 2004 

http://www.calphad.com/iron-chromium.html
http://www.thecdi.com/cdi/images/documents/facts/COBALT_FACTS-Metallurgical_%20uses.pdf
http://www.metallurgvanadium.com/cobaltpage.html
http://www.thermocalc.com/start/


54 
 

[19] A. Iversen, B. Leffler; Aqueous Corrosion of Stainless Steel; Elsevier B.V.; 2010 

[20] G.S. Frankel, N. Sridhar; Understanding Localized Corrosion; Materials Today, Volume 11, 

number 10; October 2008 

[21] Forms of Corrosion, Failure Analysis and Prevention, Vol 11, ASM Handbook, ASM International, 

2002, p 761–795 

[22] J.F. Grubb, T. DeBold, J. D. Fritz; Corrosion of Wrought Stainless Steels, Corrosion: Materials; Vol 

13B, ASM Handbook; ASM International; 2005; p 54–77 

[23] Sandvik Materials Technology; http://www.smt.sandvik.com/en/materials-

center/corrosion/wet-corrosion; 2015-03-04 

[24] S.K. Kim, J.S. Yoo, J.M. Priest, M.P. Fewell; Characteristics of martensitic stainless steel nitrided in 

a low-pressure RF plasma; Surface and Coatings Technology 163-164; 2003 

[25] C.T. Kwok, K.H. Lo, F.T. Cheng, H.C. Man; Effect of processing conditions on the corrosion 

performance of laser surface-melted AISI 440C martensitic stainless steel; Surface and Coatings 

Technology 166; 2003 

[26] Outokumpu Oyj; http://steelfinder.outokumpu.com/v3/default.aspx; 2015-01-19 

[27] D. Hart, D. Whale; A review of cavitation-erosion resistant weld surfacing alloys for hydroturbines 

[28] C.J. Heathcook, B.E. Protheroe, A. Ball; Cavitation erosion of stainless steel; Wear, 81; 1982 

[29] A.K. Chauhan; Cavitation erosion resistance of 13/4 and 21-4-N steels; Sãdhanã Vol 38, part 1; 

Indian Academy of Science; February 2013 

[30] J.F. Santa, J.A. Blanco, J.E. Giraldo, A. Toro; Cavitation erosion of martensitic and austenitic 

stainless steel welded coatings; Wear 271; 2011 

[31] A. Turnbull, A. Griffiths; Corrosion and Cracking of weldable 13 Cr Martensitic Stainless Steels – A 

Review; National Physical Laboratory Teddington; May 2002 

[32] M. Mandina, M. Magnasco, L. Moracchiolo, L. Giorgini; Metallurgical and weldability aspects of 

the new-generation martensitic stainless steels: A case study; General Electric 

[33] J.E. Ramirez; Weldability Evaluation of Supermartensitic Stainless Pipe Steels; Welding Journal 

Vol. 86; May 2007 

[34] P. Woollin; Understanding and avoiding intergranular stress corrosion cracking of welded 

supermartensitic stainless steel; TWI Ltd; March 2007 

[35] H. Lange, T. Rogne; Material selection of weldable super martensitic stainless steels for linepipe 

material; SINTEF Materials and Chemistry; August 2004 

[36] P. Woollin, D. Carrouge; Heat affected zone microstructures in supermartensitic stainless steels; 

October 2002 

http://www.smt.sandvik.com/en/materials-center/corrosion/wet-corrosion/galvanic-corrosion/
http://www.smt.sandvik.com/en/materials-center/corrosion/wet-corrosion/galvanic-corrosion/
http://steelfinder.outokumpu.com/v3/default.aspx


55 
 

[37] S. Nowotny, L-M Berger, J Spatzier; Coatings by Laser Cladding; Comprehensive Hard Materials 

Vol. 1; 2014  

[38] J. Tuominen; Engineering Coatings by Laser Cladding – The Study of Wear and Corrosion 

Properties; Tampere University of Technology; 2009 

[39] Höganäs AB, Surface Coating Division Internal Network 

[40] R.Vilar; Laser Cladding; Instituto Superior Técnico; 2003 

[41] A. Zambon, F. Bonollo; Rapid solidification in laser welding of stainless steel; Materials Science 

and Engineering A178; 1994 

[42] M.A. Anjos, R. Vilar, Y.Y. Qin; Laser Cladding of ASTM S31254 stainless steel on plain carbon steel 

substrate; Surface and Coatings Technology 92; 1997 

[43] J. Dutta Majumdar, A. Pinkerton, Z. Liu, I. Manna, L. Li; Mechanical and electrochemical 

properties of multiple-layer diode laser cladding of 316L stainless steel; Applied Surface Science 247; 

2005 

[44] I. Hemmati, V. Ocelík, J. Th. M. De Hosson; Microstructural characterization of AISI 431 

martensitic stainless steel laser-deposited coatings; Journal of Material Science; 2011 

[45] I. Hemmati, V. Ocelík, J. Th. M. De Hosson; The effect of cladding speed on phase constitution 

and properties of AISI 431 stainless steel laser deposited coatings; Surface and Coatings Technology 

205; 2011 

[46] Qian Ming, L.C. Lim, Z.D. Chen; Laser cladding of nickel-based hardfacing alloys; Surface and 

Coatings Technology 106; 1998 

[47] C. van Rooyen, H.P. Burger, P. Kazadi; Microstructure of laser clad martensitic stainless steel; 

National Laser Centre-CSIR 

[48] A. Ray, K.S. Arora, S. Lester, M. Shome; Laser cladding continuous caster lateral rolls: 

Microstructure, wear and corrosion characterization and on-field performance evaluation; Journal of 

Materials Processing Technology 214; 2014 

[49] A. Sanz; New coatings for continuous casting rolls; Surface and Coatings Technology 177-178; 

2004 

[50] Y. Satoh, T. Yamamura, T. Takimoto; Techniques for Long Life Materials Applied to Continuous 

Caster Roll; Kawasaki Steel Technical Report No. 45; November 2001 

[51] C. Navas, A. Conde, B.J. Fernandez, F. Zubiri, J. de Damborenea; Laser coatings to improve wear 

resistance of mould steel; Surface and Coatings Technology 194; 2005 

[52] Kennametal Stellite Group; 

http://www.stellite.com/ProductsServices/HardfacingAlloys/WeldingProcesses/PTAWeldDeposition/t

abid/325/Default.aspx; 2015-01-08 

http://www.stellite.com/ProductsServices/HardfacingAlloys/WeldingProcesses/PTAWeldDeposition/tabid/325/Default.aspx
http://www.stellite.com/ProductsServices/HardfacingAlloys/WeldingProcesses/PTAWeldDeposition/tabid/325/Default.aspx


56 
 

[53] R.C. Tucker, Jr.; Surface Engineering, Thermal Spray Technology; Vol 5A, ASM Handbook; ASM 

International; 2013, p 10–30.  

[54] Yuan-Fu Liu, Zhi-Ying Xia, Jian-Min Han, Gu-Ling Zhang, Si-Ze Yang; Microstructure and wear 

behavior of (Cr, Fe)7C3 reinforced composite coating produced by plasma transferred arc weld-

surfacing process; Surface and Coatings Technology 201; 2006 

[55] A. Gatto, E. Bassoli, M. Fornari; Plasma Transferred Arc deposition of powdered high 

performance alloys: process parameters optimization as a function of alloy and geometrical 

configuration; Surface and Alloy Technology 187; 2005 

[56] J. Wilden, J.P. Bergmann, H. Frank; Plasma Transferred Arc Welding Modeling and Experimental 

Optimization; Journal of Thermal Spray Technology; Vol. 15; December 2006 

[57] E.H. Takano; D. de Queiroz, A.S. Climaco Monterio D’Oliviera; Evaluation of processing 

parameters on PTA hardfacing surfaces; Welding International; Vol. 24, No. 3; March 2010 

[58] A.R Jayachandran J; Investigation on AISI 316 L stainless steel cladding of structural steel by 

plasma transferred arc welding; Faculty of Mechanical Engineering, Anna University Chennai, June 

2011 

[59] Kennametal Stellite Group; 

http://www.stellite.com/ProductsServices/Equipment/PlasmaTransferredArcWeldingPTA/tabid/319/

Default.aspx; 2015-01-19 

[60] G. Tosun; Coating of AISI 1010 Steel by Ni-WC Using Plasma Transferred Arc Process; Arab 

Journal of Science 39; 2014 

[61] A.S.C.M. d’Oliveira, R. Vilar, C.G. Feder; High temperature behaviour of plasma transferred arc 

and laser Co-based alloy coatings; Applied Surface Science 201; 2002 

[62] P. J. E. Monson, W. M. Steen; Comparison of laser hardfacing with conventional processes; 

Surface Engineering; Vol. 6, No. 3; 1990 

[63] B. C. Oberländer, E. Lugscheider; Comparison of properties of coatings produced by laser 

cladding conventional methods; Materials Science and Technology; Vol. 8; August 1992 

[64] International Stainless Steel Forum, ISSF; The salt spray test and its use in ranking stainless 

steels; May 2008 

[65] Ascott Analytical Equipment Limited; http://www.ascott-

analytical.co.uk/standard_corrosion_tests/CorrStdsISO16701_table.htm; 2015-01-14 

[66] Element Materials Technologhy; http://www.element.com/services-index/abrasiontesting 

[67] C-Y. Liu, J. Lin; Thermal processes of a powder particle in coaxial laser cladding; Optics and Laser 

Technologhy 35; 2003 

[68] A. F. Candelária, C. E. Pinedo; Influence of the heat treatment on the corrosion resistance of the 

martensitic stainless steel type AISI 420; Journal of Materials Science Letters 22; 2003  

http://www.stellite.com/ProductsServices/Equipment/PlasmaTransferredArcWeldingPTA/tabid/319/Default.aspx
http://www.stellite.com/ProductsServices/Equipment/PlasmaTransferredArcWeldingPTA/tabid/319/Default.aspx
http://www.ascott-analytical.co.uk/standard_corrosion_tests/CorrStdsISO16701_table.htm
http://www.ascott-analytical.co.uk/standard_corrosion_tests/CorrStdsISO16701_table.htm


57 
 

[69] J.R. Scully, R.G. Kelly; Methods for Determining Aqueous Corrosion Reaction Rates, Corrosion: 
Fundamentals, Testing, and Protection; Vol 13A, ASM Handbook; ASM International; 2003  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Appendix A: Phase constitution of material A from 200-1800⁰C 
Table A1: The first part of table A1. The amount of each phase for material A in the temperature 

range 200-1800⁰C.  

Temperature 
[°C] 

Amount of 
MU_PHASE 

[mol] 

Amount 
of 

M23C6 
[mol] 

Amount 
of 

FCC_A1 
[mol] 

Amount 
of M3P 
[mol] 

Amount 
of 

QUARTZ 
[mol] 

Amount 
of 

P_PHASE 
[mol] 

Amount 
of 

CHI_A12 
[mol] 

Amount 
of 

SIGMA 
[mol] 

Amount 
of 

BCC_A2 
[mol] 

1800                   

1790                   

1780                   

1776,713                   

1776,713                   

1770                   

1760                   

1750                   

1740                   

1740                   

1730                   

1720                   

1710                   

1700                   

1690                   

1680                   

1670                   

1660                   

1650                   

1640                   

1630                   

1620                   

1610                   

1600                   

1590                   

1580                   

1570                   

1560                   

1550                   

1540                   

1530                   

1520                   

1510                   

1500                   

1490                   



 

1480                   

1470                   

1461,14                   

1461,14                 0,00E+00 

1460                 0,05116 

1450                 0,40791 

1443,789     0,00E+00           0,56572 

1443,789                 0,56572 

1440     0,18143           0,53018 

1430     0,48357           0,44498 

1420     0,6027           0,37183 

1410     0,68184           0,30401 

1400     0,75114           0,23938 

1394,061     0,7898           0,20235 

1394,061     0,7898           0,20235 

1393,31     0,798           0,20005 

1393,31     0,798           0,20005 

1390     0,81828           0,17977 

1380     0,87768           0,12036 

1370     0,93426           0,06378 

1360     0,988           0,01004 

1358,072     0,99804             

1358,072     0,99804           3,10E-13 

1358,072     0,99804           0,00E+00 

1350     0,99804             

1340     0,99804             

1330     0,99803             

1320     0,99803             

1312,942     0,99803             

1312,942     0,99803             

1312,692     0,99805             

1312,692     0,99805             

1310     0,99804             

1300     0,99804             

1290     0,99804             

1280     0,99804             

1270     0,99804             

1260     0,99804             

1260     0,99804             

1250     0,99804             

1240     0,99804             

1230     0,99804             

1220     0,99804             

1210     0,99804             

1200     0,99804             



 

1190     0,99804             

1180     0,99804             

1170     0,99804             

1160     0,99804             

1150     0,99804             

1140     0,99804             

1130     0,99804             

1120     0,99804             

1110     0,99804             

1100     0,99804             

1090     0,99803             

1080     0,99803             

1070     0,99803             

1060     0,99803             

1050     0,99803             

1040     0,99803             

1030     0,99803             

1020     0,99803             

1010     0,99803             

1000     0,99803             

990     0,99803             

980     0,99803             

970     0,99803             

960     0,99803             

950     0,99803             

940     0,99803             

930     0,99803             

920     0,99803             

910     0,99803             

900     0,99803             

890     0,99803             

887,3796     0,99803             

887,3796     0,99803             

880     0,9976             

870     0,99706             

869,8875     0,99706             

869,8875     0,99706   0,00E+00         

869,8875     0,99706   0,00162         

869,8875     0,99754   0,00E+00         

860     0,99656   0,00162         

850     0,9961   0,00162         

840     0,99567   0,00162         

830     0,99528   0,00162         

820,5061     0,99494   0,00162         

820,5061     0,99494   0,00162         

820     0,99489   0,00162         



 

810     0,99409   0,00162         

800     0,99338   0,00162         

790     0,99275   0,00162         

780     0,9922   0,00162         

770,8471 0,00E+00   0,99175   0,00162         

770,8471     0,99175   0,00162         

770 0,00016   0,99156   0,00162         

760 0,002   0,98942   0,00162         

750 0,00377   0,98737   0,00162         

740 0,00548   0,98542   0,00162         

730 0,00711   0,98356   0,00162         

725,0952 0,00788   0,98269   0,00162         

725,0952 0,00788   0,98269   0,00162   0,00E+00     

721,1134 0,00821   0,9815 0,00E+00 0,00162   0,00078     

721,1134 0,00821   0,9815   0,00162   0,00078     

720 0,00829   0,98115 9,06E-06 0,00162   0,00101     

715,5669 0,00862   0,97979 0,00004 0,00162   0,00192     

715,5669 0,00862   0,97979 0,00004 0,00162   0,00192   0,00E+00 

713,8389 0,0092   0,95289 0,00007 0,00162       0,02815 

713,8389 0,0092   0,95289 0,00007 0,00162   7,98E-13   0,02815 

710 0,00901   0,89542 0,00012 0,00162       0,0856 

700 0,00896   0,76003 0,00024 0,00162       0,22058 

690 0,00938   0,64378 0,00034 0,00162       0,33607 

680 0,0101   0,54437 0,00042 0,00162       0,43451 

670 0,01102   0,45955 0,00049 0,00162       0,51821 

660 0,01205   0,38738 0,00054 0,00162       0,5892 

650 0,01314   0,32614 0,00058 0,00162       0,64925 

640 0,01425   0,27436 0,00061 0,00162       0,69984 

630 0,01536   0,23075 0,00063 0,00162       0,74228 

626,1577 0,01577   0,21593 0,00064 0,00162       0,75667 

626,1577 0,01577   0,21593 0,00064 0,00162       0,75667 

620 0,01643   0,19135 0,00065 0,00093       0,78045 

611,5054 0,01732   0,16135 0,00067         0,80938 

611,5054 0,01732   0,16135 0,00067 6,10E-12       0,80938 

610 0,01747   0,15713 0,00067         0,81343 

604,6796 0,018   0,14317 0,00067         0,82686 

604,6796 0,018 0,00E+00 0,14317 0,00067         0,82686 

600 0,02127 0,0019 0,13277 0,00068         0,83483 

599,3433 0,02173 0,00217 0,13138 0,00068         0,83587 

599,3433 0,02173 0,00217 0,13138 0,00068         0,83587 

590 0,02259 0,00218 0,11212 0,00069         0,85425 

580 0,02346 0,00218 0,09512 0,00069         0,87037 

570 0,02426 0,00219 0,08127 0,0007         0,88341 

560 0,02501 0,0022 0,07005 0,0007         0,89388 

550 0,02569 0,0022 0,06102 0,00071         0,90223 

540 0,02632 0,00221 0,05378 0,00071         0,90883 



 

530 0,02689 0,00221 0,04804 0,00071         0,914 

520 0,02742 0,00222 0,0435 0,00071         0,91801 

517,4716 0,02754 0,00222 0,04252 0,00071       0,00E+00 0,91887 

517,4716 0,02754 0,00222 0,04252 0,00071         0,91887 

510 0,02785 0,00222 0,04075 0,00071       0,00753 0,9128 

500 0,02822 0,00222 0,03894 0,00072       0,01722 0,90454 

500 0,02822 0,00222 0,03894 0,00072       0,01722 0,90454 

490 0,02856 0,00222 0,03765 0,00072       0,0265 0,89622 

480 0,02886 0,00222 0,03677 0,00072       0,03538 0,88792 

470 0,02913 0,00223 0,03623 0,00072       0,0439 0,87967 

460 0,02938 0,00223 0,03595 0,00072       0,05207 0,87153 

450 0,0296 0,00223 0,03591 0,00072       0,0599 0,86353 

440 0,0298 0,00223 0,03605 0,00072       0,06742 0,85567 

430 0,02998 0,00223 0,03635 0,00072       0,07464 0,84797 

420 0,03015 0,00223 0,03678 0,00072       0,08158 0,84043 

420 0,03015 0,00223 0,03678 0,00072       0,08158 0,84043 

410 0,0303 0,00223 0,03734 0,00072       0,08824 0,83307 

403,6386 0,03039 0,00224 0,03775 0,00072       0,09233 0,82847 

403,6386 0,03039 0,00224 0,03775 0,00072       0,09233 0,82847 

400 0,03038 0,00224 0,03761 0,00072       0,0785 0,83365 

390 0,03036 0,00224 0,03702 0,00072       0,04202 0,84752 

380 0,03036 0,00224 0,03624 0,00072       0,00704 0,86115 

377,9515 0,03037 0,00224 0,03606 0,00072         0,86393 

377,9515 0,03037 0,00224 0,03606 0,00072       0,00E+00 0,86393 

370 0,03043 0,00224 0,03702 0,00072         0,85855 

361,9835 0,0305 0,00224 0,03804 0,00072         0,85329 

361,9835 0,0305 0,00224 0,03804 0,00072         0,85329 

361,742 0,02711 0,00E+00 0,03804 0,00072         0,85396 

361,742 0,02711   0,03804 0,00072         0,85396 

360 0,02712   0,03827 0,00072         0,85284 

350 0,02719   0,03962 0,00072         0,84655 

340 0,02727   0,04102 0,00072         0,84052 

335,946 0,0273   0,04159 0,00072         0,83815 

335,946 0,0273   0,04159 0,00072 8,86E-11       0,83815 

330 0,02734   0,04289 0,00072 0,00049       0,83422 

328,6586 0,02735   0,04317 0,00072 0,0006       0,83336 

328,6586 0,02735   0,04317 0,00072 0,0006 5,90E-10     0,83336 

326,7236 0,02495   0,03967 0,00072 0,00E+00 0,00489     0,83517 

326,7236 0,02495   0,03967 0,00072   0,00489     0,83517 

320 0,02119   0,0355 0,00072   0,01268     0,83506 

310 0,01614   0,03005 0,00072   0,02319     0,83457 

300 0,01167   0,02529 0,00072   0,03261     0,83385 

290 0,00767   0,0211 0,00072   0,04111     0,83301 

280 0,00407   0,01735 0,00072   0,04882     0,8321 

270 0,00082   0,01398 0,00072   0,05583     0,83119 

267,3178     0,01313 0,00072   0,05761     0,83094 



 

 

Table A1: The second part of table A1. The amount of each phase for SP604 in the temperature range 

200-1800ᵒC. 

Temperatur
e [°C] 

Amount 
of MNS 
[mol] 

Amount 
of 

TRIDYMIT
E [mol] 

Amount 
of 

LIQUID 
[mol] 

Amount of 
MN2O2_SI
O2 [mol] 

Amount 
of 

HCP_A3#
2 [mol] 

Amount 
of M6C 
[mol] 

Amount 
of 

LIQUID#
2 [mol] 

Amount 
of 

BCC_A2#
2 [mol] 

1800             1   

1790             1   

1780             1   

1776,713             1   

1776,713     
0,00E+0

0 
      1   

1770     0,00007       0,99993   

1760     0,00017       0,99983   

1750     0,00027       0,99973   

1740     0,00036       0,99964   

1740     0,00036       0,99964   

1730     0,00044       0,99956   

1720     0,00052       0,99948   

1710     0,0006       0,9994   

1700     0,00067       0,99933   

1690     0,00074       0,99926   

1680     0,0008       0,9992   

1670     0,00086       0,99914   

1660     0,00092       0,99908   

1650     0,00097       0,99903   

1640     0,00102       0,99898   

267,3178 0,00E+00   0,01313 0,00072   0,05761     0,83094 

260     0,0133 0,00072   0,05801     0,82888 

250     0,01358 0,00072   0,05849     0,82621 

240     0,01393 0,00072   0,05889     0,82368 

230     0,01436 0,00072   0,05923     0,82126 

220     0,01487 0,00072   0,0595     0,81889 

218     0,01499 0,00072   0,05955     0,8184 

216     0,01513 0,00072   0,05958     0,81789 

214     0,01868 0,00072   0,05882     0,8125 

212     0,01889 0,00072   0,05886     0,81199 

210     0,0191 0,00072   0,05889     0,81148 

208     0,0193 0,00072   0,05892     0,81099 

206     0,0195 0,00072   0,05895     0,81051 

204     0,01969 0,00072   0,05898     0,81004 

202     0,01988 0,00072   0,05901     0,80958 

200     0,02007 0,00072   0,05904     0,80913 



 

1630     0,00106       0,99894   

1620     0,00111       0,99889   

1610     0,00115       0,99885   

1600     0,00118       0,99882   

1590     0,00122       0,99878   

1580     0,00125       0,99875   

1570     0,00128       0,99872   

1560     0,00131       0,99869   

1550     0,00133       0,99867   

1540     0,00136       0,99864   

1530     0,00138       0,99862   

1520     0,0014       0,9986   

1510     0,00142       0,99858   

1500     0,00144       0,99856   

1490     0,00146       0,99854   

1480     0,00147       0,99853   

1470     0,00149       0,99851   

1461,14     0,0015       0,9985   

1461,14     0,0015       0,9985   

1460     0,00151       0,94734   

1450     0,00157       0,59052   

1443,789     0,00159       0,43269   

1443,789     0,00159       0,43269   

1440     0,00161       0,28679   

1430     0,00164       0,06982   

1420     0,00166       0,02381   

1410     0,00168       0,01247   

1400     0,0017       0,00779   

1394,061     0,00172       0,00614   

1394,061 
0,00E+0

0 
  0,00172       0,00614   

1393,31 0,00023   0,00172           

1393,31 0,00023   0,00172       
5,33E-

14 
  

1390 0,00024   0,00172           

1380 0,00025   0,00171           

1370 0,00025   0,00171           

1360 0,00026   0,0017           

1358,072 0,00026   0,0017           

1358,072 0,00026   0,0017           

1358,072 0,00026   0,0017           

1350 0,00027   0,0017           

1340 0,00027   0,00169           

1330 0,00028   0,00169           

1320 0,00028   0,00168           

1312,942 0,00029 0,00E+00 0,00168           

1312,942 0,00029   0,00168           



 

1312,692 0,00034 0,00162             

1312,692 0,00034 0,00162 
3,74E-

13 
          

1310 0,00034 0,00162             

1300 0,00034 0,00162             

1290 0,00034 0,00162             

1280 0,00034 0,00162             

1270 0,00034 0,00162             

1260 0,00034 0,00162             

1260 0,00034 0,00162             

1250 0,00034 0,00162             

1240 0,00034 0,00162             

1230 0,00034 0,00162             

1220 0,00034 0,00162             

1210 0,00034 0,00162             

1200 0,00034 0,00162             

1190 0,00035 0,00162             

1180 0,00035 0,00162             

1170 0,00035 0,00162             

1160 0,00035 0,00162             

1150 0,00035 0,00162             

1140 0,00035 0,00162             

1130 0,00035 0,00162             

1120 0,00035 0,00162             

1110 0,00035 0,00162             

1100 0,00035 0,00162             

1090 0,00035 0,00162             

1080 0,00035 0,00162             

1070 0,00035 0,00162             

1060 0,00035 0,00162             

1050 0,00035 0,00162             

1040 0,00035 0,00162             

1030 0,00035 0,00162             

1020 0,00035 0,00162             

1010 0,00035 0,00162             

1000 0,00035 0,00162             

990 0,00035 0,00162             

980 0,00035 0,00162             

970 0,00035 0,00162             

960 0,00035 0,00162             

950 0,00035 0,00162             

940 0,00035 0,00162             

930 0,00035 0,00162             

920 0,00035 0,00162             

910 0,00035 0,00162             

900 0,00035 0,00162             



 

890 0,00035 0,00162             

887,3796 0,00035 0,00162     0,00E+00       

887,3796 0,00035 0,00162             

880 0,00035 0,00162     0,00043       

870 0,00035 0,00162     0,00097       

869,8875 0,00035 0,00162     0,00098       

869,8875 0,00035 0,00162     0,00098       

869,8875 0,00035       0,00098       

869,8875 0,00035 3,70543     0,00098       

860 0,00035       0,00147       

850 0,00035       0,00194       

840 0,00035       0,00236       

830 0,00035       0,00275       

820,5061 0,00035       0,0031       

820,5061 0,00035       0,0031 
0,00E+0

0 
    

820 0,00035       0,00311 0,00003     

810 0,00035       0,00341 0,00053     

800 0,00035       0,00368 0,00098     

790 0,00035       0,00392 0,00136     

780 0,00035       0,00414 0,0017     

770,8471 0,00035       0,00433 0,00196     

770,8471 0,00035       0,00433 0,00196     

770 0,00035       0,00434 0,00197     

760 0,00035       0,00453 0,00209     

750 0,00035       0,00469 0,0022     

740 0,00035       0,00484 0,0023     

730 0,00035       0,00497 0,00239     

725,0952 0,00035       0,00503 0,00244     

725,0952 0,00035       0,00503 0,00244     

721,1134 0,00035       0,00508 0,00247     

721,1134 0,00035       0,00508 0,00247     

720 0,00035       0,00509 0,00248     

715,5669 0,00035       0,00514 0,00252     

715,5669 0,00035       0,00514 0,00252     

713,8389 0,00035       0,00518 0,00255     

713,8389 0,00035       0,00518 0,00255     

710 0,00035       0,00527 0,00261     

700 0,00035       0,00547 0,00275     

690 0,00035       0,00561 0,00285     

680 0,00035       0,00571 0,00293     

670 0,00035       0,00578 0,00298     

660 0,00035       0,00584 0,00303     

650 0,00035       0,00587 0,00306     

640 0,00035       0,0059 0,00308     

630 0,00035       0,00591 0,0031     



 

626,1577 0,00035       0,00592 0,00311     

626,1577 0,00035     0,00E+00 0,00592 0,00311     

620 0,00035     0,00081 0,00592 0,00312     

611,5054 0,00035     0,00189 0,00593 0,00313     

611,5054 0,00035     0,00189 0,00593 0,00313     

610 0,00035     0,00189 0,00593 0,00313     

604,6796 0,00035     0,00189 0,00593 0,00313     

604,6796 0,00035     0,00189 0,00593 0,00313     

600 0,00035     0,00189 0,00593 0,00038     

599,3433 0,00035     0,00189 0,00593       

599,3433 0,00035     0,00189 0,00593 
0,00E+0

0 
    

590 0,00035     0,00189 0,00593       

580 0,00035     0,00189 0,00593       

570 0,00035     0,00189 0,00593       

560 0,00035     0,00189 0,00592       

550 0,00035     0,00189 0,00592       

540 0,00035     0,00189 0,00592       

530 0,00035     0,00189 0,00591       

520 0,00035     0,00189 0,00591       

517,4716 0,00035     0,00189 0,00591       

517,4716 0,00035     0,00189 0,00591       

510 0,00035     0,00189 0,0059       

500 0,00035     0,00189 0,0059       

500 0,00035     0,00189 0,0059       

490 0,00035     0,00189 0,0059       

480 0,00035     0,00189 0,00589       

470 0,00035     0,00189 0,00589       

460 0,00035     0,00189 0,00589       

450 0,00035     0,00189 0,00588       

440 0,00035     0,00189 0,00588       

430 0,00035     0,00189 0,00588       

420 0,00035     0,00189 0,00587       

420 0,00035     0,00189 0,00587       

410 0,00035     0,00189 0,00587       

403,6386 0,00035     0,00189 0,00587       

403,6386 0,00035     0,00189 0,00587     1,22E-10 

400 0,00035     0,00189 0,00587     0,00882 

390 0,00035     0,00189 0,00587     0,03202 

380 0,00035     0,00189 0,00586     0,05415 

377,9515 0,00035     0,00189 0,00586     0,0586 

377,9515 0,00035     0,00189 0,00586     0,0586 

370 0,00035     0,00189 0,00586     0,06295 

361,9835 0,00035     0,00189 0,00586     0,06713 

361,9835 0,00035     0,00189 0,00586 
0,00E+0

0 
  0,06713 

361,742 0,00035     0,00189 0,00586 0,00324   0,06884 



 

361,742 0,00035     0,00189 0,00586 0,00324   0,06884 

360 0,00035     0,00189 0,00586 0,00324   0,06972 

350 0,00035     0,00189 0,00586 0,00324   0,07458 

340 0,00035     0,00189 0,00585 0,00324   0,07914 

335,946 0,00035     0,00189 0,00585 0,00324   0,08091 

335,946 0,00035     0,00189 0,00585 0,00324   0,08091 

330 0,00035     0,00132 0,00585 0,00324   0,08358 

328,6586 0,00035     0,00119 0,00585 0,00324   0,08417 

328,6586 0,00035     0,00119 0,00585 0,00324   0,08417 

326,7236 0,00035     0,00189 0,00585 0,00324   0,08326 

326,7236 0,00035     0,00189 0,00585 0,00324   0,08326 

320 0,00035     0,00189 0,00585 0,00324   0,08352 

310 0,00035     0,00189 0,00585 0,00324   0,084 

300 0,00035     0,00189 0,00585 0,00324   0,08452 

290 0,00035     0,00189 0,00585 0,00324   0,08507 

280 0,00035     0,00189 0,00585 0,00324   0,08561 

270 0,00035     0,00189 0,00585 0,00324   0,08614 

267,3178 0,00035     0,00189 0,00585 0,00324   0,08628 

267,3178 0,00035     0,00189 0,00585 0,00324   0,08628 

260 0,00035     0,00189 0,00585 0,00324   0,08777 

250 0,00035     0,00189 0,00585 0,00324   0,08968 

240 0,00035     0,00189 0,00584 0,00324   0,09145 

230 0,00035     0,00189 0,00584 0,00324   0,09311 

220 0,00035     0,00189 0,00584 0,00324   0,0947 

218 0,00035     0,00189 0,00584 0,00324   0,09502 

216 0,00035     0,00189 0,00584 0,00324   0,09535 

214 0,00035     0,00189 0,00584 0,00324   0,09796 

212 0,00035     0,00189 0,00584 0,00324   0,09823 

210 0,00035     0,00189 0,00584 0,00324   0,09849 

208 0,00035     0,00189 0,00584 0,00324   0,09874 

206 0,00035     0,00189 0,00584 0,00324   0,09899 

204 0,00035     0,00189 0,00584 0,00324   0,09924 

202 0,00035     0,00189 0,00584 0,00324   0,09948 

200 0,00035     0,00189 0,00584 0,00324   0,09971 

 

 

 

 


