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Abstract 

This thesis work is focused on the influence of process parameters during gas 

atomization on the thermal spraying properties of a Ni-Cr-B-Si hardfacing alloy. The 

metal powder alloy, known as 1-60-20, is produced by Höganäs AB. There have 

been problems with insufficient fusing during flame spraying of this particular alloy 

sometimes, even though the chemical composition is always within spec. This has 

lead to a theory that the difference in performance is caused by differences in 

parameters during gas atomization.  

Several gas-gas and gas-water atomizations with varying parameters were 

performed at the Höganäs Pilot Centre. The powder samples were then analyzed by 

sieving, scanning electron microscopy, x-ray diffraction and finally tested by powder 

welding.  

The results show that by increasing the cooling rate during gas atomization the 

formation of unstable Ni-borides is possible for this alloy.  

If these Ni-borides will enhance the fusing properties of the alloy is unknown. 

According to the literature studied, it should however improve the fusing properties. 

  

Sammanfattning 

Det här examensarbetet undersöker hur olika processparametrar under 

gasatomiseringen av nickelbaserade hardfacing-legeringar påverkar metallpulvrets 

egenskaper vid flamsprejning. Legeringen, 1-60-20, tillverkas av Höganäs AB och 

har ibland haft problem att sintra ordentligt vid flamsprejning. Då den kemiska 

sammansättningen alltid varit inom det specificerade men gett olika resultat har det 

uppkommit en teori att olikheter i processparametrarna under gasatomisering är 

orsaken till problemen.  

Ett flertal metallpulver av 1-60-20-kvalitet tillverkades med gas-gas- samt gas-vatten-

atomisering vid pilotcentret hos Höganäs AB. Dessa analyserades sedan genom 

siktanalys, svepelektronmikroskopi, röntgendiffraktion för att sedan testas med 

sprutsvetsning.  

Resultaten visar på att det är möjligt att bilda metastabila nickelborider genom att 

höja kylhastigheten under gasatomiseringsprocessen.   

Det är okänt om dessa nickelborider kan påverka sintringsprocessen positivt för 

denna legering, men litteraturen pekar på att det är möjligt.  
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1. Introduction 
This work was done as part of project at Höganäs AB investigating a cracking 

problem for a nickel-based hardfacing alloy manufactured by Höganäs AB. When 

some of the powder batches were flame sprayed several cracks could be observed in 

the coating, while a majority of batches produced a good coating without cracks, see 

fig. 1. This could be caused by insufficient fusing of the metal powder during the 

flame spraying process. There are no significant differences in chemical composition 

for these powders, thus it was believed that the problem originated from differences 

in process parameters during the gas atomization process. 

 

Figure 1: An example of Ni-based hardfacing alloy coatings where fusing has failed (left part of the axis), with 
cracks and a rough surface, and a good coating with successful fusing (right part of the axis), with an even 
and smooth surface. 

 

From information in the article “The Influence of Atomization Process and 

Atomization Parameters on Metallic Powders and on Coating Properties” [1], it was 

concluded that the cooling rate during atomization could have an indirect influence on 

the fusing properties. Ni-Cr-B-Si hardfacing alloys use the self-fluxing properties of 

the Ni-borides present in the alloy to fuse and bind to the surface being coated. By 

altering the cooling rate, different types of Ni-borides, with different fusing properties, 

will form in the powder.  
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The possibility of differences in cooling rate during the atomization process is quite 

high since the tapping temperature when atomizing may vary to a certain extent for 

different batches.  By analyzing and comparing samples with high and low cooling 

rates it could be suggested which type is preferable. Further research could be based 

on those results, and hopefully the amount of failed hardfacing coatings could be 

decreased.  

 

1.2 Purpose 

The purpose of this project is to investigate if the cracking tendency of the 1-60-20 

alloy is related to the cooling rate during atomization. This will be done by calculating 

phase diagrams and simulating solidification for a number of compositions in 

Thermo-Calc, then producing powder samples in test scale with both gas-gas and 

gas-water atomization. These powder samples will be then be analyzed mainly to find 

differences in present phases, and then tested as coating materials. From this 

conclusions can be drawn whether the cooling rate during gas atomization is an 

important factor for the properties of the final coating or not.       

 

1.3 Delimitations 

Some aspects could not be covered in this project. The powder samples analyzed 

were mainly from the Höganäs Pilot Centre, thus they can only represent the full 

scale production in Belgium to a certain extent. The gas atomization unit in the Pilot 

Centre is not efficient in the means of gas usage per produced powder. The melts 

atomized are only 6-12 kg, but since a high gas pressure is needed to be able to 

atomize the liquid metal the amount of gas used per kg of metal is very high. This 

makes it very difficult to model and optimize the gas flow and apply any results to the 

full scale production, therefore it was not done.  

When working with the Ni-Cr-B-Si-C-system it is very difficult to use models for 

particle size and particle size distributions such as Lubanska [2], since values for 

viscosities are needed. Si and B affect the viscosity quite a lot, and there is no data 

for these values available.  
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Comparing the cooling rates during atomization is slightly covered, giving relative 

differences between the samples. But it is not modelled exactly and no values of 

[temperature/time] are obtained.  

There are several different types of Ni-based hardfacing alloys available, but this 

project is focused only on the 1-60-20 alloy. 
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2. Coating with Ni-based hardfacing alloys 

2.1 Hardfacing 

Hardfacing is when a material with superior hardness, wear-resistance and/or 

corrosion resistance is applied as a coating to the surface of a component by some 

kind of thermal spraying or welding process. The main purpose of the process is to 

reduce the amount of wear of these components. The hardfacing alloy can be 

applied either to an original component or used to repair a worn down component, 

thus increasing their service life and possibly their performance. This is especially 

important for the manufacturing industry. Since low performing components in their 

machines could increase the amount of work needed to get a product into a 

functional state. In some cases where products are manufactured with very high 

demands on precision it might even be impossible to produce them with components 

affected by wear. This will lead to downtimes in production for replacing those 

components. Having an inefficient production and downtimes is not economically 

favorable, and therefore it is preferable to protect the components from wear.  

The hardfacing alloys have these superior mechanical properties due to the rather 

large amount of hard constituents in the alloys as well as the hardness of the matrix. 

These hard constituents are often precipitates of borides or carbides, but can also be 

hard phases such as martensitic phases. Corrosion resistance is often obtained by 

adding chromium to the alloy, which will mainly form chromium carbides and borides 

that also contribute to the hardness of the material. Both nickel and cobalt are 

common base materials for hardfacing alloys, as well as carbides such as tungsten 

carbide. The hardfacing materials are often used in the form of powder, wire or rods. 

[3], [4], [5] 

2.2 Thermal Spraying 

Thermal spraying is a collection of different techniques that basically performs the 

same process. A material is heated until it is melted, or at least softened, and then 

accelerated onto a surface where it solidifies and form a coating. The spraying 

techniques can be divided into three categories: combustion, plasma and wire arc 

spraying. The focus will be on combustion spraying, also known as flame spraying, 

since it will be the thermal spraying technique used in this project.  
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The flame spraying process uses chemical energy by burning fuels mixed with 

oxidizing agents to heat up particles of the coating alloy. The particles are 

simultaneously accelerated into gas jets, creating a spray of melted or partially 

melted particles. Flame spraying can further be divided into two categories: regular 

flame spraying with low pressure and HVOF (high velocity oxygen fuel) spraying. The 

difference is that low pressure flame spraying burns external to the spray gun in the 

surrounding air, while HVOF spraying uses an internal combustion with higher 

pressure and gas flow rates where the particles are injected internally. Thus the 

particles achieve a much higher velocity in HVOF spraying than in regular flame 

spraying, resulting in a denser coating with a higher bonding strength.  

It is preferable if the material used for coating a surface has a rather low melting 

temperature, since it has to be at least partially melted by the flame during the 

spraying process. Therefore it makes the process easier if a material with a low 

melting temperature is used. [6], [7] 

2.3 Nickel-based Hardfacing Alloys 

Nickel-based hardfacing alloys are commonly used in the glass industry and other 

manufacturing industries. The alloys are mainly manufactured by an atomizing 

process, since it is a very cost-effective process to create large quantities of metal 

powder. The alloys can be either gas- or water-atomized. Depending on what type of 

thermal spraying technique is used the particle size range requirements of the 

powders varies. For conventional flame spraying, the particle size interval is around 

45-125 μm. It is also important that the powder particles have a spherical shape. 

Spherical particles have a better flow rate than irregular particles, which is important 

for the spraying process to be as efficient as possible.  They are very often based on 

a combination of Ni, Si, B, C and Cr. This since Ni and B form a eutectic of NiB-Ni3B 

at 1092 ˚C, see Ni-B phase diagram in fig. 2. NiB and Ni3B are the most common Ni-

borides in Nickel-based hardfacing alloys. However, other more unstable borides 

such as Ni4B3 or Ni3B4 could be present if a high enough cooling rate was achieved 

during atomization.  
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Ni and Si also form an eutectic, with a melting temperature around 1140 ˚C as seen 

in the Ni-Si phase diagram in fig. 3.  These melting temperatures are quite low, and 

when combined in a single system the melting temperature can be below 1000 ˚C, 

see fig. 4, 5, ideal for thermal spraying. Another advantage with this low melting 

temperature is that there is no risk of melting the surface material being coated. 

 

Figure 2: Ni-B binary phase diagram from Thermo-Calc. NiB-Ni3B eutectic at 1090 °C. 
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Figure 3: Ni-Si binary phase diagram from Thermo-Calc. Eutectic at 1140 °C. 
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Figure 4: Ni-Si binary phase diagram with 4 wt% B from Thermo-Calc. Low temperature eutectic, below 1000 
°C. 

Hardfacing alloys based on the Ni-Si-B-system usually contain 0.5-5 wt% B, 0.1-6 

wt% Si and an addition of up to 3 wt% C. It is also common to add Cr to the alloy; the 

amount varies from about 5 wt% to 25 wt% depending on what properties are sought. 

Cr forms chromium carbides and borides such as Cr3C2 and CrB which gives the 

hardfacing even better wear resistance. More Cr gives a higher amount of hard 

phases, resulting in a harder and more wear resistant coating. Some chromium will 

also dissolve into the matrix phase, making the coating more corrosion resistant. [3], 

[4], [5], [7], [8], [9]  
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The self-fluxing properties of Ni-Si-B containing alloys are also a major reason why 

these kinds of alloys are used. When the alloy is sprayed on a surface it is important 

that the powder is able to bind to that surface. Si and B form borosilicates, which 

improve the wetting properties, when the coating material comes into contact with the 

surface. During the fusing process the borosilicates act as a flux and protect the 

smelted metal from oxidation. This is possible due to the strong reducing properties 

the borosilicates have at high temperatures, thus the metal reacts with the 

borosilicates instead of forming metal oxides. Metal oxides already present on the 

surface are reduced. The self-fluxing reaction velocity is dependent on the type of Ni-

borides that are present in the hardfacing alloy. Compared to the stable NiB, the 

reaction velocity of the unstable Ni-borides Ni4B3 and Ni3B4 are estimated to be more 

than twice as fast. This higher self-fluxing reaction velocity enhances the wetting 

properties during fusing. [4], [10] 

 

Figure 5: Ni-B-Si ternary phase diagram from Thermo-Calc at 1000 °C. Some liquid phase at certain 
compositions. 
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2.4 Gas Atomization 

The most common process to manufacture large quantities of Ni-based powder for 

hardfacing is gas atomization. Basically a stream of liquid metal is hit by gas jets with 

high velocity, thus breaking the stream with kinetic energy that is transferred to the 

metal and scattering the droplets. The droplets then solidify rapidly, becoming 

powder particles with a particle size usually below 150 μm. These are then gathered 

at the bottom of the atomization tank, fig 6. The process takes place inside an 

atomization tank which is filled with inert gas (Gas-Gas), or partially filled with water 

(Gas-Water).  

 

Figure 6: Schematic illustration of the gas atomization process. [11] 

Compared to water atomization, gas atomization often yields more spherical 

particles. However, when producing finer powders by gas atomization it can be 

observed that smaller particles have attached themselves to the larger particles 

during the atomization process, see fig. 7.  
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These smaller particles are called “satellites” and can affect the flow properties of the 

metal powder. [12] 

 

Figure 7: Satellites, the smaller particles sticking to the larger ones, seen in a SEM image of a 1-60-20 alloy 
powder sample. 

By being able to partially fill an atomization tank with water it is possible to achieve 

different results when atomizing an alloy. Without water the cooling rate of the 

powder particles is lower and the oxygen content in the powder is low. When using 

water cooling a higher cooling rate can be achieved, but the powder will have slightly 

higher oxygen content.  

An important parameter when controlling particle size during gas-atomization is the 

gas-to-metal ratio. The median particle size is inversely related to the square root of 

this ratio (eq. 1), meaning a higher gas glow rate for a certain metal flow rate will 

result in finer powder particles.  

    
 

    
           (eq. 1) 
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For this equation, dm is the median particle diameter, G is gas flow rate and M is 

metal flow rate. G/M can be measured in [kg/kg] or volume of gas per metal mass 

[m3/kg]. “k” is a constant for the specific process and metal used, if measuring dm in 

microns [μm], k would be the median particle size obtained by using 1 m3 of gas per 1 

kg of metal. [12]  

Other parameters to consider during gas atomization are cooling rate, which is 

depending on tapping temperature, atomization pressure, free fall distance, metal 

flow rate and temperature in the atomization tank. The metal flow rate is depending 

on the size of the tundish nozzle, the liquid metal level in the tundish and the 

pressure in the atomization tank. [2] 
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3. Experimental method 
The plan for this project was to begin by simulating the 1-60-20 composition, see 

table 1, followed by producing powder samples by gas atomizations which were to be 

analyzed, tested and compared to a reference powder sample. 

3.1 Thermo-Calc simulations 

Thermo-Calc [13] version 3.1 was used to obtain phase diagrams and to simulate 

solidification of the Ni-Cr-B-Si-system with a composition matching the 1-60-20 alloy, 

see table 1.  Since it is a Ni-based alloy the Thermo-Calc Software TTNI8 Ni-based  

Superalloy database version 8 [14] was chosen since it contains data for 

compositions with a high Ni content.  

Table 1: Chemical composition of the 1-60-20 Ni-based hardfacing alloy (spec). 

Element Ni Cr Fe Si B C 

wt% Bal 17 4.2 4.3 3.3 0.9 

 

To be able to simulate some different compositions, mainly varying Si and B content, 

the acceptable composition interval of the 1-60-20 alloy had to be consulted, table 2. 

Table 2: Acceptable chemical composition interval of 1-60-20 Ni-based hardfacing alloy. 

Element Ni Cr Fe Si B C 

wt% Bal 16 - 18 3 - 5 3.9 - 4.9 3.2 - 3.5 0.8 - 1 

 

Si and B were altered since these two alloying elements strongly affect the 

solidification interval and the amount of Ni-borides formed during solidification. To get 

an overview of how each element affects the system the boundary values were 

simulated for one component at a time. The binary phase diagrams were calculated 

first to find the melting temperatures of the alloys and the range of the solidification 

interval.  

These are the Si and B values that were used for the calculations, table 3. All other 

values were kept as the 1-60-20 spec. The temperature was set to 1000 ˚C and the 

pressure to 1 x 105 Pascal.  
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Table 3: Contents of Si and B in Thermo-Calc calculations. 

Calculation  Si (wt%) B (wt%) 

1 Varied 3.3 

2 4.3 Varied 

3 4.9 Varied 

4 3.9 Varied 

 

To simulate the solidification of these compositions the Scheil solidification simulation 

feature in Thermo-Calc was used. This was done to see which phases that could be 

expected in the solidified powder. Various compositions within the 1-60-20 spec, 

table 3, were used for these simulations. The starting temperature was set to 1450 ˚C 

and C as a fast diffuser.  

With the results from Thermo-Calc a series of charges to be produced at the gas 

atomization unit in the Pilot Centre could be planned.  

 

3.2 Gas Atomizations 

The majority of the samples tested throughout the project were manufactured by gas 

atomization at Höganäs Pilot Centre in Höganäs, Sweden. The gas atomization unit 

itself is rather small and melts vary between 6 kg to 12 kg in size. It utilizes two gas 

nozzles with nitrogen gas as the atomizing medium. The tundish nozzle has a 

diameter of 7 mm and the metal is melted with an induction furnace.  

Two types of gas atomizations were performed, gas cooling, gas-gas (GG), and 

water cooling, gas-water (GW). For the gas-gas atomizations the tank was filled with 

nitrogen gas which acts as an inert cooling medium. For gas-water atomizations the 

free fall distance from the tundish nozzle to the water surface was 3,6 m.  

In total six powders, three gas-gas and three gas-water, were produced in the Pilot 

Centre. Their aimed parameters are seen in table 4. The aimed sized per batch was 

6kg. 
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Table 4: Powder samples made by gas-gas and gas-water atomization at the Pilot Centre. Values in wt%. 

Powder Type Taptemp (˚C) Ni Cr Si Fe B C 

G519 GG 1450 Bal 17 3.9 4.2 3.5 0.9 

G520 GG 1450 Bal 17 4.9 4.2 3.2 0.9 

G521 GG 1450 Bal 17 4.3 4.2 3.3 0.9 

G522 GW 1450 Bal 17 4.3 4.2 3.3 0.9 

G536 GW 1600 Bal 17 3.9 4.2 3.5 0.9 

G592 GW 1650 Bal 17 4.3 4.2 3.3 0.9 

  

By performing gas-gas atomizations powders with a low cooling rate could be 

obtained. These were supposed to contain Ni3B and no unstable Ni-borides and 

therefore act mainly as a comparison to the gas-water atomized powders during the 

analysis. By increasing the tapping temperature for G536 and G592 a higher cooling 

rate was achieved. This increased cooling rate will result in an increased amount of 

unstable Ni-borides, thus making it easier to find these phases during later analysis.  

By adjusting the Si/B-ratio in the powders the amount of formed Ni-borides is 

affected. Some powder compositions, G519 and G536, were designed with this in 

mind; the goal was to create a lot of Ni-borides, making it easier to detect them 

during the analysis. The influence of the cooling rate was also of interest, thus aiming 

for a high cooling rate for G536 and a low for G519. 

For G519 a reversed approach was used. To be able to test if the Si/B really affected 

the amount of Ni-borides significantly a high content of Si and a low content of B was 

used.  

G521, G522 and G592 all have the exact same aimed composition as the 1-60-20 

alloy. These were produced with different cooling rates, from low to high, and with 

both types of atomization. The reason for this is to see how the cooling rate can 

affect not only the phases formed, but also the performance of the powders when 

used as a coating. The difference in oxygen content of gas-gas compared to gas-

water was also a factor that might affect the results, thus both atomization types were 

performed. 

Since the cooling rate can be heavily affected by the time of the atomization process 

each atomization was timed. The atomization time should be roughly the same for 
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every melt, so if there are any large fluctuations it is most likely the result of some 

sort of clogging problem. Knowing the time is therefore very important, since it could 

give an explanation to why no unstable Ni-borides could be found in certain samples. 

The gas-gas atomized powders were cooled in the atomization tank in an inert 

atmosphere of nitrogen gas. For the gas-water atomized powders however, the 

particles are wet when removed from the atomization tank. They were therefore put 

in a small furnace to dry.  

 

3.3 Chemical Analysis 

After atomization a sample was taken from each powder and sent for chemical 

analysis, this is regular procedure to control that the produced powder has a similar 

composition to the aimed one. If it does not, a new atomization has to be done. Since 

the 1-60-20 alloy is quite complex the amounts of all alloying elements need to match 

the aimed composition rather well. As such, amounts of Ni, Cr, Si, Fe, B, C in the 

powder samples were of interest, as well as O, S and N. 

 

3.4 Sieve Analysis and Sympatec 

In order to perform a sieve analysis [15] of the powders, they were first divided into 

several small batches with a representative distribution of the particle size. This is 

because without a correct particle size distribution the results from the sieve analysis 

would not be representative.   

For the sieve analysis a series of 6 sieves with different mesh sizes, 212 μm, 180 

μm, 150 μm, 106 μm, 75 μm and 45 μm, were used. Around 80 g of powder were 

used per analysis and the sieves were shaken for 15 minutes.   

Particles in the sizes 212+, 180-212, 150-180, 106-150, 75-106, 45-75 and 0-45 were 

removed and weighted. The particle size distribution according to mass could then be 

calculated and plotted.  

This data could then be converted into cumulative undersize percentages and plotted 

in a log-normal plot, see figure 7, against the particle size in microns. From this plot 

the median size, also known as D50%, could be obtained.  
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A sample of each powder was also sent for Sympatec analysis. [16] This analysis 

utilizes laser diffraction spectrometry to determine the particle size distribution, and 

the results can then be compared to results obtained from the sieve analysis. The 

comparison could indicate if there are some non-spherical particles present which 

could affect the particle size distribution results from the sieve analysis. 

For flame spraying and other hardfacing coating methods the particle size interval is 

usually around 45-125 μm, so these particles were of interest for later analysis by 

XRD and SEM. Thus enough powder for conducting these analyses were sieved out 

at the interval 75-106 μm. 

However, analyzing both smaller, “fines” 0-45 μm, and larger, 180-212 μm, particles 

with x-ray diffraction (XRD) [17] was also of interest and therefore these particle size 

intervals were sieve out also. This is due to the differences and similarities in cooling 

rate for both atomization methods.  

If comparing the larger particles it is clear that they have a significant difference in 

cooling rate when comparing gas-gas to gas-water atomization. The gas-water 

particles cool down rapidly after hitting the water surface in the tank, while the gas-

gas particles continue falling in the inert gas atmosphere with a lower cooling rate. 

The fines however, solidify and cool down much faster due to their smaller size. Thus 

for both gas-gas and gas-water atomization the fines should have a similar cooling 

rate, since the gas-water atomized fines have already cooled down when reaching 

the water surface. 

 

3.5 Adding more test powders 

For further analysis three different powders were also to be tested. 

 “1-60-GG”, a gas-gas atomized powder from the Pilot Centre with 1-60 quality 

that had given a bad result when flame sprayed in the surface coating lab in 

Höganäs.  

 “SP1260-20-GW”, a Ni-based hardfacing gas-water atomized powder with 

some differences in chemistry from Höganäs plant in Ath, Belgium, that had 

given a good coating result when flame sprayed. 
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 “1304001142”, “US-W”, a water atomized powder with good coating results 

from North American Höganäs plant in Pennsylvania, USA. This was chosen 

since it also is a Ni-based hardfacing alloy, it is water atomized and as such it 

has a very high cooling rate. This high cooling rate should provide some 

unstable Ni-boride phases during the XRD-analysis.  

The main reason for adding more powder for the analysis was to get something 

to compare with the results from the gas atomized powders manufactured in the 

Pilot Centre. The SEM results from these powders can be found in appendix B. 

 

3.6 Scanning electron microscopy 

To visually inspect the powder particles a scanning electron microscopy, SEM, was 

done. Since it was not a full SEM-analysis, but rather a simple approach to get an 

overview of the geometry and surface of the powder particles, a Hitachi HTA TM3030 

Tabletop SEM [18] was sufficient for the task.  

All powders manufactured at the Pilot Centre with the particle size interval 0-45 μm, 

75-106 μm and 180-212 μm were analyzed at various magnifications ranging from 50 

to 5000 times magnification. The powders obtained from Höganäs in Belgium and the 

USA as well as the 1-60-GG were only available in the particle size interval used for 

flame spraying, around 45-125 μm, and were as such analyzed in that size interval.  

The purpose of analyzing the samples with SEM was to see if there were any visual 

differences between the two different atomization methods, and also between 

different cooling rates for the same type of atomization.  

 

3.7 X-Ray Diffraction 

In order to determine which phases that were present in the different powders an 

XRD-analysis was conducted. Mainly, differences in Ni-borides, Cr-borides and Cr-

carbides were of interest, due to the affect these phases have on the properties of 

the final hardfacing coating. But other differences, for example in the matrix FCC-

phase, could also be of interest.   
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Since there were no data from previous XRD-measurements for this kind of alloy a 

“calibration” measurement using a wide spectrum was done for a single sample. After 

studying the diffraction pattern from the calibration diffraction the spectra was set to 

30-100 degrees, it was in this interval that the diffraction pattern existed. 

A total of 21 samples were analyzed by XRD. 0-45 μm, 75-106 μm and 180-212 μm 

for each powder produced in the Pilot Centre, and also one each for 1-60-GG, SP12-

60-20 and US-W.  

For analyzing the XRD-patterns the HighScore XRD Analysis software [19] was used. 

It is possible to perform several different analyzes with this software, but for this 

project the only one of interest was the phase identification analysis. When doing the 

analysis it is preferable to choose which elements are relevant, thus restricting the 

matching and giving less non-probable phases as suggestions. There are some 

options when selecting elements however. An element can be marked as either:  

 All of – A phase must contain all marked elements 

 At least one of – A phase must contain at least one of the marked elements 

 None of – A phase will not contain any of the marked elements 

 Possible – It is possible for a phase to contain the marked elements 

Since all powder samples are composed of several alloying elements this feature 

was necessary. Ni, Cr, Si, Fe and B were all set to “At least one of” since these are 

the major components in this type of alloy. Obviously there were small amounts of O 

and N in the samples as well, so these elements were set to “Possible”. 

After adjusting the fitted curve to the XRD patterns, and removing some faulty 

detected peaks while adding some new peaks that had been missed by the software, 

the “Search and Match” feature was used. Even with the added restrictions the 

software suggested a lot of “possible” phases, most probably because of the complex 

composition of the samples.  

Most of the suggested phases did not match the XRD-patterns very well and could be 

discarded quite easily. Others were very unlikely to exist in the samples and as such 

these could also be discarded.   
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There were still an abundance of possible phases to choose from, many being very 

similar both chemically and in how well they matched the XRD-patterns. By using the 

Thermo-Calc solidification simulations in combination with information about which 

phases usually are present in Ni-based hardfacing alloys it was possible to get rather 

plausible phases.  

To get an exact value of the amount of these phases a fast and easy procedure was 

to match the composition from the XRD analysis with the real composition of the 

samples. Therefore an Excel-program was constructed. In this program it is possible 

to enter the amount of the phases from the XRD and quickly get the total composition 

in weight percent. Each new phase needed to be added manually, but after a few 

trials most of the phases found were implemented into the program. By redoing the 

analysis for the samples and matching the compositions in a trial and error approach, 

it was possible to get some results that most likely were correct.  

 

3.8 Powder welding test 

In order to test how the powders behave in reality a powder welding [20] test was 

conducted, using powder sieved at 20-106 μm. A small area was coated on a 

preheated steel surface using a manually operated powder welding gun, see fig 8. 

For each sample a double layer weld was performed. 

It was not the best course to test the powder samples for this project, since they are 

supposed to be flame sprayed [21]. Flame spraying is a two-step process, where the 

powder is first applied by spraying, and then fused together by a fusing torch. Flame 

spraying tests, however, have much higher requirements on the powder particles. 

Flakes and satellites must be kept to a minimum, and for that to be possible the 

powder must be wind sieved for the flakes and milled to remove the satellites. 

Höganäs do not have the necessary equipment to wind sieve powders to the 

required quality on a lab scale. Since the powders contain a lot of Ni it is also difficult 

and expensive to find a company that could provide this service.  

The powder welding test does not have the same requirements for the powder and 

the process is much faster. A full flame spraying test on an axis takes roughly one 
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hour, while a spray welding test on a small steel piece can be performed in five 

minutes.  

To be able to compare the results to something another spray welding test was done, 

using an old powder sample of the 1060-20 alloy. Which was produced when 

Höganäs production of Ni-based hardfacing powders was taking place in what is now 

the Pilot Centre facility. 

 

Figure 8: A manually operated powder welding gun in action. 
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4. Results 
In this chapter results from simulations and analyses as well as tests for the the gas 

atomized powder samples from the pilot centre will be presented. Phase diagrams 

and solidification diagrams from Thermo-Calc will be shown first, followed by results 

and figures from chemical analysis, sieve analysis, SEM and XRD. Pictures from the 

powder welding tests is also included, making it easy to compare the different powder 

samples. 

4.1 Phase diagram calculations and Scheil solidification simulations 

From doing the phase diagram calculations and Scheil solidification simulations a 

series of graphs were obtained. The most relevant of them will be presented here but 

most of the results can be found in Appendix A.  

For the specified composition of the 1-60-20 alloy with a varying Si-content the 

following phase diagram, fig. 9, was obtained. For the standard 1-60-20 composition, 

with 4,3wt%, Si the solidification interval is between 1100 ˚C and 1366 ˚C. The exact 

values were obtained by using an equilibrium calculator with a table renderer in 

Thermo-Calc, displaying amount of phases at increasing temperature, see appendix 

A for tables.  

 

Figure 9: From calculation 1, Phase diagram of 1-60-20 alloy with varying Si-content. Solidification interval 
between 1100 °C and 1366 °C. 

For varying the B-content and keeping Si at 4.3 % another phase diagram was 

calculated, fig. 10. Phase diagrams for Si-contents of 3.9 % and 4.9 % with varying 

B-content were also calculated, fig. 11 and 12. 
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Figure 10: Calculation 2, phase diagram of 1-60-20 with varying B-content. No significant change in 

solidification interval while altering B-content. 

 

Figure 11: Calculation 3, phase diagram of 1-60-20 with 3.9 wt% Si and varying B-content.  

Too make the data regarding the solidification interval for each calculation easier to 

compare the temperatures were inserted into a table, table 5. 
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Figure 12: Calculation 4, phase diagram of 1-60-20 with 4.9 wt% Si and varying B-content. 

 

Table 5: Solidus and liquidus temperatures for 1-60-20 variations calculated in Thermo-Calc. 

Composition Solidus temperature ˚C Liquidus temperature ˚C 

1-60-20 1100 1366 

3.9 wt% Si 1070 1340 

4.9 wt% Si 1100 1395 

3.2 wt% B 1090 1360 

3.5 wt% B 1060 1380 

3.9 wt% Si, 3.2 wt% B 1110 1385 

3.9 wt% Si, 3.5 wt% B 1090 1400 

4.9 wt% Si, 3.2 wt% B 1090 1330 

4.9 wt% Si, 3.5 wt% B 1040 1360 

 

From the Scheil solidification simulations knowledge of the types of phases that had 

formed during solidification of the 1-60-20 alloy was obtained. By observing the 

solidification diagram, fig. 13, it was also possible to learn at which temperatures the 

phases started to form.  
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Figure 13: Solidification diagram for the 1-60-20 alloy.  

Knowing the amount of the formed phases was also important for future analysis, as 

well as the composition of those phases. By plotting amount of solid phases, example 

in fig. 14, and then the mole fraction of different components in phases, example in 

fig. 15, these values were obtained, table 6. More graphs and tables for calculated 

variations of the 1-60-20 alloy can be found in appendix A.  

Of the, by Thermo-Calc, suggested formed phases the one of main interest was the 

M3B-phase, which seems to consist of mainly Ni3B. By altering the ratio Si/B for 

some simulations it was possible to see how it affects the amount of formed Ni3B, 

table 7.  
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Figure 14: The mass fraction of solid phases in the 1-60-20 from a Scheil solidification simulation. About 6.5 
wt% of M3B phase when solidified. 

 

Figure 15: Mole fraction of components in the “M3B” phase of the 1-60-20 alloy. Composed of almost 70% Ni 
and around 25% B with some dissolved Fe when solidified, thus the M3B-phase should be Ni3B. 
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Table 6: Solid phases present in the 1-60-20 alloy according to Thermo-Calc and their respective amount in 
wt% and composition in mole fraction. 

Phase Amount Ni Cr Si Fe B C 

FCC 71 wt% 0.84 - 0.14 0.2 - - 

MB_Orth 16 wt% 0.01 0.43  0.06 0.5  

M3B 6 wt% 0.67 0.01 - 0.07 0.23 0.02 

M7C3 4 wt% 0.45 0.19 - 0.06 0.1 0.2 

M2B_Tetr 3 wt% 0.54 0.01 - 0.12 0.33 - 

 

Table 7: Amount of formed M3B-phase in relation to Si/B ratio, from Thermo-Calc solidification simulations. 

Si-content (wt%) B-content (wt%) Si/B ratio wt%M3B 

4.3 3.3 1.303 6 

3.9 3.5 1.114 12 

4.9 3.2 1.531 0.5 

4.17 3.2 1.303 8 

4.56 3.5 1.303 2 

 

As can be seen in table 7 the Si/B ratio affects the amount of formed M3B-phase. 

However, it seems an increased amount of Si, with an equal ratio of Si/B, negatively 

affects the amount of formed M3B. 

4.2 Results from gas atomization 

From performing gas atomizations with the aimed parameters the following powder 

samples could be obtained, table 8. Some atomizations had to be redone, due to the 

produced powders samples not matching the requested compositions.  

Table 8: Composition and chemical composition of powder samples obtained from gas atomizations at the 
Pilot Centre. 

Sample Tap T wt%Ni wt%Cr wt%Si wt%Fe wt%B wt%C wt%O 

G519-GG 1450 Bal. 15.8 3.80 4.01 3.58 0.96 0.013 

G520-GG 1452 Bal. 15.6 4.94 4.18 3.23 0.93 0.024 

G521-GG 1451 Bal. 17.2 4.36 4.18 3.48 0.97 0.002 

G522-GW 1459 Bal. 17.1 4.26 4.16 3.45 0.98 0.055 

G536-GW 1600 Bal. 16.8 16.8 5.10 3.90 0.89 0.052 

G592-GW 1650 Bal. 17.6 4.40 4.10 3.40 1.00 0.050 



28 
 

Except for some differences in Cr and Fe-content, these were the samples that best 

matched the aimed parameters. For G536 the content of B was a bit high, but it was 

still analyzed due to its relatively low Si/B ratio in combination with the high tapping 

temperature. 

The first four atomizations were timed. G519-GG, G520-GG and G521-GG all had an 

atomization time of 20-25 seconds, while the G522-GW took almost 50 seconds to 

atomize. 

For the gas-gas atomizations it was also a common phenomena for some of the 

liquid metal to stick to walls of the atomization tank and later solidify as flakes with 

elongated geometries. 

 

4.3 Sieve analysis and Sympatec results 

For each powder sample produced in the pilot centre a sieve analysis was 

performed, the results can be seen in table 9. The gas-water atomized powder 

samples seemed to form a higher amount of finer particles than the gas-gas 

atomized powders. Using a higher tapping temperature for gas-water atomization 

also resulted in a higher amount of finer particles. 

Table 9: Results from sieve analysis of powder samples produced in the pilot centre, all values in wt%. 

Sample G519-GG G520-GG G521-GG G522-GW G536-GW G592-GW 

Tapping temp.  1450 °C 1452 °C 1451 °C 1459 °C 1600 °C 1650 °C 

Particle size        

212+ µm 20.1 24.2 27 17.3 8.9 5.7 

180-212 µm 5.6 4.8 5.1 4.1 3.4 1.7 

150-180 µm 6.2 5.7 6.2 4.9 5.2 2.5 

106-150 µm 19.5 16.9 16.3 19 17.9 14.7 

75-106 µm 18.4 17.2 16.2 21.1 20.8 24.9 

45-75 µm 15.4 15.4 14.4 17.4 21.5 24.1 

0-45 µm 14.9 15.9 14.9 16.2 22.3 26.5 

 

These results were inserted into a log-normal plot so that a median D50 % value for 

the particle size could be obtained for each powder sample. The D50 % values could 
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then be compared with D50 % values from the Sympatec analysis, see table 10. For 

the powder samples G536 and G592 there were no available Sympatec results, and 

thus they could not be compared in this manner. 

Table 10: Comparison of D50 % values from Sieve analysis and Sympatec. 

Sample D50 % Sieve analysis D50 % Sympatec 

G519-GG 110 µm 111,03 µm 

G520-GG 110 µm 105.34 µm 

G521-GG 123 µm 103,05 µm 

G522-GW 100 µm 103,25 µm 

 

4.4 Scanning electron microscopy  

Pictures taken by scanning electron microscopy, SEM, were compared to each other 

to observe visual differences caused by differences in atomization process 

parameters or chemical composition. For comparing samples the particle size interval 

75-106 µm has been used, since it is a relevant size interval for particles used for the 

flame spraying process (45-125 µm). The first comparison is of the powder samples 

G521-GG and G522-GW, comparing two powders with similar chemistry and a 

tapping temperature of 1450 °C  to the 1-60-20 alloy specification, produced with 

gas-gas and gas-water atomization respectively. See fig. 16 and 17. It is clear that 

the gas-gas atomized powder has a higher amount of non-spherical particles and 

contains a lot more satellites. 

  

 

Figure 16: SEM image of G521-GG, 75-106µm, 

100x. Some satellites and irregular particles 

present. 

Figure 17: SEM image of G522-GW, 75-106µm, 

100x. Clean, low amount of satellites and 

irregularities. 
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For comparing the surface of the different powder particles a 1000x magnification 

was used, see fig. 18 and 19. There are some differences, mainly that the gas-water 

atomized G522-GW seems to have some kind of oxide layer which the G521-GG 

does not have. Since G522-GW particles have been cooled in water it is nothing 

unexpected. There appear to be some small darker "spots" on the surface of the 

G521-GG, these are probably some form of carbides. Some surface areas that are 

"rougher"  can also be observed on the G521-GG, these areas could be the Ni-

borides. 

  

 

 

The second comparison was about the differences of two gas-water atomized 

powders with similar chemical composition produced with a low and high tapping 

temperature, fig 20 and 21 for the samples at 100x magnification. The difference in 

tapping temperature will lead to differences in cooling rate for the two powder 

samples and also affect the shape of the formed powder particles. For the 

comparison the powder samples G522-GW and G592-GW were used, both having 

roughly the same composition as the 1-60-20 alloy and tapping the temperatures 

1450 °C and 1650 °C respectively.  

From the 100x magnification pictures in fig. 20 and 21 it is clear that there is a higher 

amount of irregular powder particles in the G592-GW. The amount of satellites is also 

higher for the G592-GW.  

 

Figure 18: SEM image of G521-GG, 75-106 µm, 

1000x. A "rough" surface is present on some parts 

of the particles.    

Figure 19: SEM image of G522-GW, 75-106 µm, 

1000x. An oxidic layer seems to cover most of the 

particles, probably due to the powder being gas-

water atomized. 
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For a comparison of the surface of the G522-GW and G592-GW at 2000x 

magnification see fig. 22 and 23. The G592-GW has a rougher surface and some 

darker spots which could possibly be carbides. There seems to be some form of 

dendritic structures visible on the G592-GW surface as well. For the G522-GW the 

surface is more "clean", some small darker spots are visible. 

  

 

 

For comparing the influence of the Si/B ratio on the surface of the powder particles 

the powder samples G592-GW and G536-GW were used, fig. 24 and 25. For G592-

GW the Si-content is 4.4 wt% and the B-content is 3.4 wt%, giving a Si/B ratio of 1.3, 

Figure 20: SEM image of G522-GW, 75-106 µm, 

100x. Low tapping temperature, low amount of 

irregular particles and satellites.    

Figure 21: SEM image of G592-GW, 75-106 µm, 

100x. High tapping temperature, high amount of 

irregular particles and some satellites. 

 

Figure 22: SEM image of G522-GW, 75-106 µm, 

2000x. Clean surface with low amount of darker 

spots on the surface. 

Figure 23: SEM image of G592-GW, 75-106 µm, 

2000x. Rough surface, darker spots which could 

be carbides, also some form of dendritic 

structures are visible. 

 



32 
 

which is a "normal" ratio for the 1-60-20 alloy. For G536-GW both the Si and B-

content are 3.9 wt%, giving a Si/B ratio of 1, which is quite low. It should be noted 

that the tapping temperatures are different, with G592-GW tapped at 1650 °C and 

G536-GW at 1600 °C. 

The G592-GW has a higher amount of irregular particles and satellites compared to 

the G536-GW. The surfaces of the powder particles can be compared at 2000x 

magnification in fig. 26 and 27. The surface of the G536-GW particles have less 

darker "spots" and more of the "rougher" surface. 

  

 

 

  

Figure 24: SEM image of G592-GW, 75-106 µm, 

100x. Normal Si/B ratio, high amount of irregular 

particles and some satellites.     

Figure 25: SEM image of G536-GW, 75-106 µm, 

100x. Low Si/B ratio, lower amount of irregular 

particles and satellites. 

 

Figure 26: SEM image of G592-GW, 75-106 µm, 

2000x. Rough surface, carbides, dendritic 

structures.        

Figure 27: SEM image of G536-GW, 75-106 µm, 

2000x. Rougher surface, less dark spots. 
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4.5 X-ray diffraction phase analysis results. 

From conducting the XRD phase analysis by the Highscore software [19], with the 

addition of stoichiometric calculations in the MS Excel program, the following results 

were obtained for powder samples in the particle size interval 75-106 µm, table 11. 

Table 11: Results from XRD phase analysis of powder samples, values in wt%. 

Sample NiSi (31/12) Ni CrB Cr3C2 Ni3B Ni4B3 

G519-GG 27,3 23,2 12,2 8 29,3 0 

G520-GG 27 24 8 14 27 0 

G521-GG 28 24 9 11 28 0 

G522-GW 21 25 5 + 4 15 30 0 

G536-GW 18 31 7 10 18 13 

 

For the G592-GW sample the XRD phase analysis proved rather cumbersome and 

was therefore not finished. There were, however, indications that it contains the 

unstable Ni4B3 phase, the amount is unknown though.  

The "+ 4" for the amount of CrB in the G522-GW sample is another chromium boride, 

Cr3B4. 

The amount of Ni-borides in the different samples are roughly the same. The 

samples with a lower ratio of Si/B seems to have a bit higher amount of Ni-borides 

than other samples produced with the same gas atomization method. 

All samples that were produced by gas-gas atomization are quite similar despite their 

differences in chemical composition. The sample that is the most interesting is the 

G536-GW, this powder sample contains 13 wt% of the unstable Ni4B3 phase. 

 

4.6 Results from powder welding tests 

A total of five powder samples were tested by powder welding. Four powder samples 

produced at the pilot centre and one old reference powder sample of the 1060-20 

alloy. In fig. 28 an overview of the welds done with the G521-GG, G522-GW, G592-

GW and the 1060-20 powder samples is presented. These are fairly similar in 

chemical composition and can therefore be compared to each other. 
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Figure 28: Powder weld comparison of G521-GG, G522-GW, G592-GW and the 1060-20 reference. Differences 

in tapping temperature are also displayed. 1060-20 reference sample, G592 closest match. Hill shaped weld 

for G521-GG. 

The first and most clear observation would be that the 1060-20 weld looks a lot 

"cleaner" and better than any of the other welds. The G592-GW is slightly different in 

color, which indicates some form of contamination. The G522-GW seems to be less 

contaminated, but there are some porosities present along the edges of the weld. 

Also, it has a rougher surface than the 1060-20. The G521-GG is the only weld 

produced by gas-gas atomized powder, and it seems that the metal has formed a 

more hill-shaped weld.  

By observing the welds from the side, rather than from above, one can get a feeling 

of the floating properties for the different samples when used as coatings, fig. 29. 

Figure 29: Powder weld comparison of produced powder samples and the 1060-20 reference sample, view 

from side. Hill-shape of G521 is clear, 1060-20 reference sample. 
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All gas-water atomized powders samples have floated out fairly well and are similar 

in height. As suspected from fig. 23, the G521-GG is indeed more hill-shaped.  

Another interesting comparison is between the 1060-20 reference and the G536-GW, 

which has a higher B-content, lower Si/B ratio and a tapping temperature of 1600 °C. 

See fig. 30 for a comparison from the side. 

 

Figure 30: Powder weld comparison of G536-GW and the 1060-20 reference, view from side. G536-GW have 

a very hill-shaped coating. 

The G536-GW has a very clear hill shape, the powder sample seems to have very 

bad floating properties. The difference in color shows that the powder sample is 

contaminated. 
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5. Discussion 
This chapter will contain points of discussion for this project. Some of the topics 

discussed are: 

 The reliability of the softwares used for simulations and analysis and to what 

extent it can be applied to reality.  

 The possibility that a strive for a high yield during gas atomization could have 

negative effects on the quality of the product.  

 How the chemical composition can affect the amount of Ni-borides.  

 Could a higher cooling rate during gas atomization can affect the fusing 

process positively during flame spraying?  

5.1 Simulations in Thermo-Calc 

The use of the Thermo-Calc software proved helpful for this project, mainly when 

conducting the XRD phase analysis. The vast amount of suggested phases, a result 

of the complex chemical composition, could be processed into something more 

managable. As always, however, when using a simulation software one must 

consider how well the software is able to describe what is happening in reality. 

When simulating in Thermo-Calc, the first problem is to determine which database to 

use for the specific project. This project was based around a Ni-based alloy with high 

contents of Cr, Si and B, and as such a database capable of handling a Ni-content of 

around 70 wt% had to be used, the TTNI8 database [14]. This database is primarily 

intended for superalloys, but considering the high amount of Ni in the 1-60-20 alloy it 

was probably the best choice of the databases available. 

The Scheil solidification simulations in Thermo-Calc are done at equilibrium with a 

slow cooling rate, while in reality, a gas-atomization is a rapid cooling non-equilibrium 

process. When simulating at equilibrium, with slow cooling, it is impossible to get any 

information regarding the unstable NiB-phases, such as Ni4B3 seen in table 11, which 

are not at equilibrium, that are of interest for this project. Only information about 

stable Ni-borides, for example the "M3B-phase", which is Ni3B, in figures 14 and 15.  

However, the amount of formed stable NiB-phases at least gives a rough indication of 

the possible amount of Ni-borides in the produced powder. When combining the 

information regarding amount of formed phases from the simulations with information 
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of these kinds of alloys obtained from literature, the XRD phase analysis was a lot 

easier to perform. As with all simulations, the results from Thermo-Calc should be 

more looked at as guidelines, and they are definitely useful for these types of 

projects. 

5.2 Sieve analysis 

The most noticeable result from the sieve analysis would be that a higher tapping 

temperature results in a higher fraction of finer particles in the powder sample, see 

table 9. If comparing the relevant particle size interval for flame spraying, 45-150 µm, 

for G521-GG, G522-GW and G592-GW this is clearly seen, table 12. 

Table 12: Amount of powder particles within the 45-150µm particle size interval for powder samples with 
differences in tapping temperature and cooling rate. 

Powder sample, tapping temp. Amount of particles within 45-150 µm interval 

G521-GG, 1450 °C 46.9 wt% 

G522-GW, 1450 °C 57.5 wt% 

G592-GW, 1650 °C 63.7 wt% 

 

For G521-GG compared to G592-GW the difference is almost 17 weight percentage 

points, a huge difference in yield. For G522-GW and G592-GW the difference is 

roughly 6 weight percentage points, also a significant amount.  

That a higher tapping temperature during gas atomization will give a higher amount 

of finer powder particles is explained by a decrease in both viscosity and surface 

tension of the liquid metal with increasing temperature. Therefore it takes less energy 

to disintegrate the liquid metal stream, thus it can be done much more efficiently, 

resulting in finer powder particles. [22]  

Considering a gas atomization of several tons of this alloy, 6 wt% is equal to an huge 

amount of metal powder. It is possible to recycle the material that is not within the 

wanted particle size interval, but this also increases the costs for production.  

However, it is important to remember that a higher tapping temperature will lead to 

more irregularly shaped powder particles as well as more satellites, see fig 20 and 

21. Thus the powder might need to be processed further at a later stage to achieve 

high enough quality. So it is a question of quality versus costs. 
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5.3 Scanning electron microscope analysis 

This analysis was done to see how the differences in process parameters affected 

the surface and shape of the powder particles. As seen in the SEM results, chapter 

(3.4), there are some differences in the surface of the particles.  

When comparing G592-GW, fig. 26, and G536-GW, fig. 27, it is seen that the G536-

GW has more of a rougher surface. And according to Thermo-Calc simulations, table 

7, it should have a slightly higher amount of Ni-borides due to its low Si/B ratio. The 

rough surface could thus be an effect of the higher amount of Ni-borides, but this has 

not been confirmed. There are no XRD-results for the G592-GW, but the G536-GW 

has the highest amount of Ni-borides of the samples analyzed with XRD, see table 

11, and thus the higher amount of Ni-borides could be the reason for the rougher 

particle surfaces. 

The main difference for the powder samples, however, is the amount of irregularly 

shaped particles and satellites, with G521-GG and G592-GW having the highest 

amount. The G521-GG is gas-gas atomized,  

For G592-GW the tapping temperature during atomization is the highest of all 

samples produced, being 1650 °C, which also affects the amount of irregular powder 

particles formed. An increased liquid metal temperature decreases the surface 

tension of the liquid metal. Thus, the possibility that the liquid metal will form 

spherical particles will be lower. [22] So a higher amount of non-spherical particles in 

G592-GW is expected.  

 

5.4 X-ray diffraction analysis 

The results from the XRD phase analysis are not absolutely accurate, due to the 

complex chemistry of the samples. The stoichiometric calculations and the simulation 

results made the analysis more manageable, but it was cumbersome to obtain results 

that matched the chemical composition and also the phases suggested in literature 

[3], [4], [5], [6], [7],[8], [9], [10] and from Thermo Calc results (chapter 4.1). However, 

for this project a 100 % match is not required. What is important are trends and facts. 

Is it possible to form unstable Ni-borides by altering the process parameters during 

gas-atomization and can the amount of formed Ni-borides be affected by alterations 

in chemical composition? The XRD analysis results, see table 11, have shown that a 
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lower Si/B ratio gives a slightly higher amount of Ni-borides, and that it should be 

possible to form, at least, the unstable Ni4B3-phase in the 1-60-20 alloy, with a high 

enough cooling rate. With this information future tests and projects can be planned. 

Another factor that made the phase analysis difficult was the presence of Fe in the 

alloy. No phases had Fe as a major component since Fe had dissolved into the other 

phases, mainly the matrix and carbide phases. Thus the values in weight percent for 

those phases needed to be a bit off from the real compositions for it to match. 

Consequently, the weight percent of Fe is always zero for the calculated composition 

 

5.5 Powder welding tests 

None of the produced powder samples were as "good" as the 1060-20 reference 

alloy, fig. 27, the closest being the G592-GW, except for the contamination. This 

indicates that a high tapping temperature for a gas-water atomization of the 1-60-20 

specified composition could be the best candidate for a successful coating.   

Why there are porosities along the edges of the G522-GW is difficult to explain, the 

chemical composition is similar to the other samples. It is known that during 

atomization, this sample clogged and therefore the atomization took almost twice as 

long time to finish. If this has any relation to the porosities is unknown. 

The contamination in some of the samples were probably Fe or Co powder, this since 

the contaminated powders produced a lot of sparks during welding. The sparks being 

either Fe or Co particles oxidizing. 

A high B-content might give more Ni-borides, table 7 and 11, but if it results in a 

coating material that is not able to float out when sprayed it is not desirable.   

If unstable Ni-borides could improve the fusing properties during flame spraying for 

this type of hardfacing alloy, 1-60-20, is still unknown. A series of proper flame 

spraying tests would have to be conducted in order to get some information regarding 

this. 
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5.6 Influence of cooling rate during gas atomization on coating properties 

With all the obtained information and data from simulations, analyses and tests 

performed during this project it is possible to claim that for the 1-60-20 alloy the 

properties when coating are affected by the cooling rate during gas atomization. By 

looking at figures 28 and 29 it can be seen that the difference in cooling rate from 

using a higher tapping temperature in G592-GW vs. G522-GW affects the final 

coating. The formation of the unstable Ni4B3-phase in G536-GW also indicates that 

an increased cooling can affect the coating properties positively, as the literature 

studied [1] states that unstable Ni-borides will enhance the fusing process during 

flame spraying. The problems with the 1-60-20 alloy produced at Höganäs plant in 

Ath, Belgium, could thus be the result of a too wide tapping temperature interval. 
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6. Conclusions 
From this work, several conclusion could be drawn. 

 Controlling process parameters during gas-atomization, such as tapping 

temperature, is essential for producing successful 1-60-20 batches. 

 Gas-water atomization seems to be superior to gas-gas atomization for 

producing 1-60-20 alloy powder samples in the Pilot Centre. 

 Higher tapping temperature during gas-water atomization of the 1-60-20 alloy 

gives a higher yield, but also a higher amount of irregular particles and 

satellites. 

 It is possible to form unstable Ni-borides in the 1-60-20 alloy by using a high 

enough cooling rate. 

 Powder samples produced in the Pilot Centre require additional processing to 

remove flakes and satellites before any flame spraying tests can be 

performed. 

 Powder samples produced in the Pilot Centre could possibly be contaminated 

sometimes by Fe or Co. 
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7. Future Work 
For future work, it is suggested that the most promising powder samples are 

processed properly to remove irregularities and satellites and then flame spayed. 

This to actually test if there are any differences for using different process parameters 

during gas atomization. 

Another approach would be to do a "back to basics" for the project. Produce powder 

samples with only Ni, Si and B with different process parameters. By doing this the 

XRD phase analysis is sure to be a lot less cumbersome. Then more and more 

alloying elements could be added over time.  

It would also be good to obtain some powder samples of 1-60-20 powders produced 

in Belgium, to compare with results from the Pilot Centre. 

To get more information on the powder samples a "real" SEM analysis could be 

performed. This project was limited by the use of a tabletop SEM, and images were 

mostly used to see clear differences in particle shapes. 

More XRD data is required on this type of alloy. A lot of powder samples should be 

analyzed with XRD to get statistical results that could be used as a reference for 

future projects. 

By modeling the cooling rate of the powder particles during atomization it could be 

easier to determine how high cooling rate would be required to form specific Ni-

borides. Thus reducing the risk of using a too high tapping temperature, which could 

result in more non-spherical particles. 
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Appendix A - Thermo-Calc graphs and tables 
 

Table of amount of liquid phase with increasing temperature for the 1-60-20 alloy. 

Temperature 
[Celsius] 

Amount of LIQUID 
[Mole] 

1000 
 1010 
 1020 
 1030 
 1040 
 1050 
 1060 
 1070 
 1080 
 1090 
 1094,411938 
 1094,411938 0 

1100 0,017078094 

1110 0,055279541 

1120 0,108471938 

1130 0,188244994 

1140 0,318919568 

1141,153124 0,339224916 

1141,153124 0,339224916 

1145,468286 0,811465052 

1145,468286 0,811465052 

1150 0,81432544 

1160 0,820920911 

1170 0,827940839 

1180 0,835433038 

1190 0,84345361 

1200 0,852068926 

1210 0,861358208 

1212,814657 0,864106998 

1212,814657 0,864106998 

1212,814657 0,864106998 

1212,814657 0,864106998 

1212,814657 0,864106998 

1212,814657 0,864106998 

1212,814657 0,864106998 

1220 0,870852144 

1230 0,880834978 

1240 0,89159108 

1243,385724 0,89542587 

1243,385724 0,89542587 

1250 0,796813509 

1259,697567 0,70773877 

1259,697567 0,70773877 

1260 0,707817273 

1270 0,710705706 
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1280 0,714259885 

1290 0,718672702 

1300 0,724233934 

1310 0,731399422 

1320 0,740930428 

1330 0,754205035 

1340 0,774021429 

1350 0,807168407 

1360 0,876390512 

1360,154478 0,878086231 

1360,154478 0,878086231 

1366,00367 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 
 

Scheil solidification diagram for G519 composition. 

 

Mass fraction of solid phases for G519 composition. 
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Mole fraction of all components in FCC phase for G519 composition. 

 

Mole fraction of all components in M3B phase for G519 composition. 
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Scheil solidification diagram for G520 composition. 

 

Mass fraction solid phases for G520 composition. 
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Mole fraction of all components in FCC phase for G520 composition. 

 

Mole fraction of all components in M3B phase for G520 composition. 
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Appendix B - SEM pictures of additional powder alloys 
 

1-60-GG at 100x magnification. 
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1-60-GG at 2000x magnification. 
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SP12-60-20, Belgium, at 100x magnification. 
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SP12-60-20, Belgium, at 2000x magnification. 
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US.  Water atomized powder at 100x magnification. 
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US.  Water atomized powder at 2000x magnification. 
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Appendix C - Modeling the cooling rate 
No extensive modelling of the cooling rate during gas atomization was done. But by 

using a simple expression for the solidification time of particles, eq 2, from Höganäs 

AB, a ratio between different cooling rates can be obtained. 

 
  

  
   

     

      
                                                      (eq. 2) 

 “d” is the particle diameter 

 “c” is the specific heat 

 “δ” is the specific gravity of the metal 

 “α” is the heat transfer coefficient 

 “tm” is the melt temperature 

 “tg” is the water or gas temperature 

 “tme” is the (liquidus – solidus) temperature 

Since all data required is not available some rough approximations has to be done in 

order to be able to use this expression.  

 The specific heat “c” is roughly the same. 

 The specific gravity is equal 

 The heat transfer coefficient is the same 

 Particle size is the same 

With these assumptions the only thing that differs is the melt temperature, gas or 

water temperature and the (liquidus – solidus) temperature.  

For the 1-60-20 alloy the liquidus – solidus temperature is (1397-1074) = 323 ˚C = 

tme. For gas-gas atomization, tg = 25 ˚C and two different tapping temperatures: tm,1 = 

1450 ˚C and tm,2 = 1650 ˚C.  

When calculation with these values and the two different tapping temperatures the 

results is that a tapping temperature of 1650 °C will give a roughly 5 % faster cooling 

rate than 1450 °C. This is only applicable to gas-gas atomizations however, since the 

cooling water that is present during gas-water atomizations greatly increases the 

cooling rate. 
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