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Abstract 
The erosion or dissolution of stainless steel grade 304 as base metal by molten brazing filler 

metal was investigated using one nickel and two iron based filler metals. The difference between 

two iron filler metal is 5 % Manganese content in one of the filler metal. The Wettability of filler 

metal is effected by oxidation of base or filler metal for which high vacuum or non reacting gas 

is used as a furnace atmosphere to reduce the partial pressure of oxygen. The furnace parameters 

effecting erosion of base metal was observed e.g. peak temperature and brazing time. The effect 

of filler mass was also observed. The erosion depth was measured by light optical microscope. 

All the three filler metal shows different erosion behavior in nitrogen atmosphere compare to 

high vacuum. In high vacuum some of the elements evaporates at brazing temperature which 

changes the properties of filler metal. This change of composition in filler metal was observed by 

EDX analysis. SEM analysis was used to identify different element rich phases.  

Key words: Erosion, dissolution of base, filler metal, Wettability, oxygen partial pressure, 

high vacuum, SEM analysis. 
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1. Introduction 
Brazing is not an new or modern technique of joining it links us from modern age to ancient age 

of pharaohs of Egypt. [1] Where it started as art, however, with passage of time the increasing 

understanding of behavior of materials and its application in human life made it to play an 

important role in our industrialized society. Brazing has wide range of application where it 

covers different parts of life as used in jewelry, kitchen cutlery, automotive engines, high-

temperature ceramics, and jet aircraft engines. 

Brazing is joining process which can be used for joining metals and metals with non-metals with 

third molten metal. Brazing process involves the melting of the filler metal which wets the 

mating surfaces of the joint. This melt flows in the gap of joint through capillary action. The 

joint should be designed in such a way that capillary action is formed and melt can flow through 

the joint gap. The filler metal is distributed between closely fitted joints. Brazing is performed at 

temperature above 723 K (450 °C), which should be higher, then the liquidus temperature of 

filler metal but lower than that of base material which is to be joined. This then forms a 

metallurgical bond between the faying surface and melted filler metal. As a result of reaction 

between filler melt and base metal, the surface of base metal is eroded at microscopic level 

(˂100µm). 

Flow of the filler metal depends upon the condition of the joining surface. The surface can be 

cleaned before brazing or fluxes are used. Fluxing agent can be used in brazing process but it 

depends upon the composition of the base metal, filler metal and atmosphere whether the fluxing 

agent should be used for protection from excessive oxide formation. The main difference 

between welding and brazing is that in brazing temperature is required only to melt filler metal in 

order to flow in the gaps of joint of base metal, while in welding both base and filler metal is 

melted during the process.  

The erosion problem in base metal by filler metal is encountered by different method. Erosion 

behavior of filler metal can be changed by changing the composition of the filler metal by adding 

other elements e.g. phosphorus in filler metal increases the erosion depth in copper base 

metals.[2] Changing the composition affects the solubility of filler in the base metal. Erosion 

during brazing can also be controlled by reducing the grain size of filler metal. The smaller the 

size of the filler powder the shallower will be the erosion.[3] Base metal also effects the erosion 

e.g. if there is a deformation in base metal greater than 10 % then erosion depth will be 

negligible but erosion depth is high if deformation level is less than 10 %. There are other factors 

which alters the erosion behavior.[4]. 

1.1 Aim of project 

In this project composition of filler metal and base metal is kept constant only furnace 

parameters are changed to observe its effect on erosion depth. The objective of this project is to 
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evaluate the dominant factors involved in the erosion of base metal by filler metal during 

brazing. For the formation of metallurgical bonds erosion is necessary but it should be less than 

100 µm in order to braze thin sheets. Brazing can be performed to join the area where filler mass 

cannot be applied. For this reason more filler metal is applied at one place and through capillary 

action molten metal will flow through narrow gaps in complex structure where filler cannot be 

applied. 

The main parameter on which erosion is measured is peak temperature, brazing time, filler mass 

and furnace atmospheres. Erosion occurred at different tests will be quantified by light optical 

microscopic. Although it should fulfill the requirement of brazing like flowing of melt at the 

other end of joint, which can be detected by naked eye. Elemental analysis of brazing joint will 

be carried out by scanning electron microscope to analyze the effect of brazing parameters on 

elemental composition. SEM analysis will reconfirm the composition of filler and also give 

information if there is any specific element from base which dissolves in the filler melt or vice 

versa. By quantifying the erosion in terms of furnace parameters will help to make decision 

about brazing cycle which is more cost effective e.g. if filler is used to braze at low temperature 

without any considerable change in erosion than low temperature should be used for brazing.  
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2. Fundamentals of Brazing 
In this chapter production of filler metal powder used for brazing and interaction between melted 

filler alloy with base metal is discussed. Parameters influencing the brazing process like using of 

different brazing atmosphere, heating cycle, holding time, effect of temperature and joint 

clearance. 

2.1 Production of Filler Material  

The production amount of powder metal is continuously increasing due to increase demand in 

industries. The few techniques that are used for the production of iron and steel powders but 

most widely used techniques are Höganäs sponge iron process and water atomization that 

accounts for 90 % of world production. The powders that are used in this project for brazing are 

gas atomized powders. Gas atomization is process, which manufacture spherical shaped particles 

with very high quality. In this process, molten metal is atomized by inert gas into fine droplets, 

which are cooled during their fall in atomizing tower. Gas atomization process is shown in the 

Fig. 2.1. The only difference in gas and water atomization is use of inert gas to atomize the 

molten metal.  

 

Fig. 2.1 Schematic diagram of water atomization tower
[5]

 

Powder from the bottom of atomization tower is then dried and characterized in terms of particle 

size by screening. The powder which is produced by gas atomization are spherical this can also 

be seen in Fig. 2.2. Höganäs AB has a production plant in Belgium which produces Nickel, 

Cobalt and iron base powders.  
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Fig. 2.2 Micrograph of gas atomized powder
[6]

  

2.2 Parent Material Dissolution during Brazing 

Solubility of the parent material in filler metal results in dissolution of base material.[7] Flow of 

the filler metal cannot be explained by classical expression of fluid flow. The reason is that when 

the filler metal flows through narrow gaps by capillary force the interfacial reaction between the 

solid-liquid interfaces cannot be left unaccounted as a result of which viscosity increases.[8] 

Increasing the temperature will also have less effect on viscosity because the interfacial reaction 

occurring transverse to the flow will also increase.  

The solid-liquid reaction is not only important for the flow of the filler metal but also for joint 

properties. Due to intersolubility between filler metal and base metal in the joint area new phases 

are formed at the interface of filler and parent material or inside the filler metal which mainly 

accounts for the change in the properties of the joint area. Nerst-shchukarev explained the 

kinetics of the solubility of the parent material in molten filler metal in Eq 2.1: 

��
�� = ��(��	�)

�                         (Eq 2.1) 

In this equation C corresponds to instantaneous concentration of the dissolved parent metal in the 

melt, CS is maximum limit of parent material that can be dissolved in the filler melt at specific 

temperature, A is wetted area, t is time, K is dissolution rate constant and V is the volume of 

melt. With initial conditions as C = 0 and t = 0 and by integrating Eq 2.1 the equation becomes 

as Eq 2.2: 

� = � �[1 − exp �	���
� ��                     (Eq 2.2)          

The Eq 2.2 shows that the concentration of the parent material in the filler metal increases with 

time in an inverse exponential manner. The graphical representation of Eq 2.2 is shown in        

Fig 2.3 given below: 
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Fig. 2.3 Concentration of parent material dissolution in melt with respect to time
[9]

 

The above graph shows that initially the amount of dissolution of base material in filler melt is 

very high but as it approaches to the equilibrium or maximum amount of dissolution, the rate 

start to decreases. As this equilibrium condition is reached within the process cycle of brazing, so 

the compositional changes can be predicted by the phase diagrams. Dissolution of material can 

also predict the depth of erosion in parent material. After the brazing process is carried out the 

dissolution almost stops because the two reasons. First the filler metal reaches equilibrium and 

second the solid state diffusion is twice slow then solid-liquid. [9] 

2.3 Brazing Parameters 

There are few parameters which should be taken in account for understanding of brazing process. 

Each parameter has its own effect on braze joint quality and its effectiveness in service 

condition. These parameters will be discussed thoroughly in order to have understanding that 

which parameter is influencing brazing and up to what magnitude their effect can be altered. 

Some of the effect of process condition is given below: 

2.3.1 Wetting and contact angle 

Ability of the liquid to have contact with the solid surface is called wetting. Wettability can be 

explained by the classical model of wetting. Which is represented in Eq 2.3: 

γSL = γSV − γLVcos     (Eq 2.3) 
In the Eq 2.3 equation γSL represents surface tension between solid and liquid, γSV represents 

surface tension between solid and vapor, γLV represents surface tension between liquid and vapor, 

while   is the angle of contact between the liquid droplet and solid surface. If the contact angle is 

 ˂90 degree shows that γSV>γSL, which provide driving force for spreading on the solid metal 
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and if   is greater than 90 degree then condition is favorable for non wetting. This can be seen in 

Fig. 2.4. 

 

                     ˂90 °                                               >90 °  

Fig. 2.4 Effect of contact angle on wetting
[9]

 

To hence wetting, surface tension γSV should be higher than γSL. γSV is highly reduced by the 

presence of  adsorbed materials, like dust, water vapor and metal oxides. To have a clean surface 

γSV can be increased. The other way is to decrease γSL and γLV which depends upon the 

temperature and pressure of atmosphere respectively. By increasing temperature and decreasing 

the pressure both can be reduced. That’s one of the reasons that vacuum brazing is used to 

increase the wetting behavior of the system. 

This classical model of wetting does not take into account the interfacial reaction between the 

filler metal and base metal. This may result in formation of the new phases and also partial 

dissolution of the base metal. [9][10] A ridge will be formed at triple phase region where the liquid 

drop moves ahead on the solid substrate. Then nucleation takes place and reaction product is 

formed. After the reaction product is formed the droplet detaches and moves ahead. [11] The size 

of powder particle also affects the erosion depth in base metal.[3] 

2.3.2 Brazing atmospheres 

Atmosphere plays a key role in joint quality. The main objective of different atmosphere is due 

to the fact that different elements act differently in particular brazing atmosphere. Considering 

that atmosphere for brazing can be divided into four different sections which are: 

1. Oxidizing atmosphere (air) 

2. Vacuum 

3. Reducing atmosphere 

4. Chemically inert atmosphere 

Oxidizing atmosphere 

Air is commonly referred as oxidizing atmosphere. The main reason to use air as atmosphere in 

brazing process is easy access to the work piece and no special set up is required for gas 
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handling. The main problem associated with this atmosphere is the oxidation of the filler and 

base metal at high process temperature. This can be overcome by using of fluxes which can 

remove oxide films chemically and physically. Flux can be integral part of the filler metal or can 

be applied separately. This atmosphere is most suitable for those elements which do not form 

oxides or have the least stable oxide at high temperature in air like Gold, silver and other noble 

metals. 

Vacuum 

The role of vacuum in brazing atmosphere is to provide protective atmosphere to the filler 

metal.[12] The oxidation of the metal is dependent on the partial pressure of the oxygen present in 

the atmosphere, through Ellingham diagram this partial pressure of oxygen can be calculated for 

a particular metal at specific temperature. By decreasing the pressure of the atmosphere in the 

furnace the partial pressure of oxygen is also lowered which may limit the oxidation of some 

metal or possibly start to reduce the metals which have formed oxides.  

 

The main drawback of this atmosphere in brazing is that the filler metal having volatile elements 

cannot be used. These elements corrode the vacuum chamber and also contaminate the pumping 

oil. Many metals have low vapor pressure at normal temperature but at high process temperature 

higher than 1000 °C and low pressure their vapor pressure increases which make them volatile.  

Reducing atmosphere 

A gas which has reducing ability is used in this atmosphere. These gases can reduce the oxides 

that are formed on the surface of the metal. This atmosphere for brazing can be used if the partial 

pressure of the oxygen in vacuum or inert atmosphere cannot be lowered enough to reduce the 

oxide. The most common gases used in this atmosphere are hydrogen, carbon monoxide and 

dissociated ammonia. In this atmosphere the oxygen partial pressure can be reduced by 

increasing the amount of CO and decrease the amount of CO2 in the furnace. Meaning by that 

decreasing the product of reducing reaction gas the partial pressure of the oxygen can be 

reduced.  The problem associated with this atmosphere is handling of hydrogen gas which can 

act as explosive at high temperature and can also embrittle some of the metals.  

Chemically inert atmosphere 

The gas which are inert and do not react with filler or base metal like argon and nitrogen are 

used. As the amount of oxygen in the process cannot be removed entirely but inert atmosphere 

refers to oxygen content in the furnace which cannot have adverse effect on the joint. This 

atmosphere is particularly effective for those filler metal which has volatile elements at high 

temperature and low pressure. However, nitrogen gas cannot be used with filler metal containing 

boron. The boron reacts with nitrogen to form boron nitride black residue which will reduce the 

flow and wetting of the filler metal. [13] 
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2.3.3 Brazing heating cycle 

The heating cycle have four important features: heating rate, holding time above the melting of 

filler metal, peak process temperature and cooling rate. All these parameter in heating cycle has 

direct effect on joint composition and quality of the joint. 

Fast heating rate of the process is beneficial to limit the reaction that may occur below the 

brazing temperature but there is some limitation to this parameter. By increasing the heating rate 

it may create temperature gradient in the assembly which can distort the component. To avoid 

this distortion and keeping the same rate of heating, can be carried out by holding the component 

for sufficient time just below the melting temperature of the filler metal. So that the component 

is thermally stable and then heat it to the braze temperature. Fig. 2.5 shows the heating cycle of 

brazing. 

 
 

 

Fig. 2.5 brazing cycle at high rate of heating 
[9] 

Holding or dwell time above the melting point of filler metal depends upon the assembly and the 

amount of the filler metal applied for joining. Minimum dwell time should be of order which can 

wet the entire surface which is to be joined. On other hand if the dwell time is too long it can 

deteriorate the parent material properties. Base metal gets dissolved by the filler metal when 

filler metal diffuses in the base metal. This amount of dissolution of base metal increases by 

increasing the holding time. [14] Excessive dissolution can occur by increasing the holding time 

or it may form some inter metallic compounds. The intermetallic compound growth and 

thickness depends upon the composition of filler and base material. Balance should be 

maintained for the dwell time for a particular component or assembly.  
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Peak or bonding temperature for brazing is dependent on filler metal melting range. The criterion 

for peak temperature is to melt the filler metal so the bonding temperature is always higher then 

melting temperature of the filler metal. The upper end of the peak temperature is measured by 

extent of interaction between filler and substrate material. Most commonly the peak temperature 

is set to be 50-100 °C above the melting temperature. This increase in process temperature is to 

encounter the error which can occur in the apparatus. In vacuum the conduction between the heat 

source and component is poor, so measurement of temperature of sample is difficult to measure. 

In most of the experiment cooling rate is not controlled by operator and samples are furnace 

cooled. Fast cooling can give rise to stresses in the joint due to different contraction of metals. 

Dwell stages are introduced to lower the stress level. To achieve a desire microstructure 

controlled cooling is required. Steel can have surface cracks due to martensitic transformation 

which will induce volumetric strain. Isothermal annealing above the transformation can prevent 

this phase change and then cool it slowly.  

2.3.4 Effect of Temperature 

Temperature plays an important role in the brazing process. Changing temperature for brazing 

can affect the joint properties and also the kinetics of the reaction that is taking place in the joint 

area. There are some limitations which restrict the temperature which cannot go below a specific 

range. The temperature cannot go below the melting point of the filler metal. The lowest 

temperature is dependent on the melting point of the filler metal. The upper temperature limit 

cannot be defined in terms of some specific property of the filler metal.  

Most of the filler alloys have range of melting temperature. The upper limit of temperature for 

brazing should be high enough for filler metal to flow through the gaps and join the material. The 

filler metal should not solidify in its way to fill the gap. The reason that it solidifies during filling 

of the gaps are alloying with base metal which may decrease the fluid flow through these gaps. 

Alloying with base metal can increase the melting temperature of filler metal and can solidify 

while flowing between the gaps.  Wetting angle also decrease by increasing temperature which  

affects the rate and depth of erosion.15 The rate and depth of erosion can increase by increasing 

the temperature. The upper limit of temperature is chosen by taking into account the flow of the 

filler and erosion.   

Base metal is considered while selecting the temperature for brazing. The temperature should not 

match with the heat treatment of base metal like annealing or stress relieving. There are some 

requirements which base metal has to fulfill during the service condition because of improper 

temperature selection for brazing the component can loss its service requirement criteria. In some 

cases if the heat treatment is required and its temperature is same as that of brazing will be 

beneficial. Reduction of oxide is important criteria for filler metal flow. It is convenient at high 

temperature in vacuum to reduce the elements in the filler metal as the partial pressure of oxygen 

required to reduce become low.  
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To balance the requirement of the filler and base metal in terms of temperature all of the above 

requirements should be met. If the brazing temperature is fixed and filler metal do not fulfils the 

requirement then the only option will be changing of the filler metal.  

2.3.5 Joint Clearance 

Joint clearance is the distance between the surfaces which is to be joined by filler metal. Filler 

flows through the gaps by capillary action which is defined by joint clearance. The clearance has 

significance in brazing process depending upon the interaction between the filler metal and base 

material. If the interaction or mutual solubility between the filler and base is low the clearance is 

required to be small. If the interaction is high the clearance will have high value. This interaction 

affects the flow of the filler metal in the joining are by alloying with base metal while flowing 

through the joint and hence increases the melting point of filler. Filler metal may solidify at 

brazing temperature due to increase in melting temperature due to alloying.  The flow of filler 

metal is restricted or influenced by the reaction which is occurring perpendicular to the flow of 

the filler metal. 

The filler metal fluidity also plays its part in joint clearance without considering the alloying 

effect.  Filler which has low viscosity requires small clearance compare to less fluid metal. Joint 

clearance also depends upon the length of the joint when there is filler and base metal 

interaction. The filler metal flows through long joint it starts alloying and before reaching at end 

point of the joint it may solidify. For this reason joint gap should be large or to make the joint 

length small if feasible for component in order to prevent pre solidification. Joint gap during 

brazing cycle is stable but when dissimilar materials with different coefficient of thermal 

expansion are joined allowance should be given for their expansion. If this allowance is not 

given the joint area will be of high stress concentration. These stresses have direct link to the 

bonding temperature. The higher the brazing temperature more expansion will occur and submit 

more stress at the joint. The filler metal must resist the fracture or the base metal forms some 

ductile phase in order to reduce the stress. This stress may reduce the service life of the joint. 

This parameter should be in consideration while designing the joint gap. 
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3. Experimental Procedure 
In this project erosion behavior of different filler metals on base metal (SS304) were observed. 

There are three filler metal whose erosion behavior was observed i.e. Ni613, F300 and Exp 4. 

Ni613 was nickel based filler and F300 and Exp 4 were iron based filler. The base metal used 

was stainless steel 304 on which different tests were performed. Erosion behavior is greatly 

affected by base metal due to which it was kept constant. This base metal grade SS304 is used in 

heat exchanger where there is thin sheets overlying over each other to be joined by brazing. 

Brazing was carried out at different parameters of furnace. The parameter of brazing cycle has a 

great influence on erosion behavior. The reason to change the brazing parameter is to quantify 

the erosion intensity in terms of different furnace parameter. Then erosion was evaluated by the 

in base metal by light optical microscope and SEM analysis.  

3.1 Types of Sample  

Two types of samples were used to perform experiments (T-sample and plate sheet). Both the 

samples are made up of SS304 grade whose composition is given in table 3.1. 

Table 3.1 Composition of  SS304 base metal sample  

SS304 Ni Cr C Si Mn P S 

Composition(%) 8-11 18-20 0.08 0.75 2 0.04 0.03 

 

In T-sample there is small gap between two plate sheets which is filled by filler metal placed 

near or inside the joint when melted through capillary action. From these samples the fluidity of 

the filler metal in narrow gaps can be evaluated at particular temperature. The filler should not 

solidify until it reaches to the other end of the gap. The flow of filler metal can be hindered when 

there is intensive alloying between filler and base metal which increases the viscosity of the melt, 

the reaction which take place at right angle to that of flow of the filler metal. The melt can 

solidify by alloying with base metal at isothermal temperature. 

In plate sheet samples the filler metal is placed on the surface of the plate. These samples are 

used to evaluate the depth of erosion by filler metal in the base metal. To contain the filler metal 

at specific area of the plate sheet nicrobraz marker and a coin of one Swedish korna was used to 

draw a circle on the plate sheet which is 25 mm in diameter. The filler was placed inside this 

circle and was melted at brazing temperature. This circle was drawn to restrict the flow of the 

filler metal and check the effect of same area of the base metal which is in contact with filler 

metal. These samples can be used to quantify the erosion depth at different parameters of the 

furnace, effect of filler metal on particular base metal and vice versa. Depth erosion also 

indicates the solubility of the filler in base metal. Fig. 3.1 shows the shape of samples used for 

testing. 
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Fig. 3.1 represents T-sample on the left and plate sheet on right side. 

3.2 Filler metal 

Filler metal is integral part of brazing process. The metal which is used to join the components is 

called filler metal. There are some properties which should be fulfilled by filler metal. The main 

criterion for filler metal is that it should have lower melting point then the base metal. Other 

properties which should be considered are dependent upon service condition of that component. 

The reason for using paste instead of powder metal is because of ease of application in the joint. 

The paste consists of 80-90 % metal powder while rest is binder. Binder is evaporated before the 

peak temperature of brazing. Composition of filler metal which were used to join T-sample and 

applied on plate sheet is given in table 3.2. 

Table 3.2 shows the composition of Filler metals used for brazing 

Weight Percentage  Ni613 F300 Exp 4 

Fe - Bal Bal 

Cr 29 24 20 

Ni Bal 20 20 

Cu - 10 10 

P 6 7 7 

Si 4 5 4 

Mn - 5 - 

 

The melting point or melting range cannot easily be extracted from phase diagram for complex 

systems where there are more than three elements. There are some techniques which can be used 

to determine the melting range of material. All of these filler metal do not have single melting 

point rather they have a range of melting temperature. Temperature ranges can be calibrated by 

Differential scanning calorimetry (DSC). DSC is a thermoanalytical technique in which the 

change in the amount of heat required to increase the temperature of the sample and reference is 

measured in terms of temperature. Both reference and sample are maintained at same 

temperature.  

   



 

 

 

 

The identification of melting ranges is important in brazing as bonding tem

higher than the melting point. DSC technique is used to determine the melting ranges of the 

material which are used in this project. 

per unit mass. The melting range can be evaluated w

which represents endothermic reaction or

point of melting range can be observed when

energy is absorbed by the material to change its phase from solid to liquid. 

the melting ranges of three filler material which was used for brazing purpose. 

were obtained from Höganäs AB organic compound department which they had performed test 

on these three materials. 

 

Fig. 3.2 shows the melting range of (a) Ni613 (b) F

Ni613 is nickel base filler metal, while F300 and Exp 4 are iron base. 

range which is relatively low comparing with other two filler. Indicates that Ni613 can be brazed 

at low brazing temperatures relative to other two iron based materials, as brazing temperature 

   (a)  
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identification of melting ranges is important in brazing as bonding temperature should be 

melting point. DSC technique is used to determine the melting ranges of the 

material which are used in this project. DSC plots a graph between the temperature and energy 

The melting range can be evaluated when there is sharp decrease in the graph 

c reaction or showing absorption of energy by the material. The end 

point of melting range can be observed when the graph move upwards. In this region of graph 

terial to change its phase from solid to liquid. The F

the melting ranges of three filler material which was used for brazing purpose. 

AB organic compound department which they had performed test 

 
(c) 

 

shows the melting range of (a) Ni613 (b) F300 (c) Exp 4 through DSC graph

Ni613 is nickel base filler metal, while F300 and Exp 4 are iron base. Ni613 shows the melting 

range which is relatively low comparing with other two filler. Indicates that Ni613 can be brazed 

at low brazing temperatures relative to other two iron based materials, as brazing temperature 

     (b) 

perature should be 

melting point. DSC technique is used to determine the melting ranges of the 

DSC plots a graph between the temperature and energy 

hen there is sharp decrease in the graph 

showing absorption of energy by the material. The end 

move upwards. In this region of graph 

The Fig. 3.2 shows 

the melting ranges of three filler material which was used for brazing purpose. These graphs 

AB organic compound department which they had performed test 

 

300 (c) Exp 4 through DSC graph 

Ni613 shows the melting 

range which is relatively low comparing with other two filler. Indicates that Ni613 can be brazed 

at low brazing temperatures relative to other two iron based materials, as brazing temperature 
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must be higher then peak melting point. The change in melting range in F300 and Exp 4 is due to 

5 % Mn content in F300. Mn act as a melting temperature depressant, which decreases the peak 

melting point of F300 by 14 ˚C. In most of the cases lower melting point of filler metal is 

preferred. Although filler metal selection also depends upon the base metal composition and 

service condition. If the service temperature is high or if the melting point of base metal is lower 

than melting point of filler metal then in both cases that filler metal cannot be used. The melting 

range obtain from these graphs are shown in table 3.3. These temperature ranges determines the 

peak brazing temperature. 

Table 3.3 represents the melting ranges of filler metal used for brazing 

Filler Metal Melting ranges (°C) 

Ni613 931-994 

F300 1003-1040 

Exp 4 1009-1054 

3.3 Brazing Furnace Parameters  

Brazing of specimen is carried out when metal of filler metal is applied on the T-sample near the 

joint area to fill in the gap between the two plate sheets by capillary action. On plate sheet it is 

applied on the surface to see the behavior of the melting filler metal interaction with base metal. 

Vacuum furnace (Carbolite) was used for brazing process can create a pressure down to 10-4 

mbar at bonding temperature. The process parameters which can be altered in carbolite furnace 

are time, temperature, vacuum intensity and atmosphere. Graph obtained from one of the 

experiment of brazing in furnace is given in Fig. 3.2. 

Solubility of the filler in base metal cannot be changed by furnace parameters but it can be 

restricted to certain limit. Brazing test performed was on the stainless steel 304 as a base metal, 

as this grade of steel has a wide range of application in our daily life because of it good corrosion 

resistant ability. The important element in brazing to be considered is melting temperature of 

base metal. The melting range for SS 304 grade is between 1400-1455 °C which is quite high 

compare to the melting temperature of filler metal. 



 

 

 

 

Fig. 3.2 represents the 

The above graph shows the brazing cycle for one of the experiment performed at 

temperature 1120 °C for 20 min. 

peak temperature. This holding time is

filler metal applied on the sample. 

to 9 °C/min and samples are cooled by furnace cooling.

data of pressure in the furnace. Sensor 1 

the end of the furnace respectively. The difference in the pressure data coming from both the 

sensors is almost constant. The use of these two sensors at different position of the furnace is 

that if one sensor is showing wrong values then operator can determine it by

second sensor values. Basically both the sensors cross check each other which minimizes the 

error factor in pressure values. 

Parameters were changed to observe the interaction of filler metal with base metal in terms of 

erosion occurring during the join

design (T-sample and plate sheet). In both type of sample different parameters were changed to 

observe its effect. Test performed on T
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represents the brazing cycle from furnace (Carbolite) during brazing

The above graph shows the brazing cycle for one of the experiment performed at 

°C for 20 min. There is a holding time for 30 min at 600 °C

This holding time is given for the purpose of evaporation of binder from the 

applied on the sample. The heating rate in the whole brazing cycle is constant 

and samples are cooled by furnace cooling. There are two sensors which records the 

data of pressure in the furnace. Sensor 1 and sensor 2 takes the value close to the sample 

respectively. The difference in the pressure data coming from both the 

sensors is almost constant. The use of these two sensors at different position of the furnace is 

that if one sensor is showing wrong values then operator can determine it by

second sensor values. Basically both the sensors cross check each other which minimizes the 

were changed to observe the interaction of filler metal with base metal in terms of 

erosion occurring during the joining process. The two type of sample were used in terms of 

sample and plate sheet). In both type of sample different parameters were changed to 

Test performed on T-specimen and parameters used are given in the table 

 

nace (Carbolite) during brazing 

The above graph shows the brazing cycle for one of the experiment performed at brazing 

°C before going to 

of evaporation of binder from the 

azing cycle is constant value 

There are two sensors which records the 

close to the sample and at 

respectively. The difference in the pressure data coming from both the 

sensors is almost constant. The use of these two sensors at different position of the furnace is 

that if one sensor is showing wrong values then operator can determine it by observing the 

second sensor values. Basically both the sensors cross check each other which minimizes the 

were changed to observe the interaction of filler metal with base metal in terms of 

were used in terms of 

sample and plate sheet). In both type of sample different parameters were changed to 

and parameters used are given in the table 3.4: 
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Table 3.4 shows the parameter of furnace used on T-sample 

Experiment Time (min) Temperature (°C) Pressure (mbar) 

1 20 1080 1.5x10-4 

2 20 1100 1.5x10-4 

3 20 1120 1.5x10-4 

4 20 1140 1.5x10-4 

5 20 1120 3x10-2 

6 30 1120 Nitrogen  

7 30 1120 Hydrogen 

 

All the above experiment performed was not quantitative analysis rather than it was comparative 

test. In each experiment all the three filler metal i.e. Ni613, F300 and Exp 4 were used to observe 

their characteristics. The mass of filler metal used was according to the volume of gap between 

the sheets, so the filler mass slightly changes according to the gap. Pressure of the furnace 

chamber was changed to see the limit of vacuum which is required to braze the different filler 

metal. Change in temperature was performed to see the effect on erosion and also observe that 

how low temperature can be used to perform brazing without compromising on properties of 

joining.  

The other samples were plate sheets in which the main observation was to quantify the depth of 

erosion at three different parameters. In plate sheet samples vacuum pressure applied in the 

furnace is constant which is around 1.5x10-4 mbar. The table 3.5 given below shows the different 

parameters used on T-samples.  

Table 3.5 shows the change in brazing parameters time, temperature and filler metal mass on plate sheet 

 

Experiment Time (min) Temperature (°C) Mass (g) 

8 30 1080 0.5 

9 30 1100 0.5 

10 30 1120 0.5 

 11 30 1140 0.5 

12 30 1120 1 

13 30 1120 1.5 

14 30 1120 2 

15 40 1120 0.5 

16 50 1120 0.5 

17 60 1120 0.5 
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3.4 Evaluation Techniques of Erosion 

The method to evaluate erosion in the base metal by filler metal is carried out by Light optical 

microscope and Scanning electron microscope (SEM). Erosion occurring during brazing is not 

because of flow of filler metal on the base metal but it is the solubility of filler in the base metal. 

In optical microscope visual analysis of depth of filler in base metal was performed. The samples 

for metallographic inspection were prepared or cut in the area where filler metal was applied to 

see the maximum dissolution. The depth of filler was quantified in terms of different parameters 

which are used to perform brazing and comparing the dissolution of different filler composition 

in the base metal. The phases which solidify at eutectic temperature can also be detected through 

critical analysis. Limitation of this method is that elemental analysis cannot be performed. The 

percentage of elements and their distribution in the joints cannot be determined.  

SEM analysis technique uses high energy beam of electrons which is used to scan the sample in 

vacuum chamber. When these high energy electron strikes the sample surface, energy is 

dissipated as variety of signals. The signals which are generated are backscattered electrons, 

secondary electrons and X-rays. These three signals give particular information about the sample 

which is under scan.  X-rays which are generated can be used to gather chemical composition 

information about the sample where it is scanned. This information is interpreted by energy 

dispersive X-ray spectroscopy (EDS) as each element has a unique atomic structure which 

allows unique set of peaks, which allows EDS to quantify the element. If progressive scanning is 

carried out in a specific area elemental mapping can be formed. Mapping helps in understanding 

the dissolution of elements in case of brazing and diffusion of elements in sintering processes. 

The limitation of EDS is detection of light elements like nitrogen, hydrogen and oxygen. The 

second drawback is for very low concentration of elements high dwell time is required. 

Secondary electrons are low energy ejected from the k-orbital of the specimen atoms after 

interaction with electron beam. These electrons are generated from few nanometers in depth 

from the sample surface. These electrons are used for imaging of high resolution. 

Back scattered electrons have high energy which are reflected or back scattered after interacting 

with the sample volume. The elements which have a high atomic number, back scatter electron 

are stronger as compared to light elements because of which it appears brighter in the image. 

This method is used to provide elemental distribution in the sample, which because of its 

principle cannot give good result for light elements. 

SEM analysis is performed to see the different elements in the filler metal and their dissolution in 

the base metal or vice versa. The distribution of elements in different area of the joint, element 

rich phases and distribution of elements in other phase was examined. Evaporation or 

sublimation of the elements was also seen if there is decrease in percentage before and after 

joining process in filler metal. 



 

 

 

 

4. Results and Discussion
All the results and effect of erosion on base metal

optical microscope and scanning electron microscope

effect of different parameters on erosion of base metal.

4.1 Temperature effect on 

These samples are used to observe

interaction between the base and filler in narrow gaps,

action and Wettability. To observe

was selected. The Fig. 4.1 shows

   

 Fig. 4.1 shows the micrograph at brazing temperature 1080

The quantity of filler metal which is applied in the gap

shows that in Ni613 and exp 4 filler

over filler metal which has not melted. The base metal is stainless steel

samples. The F300 filler shows a unique behavior in this 

is 1003-1040 °C which is comparatively

temperature of the experiment. Even

did not melt completely. The main reason 
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Results and Discussion 
and effect of erosion on base metal from the experiments are observed by

optical microscope and scanning electron microscope. The trials performed were to evaluate the 

on erosion of base metal. 

 T-sample 

observe the practical behavior of the filler on base metal like

interaction between the base and filler in narrow gaps, melting behavior of filler metal

. To observe these characteristics different temperature and atmosphere 

shows the micrograph of T-sample at 1080 °C. 

 

  

 

 

 

 

 

micrograph at brazing temperature 1080 °C for 20 minutes at 1.5x10

filler metal which is applied in the gap was almost the same but

filler have melted completely and filled the joints. There is no left 

over filler metal which has not melted. The base metal is stainless steel 304 in above all the 

shows a unique behavior in this experiment. The melting range of F300 

comparatively low compare to 1080 °C which is peak joining 

Even at 40 °C above the upper limit of melting range

. The main reason for this behavior is increase in the melting point of 

observed by light 

were to evaluate the 

the practical behavior of the filler on base metal like 

melting behavior of filler metal, capillary 

these characteristics different temperature and atmosphere 

 

°C for 20 minutes at 1.5x10
-4

 mbar 

same but the above figure 

have melted completely and filled the joints. There is no left 

304 in above all the 

experiment. The melting range of F300 

low compare to 1080 °C which is peak joining 

upper limit of melting range of F300 it 

for this behavior is increase in the melting point of 



 

 

 

 

F300 filler metal which can be explained through literature that some of the elements sublime or

evaporate when the atmospheric pressure 

melting point of F300 and do not melt even 

The boiling/sublimation of elements is one of the explanation of the F300 not melting above 

melting point. In F300 there is small content of Mn (5

depressant in the alloy. When there is high temperature and low vacuum this Mn content 

decreases by sublimation. The 

decrease to 10-10 atm. [5] so when this temperature depressant evaporates the melting point of 

F300 rises and filler metal melting range changes. The reason for the application of vacuum 

deoxidize the component and filler by lowering the amount of oxygen. 

oxygen partial pressure without applying vacuum can be 

nitrogen. In another experiment same pattern is repeated at 1100

4.2. 

Fig. 4.2 shows the micrograph at brazing temperature 1100

The experiment performed at 1100

is slight variation. In Ni613 and Exp 4 

which has not melted. While in the case of F300 it can be seen that some of filler metal has filled 
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F300 filler metal which can be explained through literature that some of the elements sublime or

pheric pressure is lowered and the temperature is high

melting point of F300 and do not melt even above melting temperature.  

The boiling/sublimation of elements is one of the explanation of the F300 not melting above 

0 there is small content of Mn (5 %) which is used as temperature 

the alloy. When there is high temperature and low vacuum this Mn content 

by sublimation. The sublimation temperature for Mn is 550 °C when

so when this temperature depressant evaporates the melting point of 

melting range changes. The reason for the application of vacuum 

deoxidize the component and filler by lowering the amount of oxygen. In order

oxygen partial pressure without applying vacuum can be carried out in ambient atmosphere

In another experiment same pattern is repeated at 1100 °C can be seen in below Fig. 

 

shows the micrograph at brazing temperature 1100 °C for 20 minutes at 1.5x10

1100 °C shows almost the same pattern as that of 1080

. In Ni613 and Exp 4 filler metal has filled the gaps and there is no extra mass 

. While in the case of F300 it can be seen that some of filler metal has filled 

 

F300 filler metal which can be explained through literature that some of the elements sublime or 

high. This alters the 

The boiling/sublimation of elements is one of the explanation of the F300 not melting above 

used as temperature 

the alloy. When there is high temperature and low vacuum this Mn content 

when pressure is 

so when this temperature depressant evaporates the melting point of 

melting range changes. The reason for the application of vacuum is to 

In order to have low 

carried out in ambient atmosphere like 

°C can be seen in below Fig. 

 

°C for 20 minutes at 1.5x10
-4

 mbar 

shows almost the same pattern as that of 1080 °C but there 

there is no extra mass 

. While in the case of F300 it can be seen that some of filler metal has filled 

 



 

 

 

 

the clearance but there is also mass which has not melted

above the melting point is discussed above. The difference that can be seen in F300 of both the 

Fig. 4.1 and Fig. 4.2 is that F300 shows erosion or dissolution of base metal in the filler. To 

explain this change in the behavior 

1080 °C. As filler and base metal

filler is melted resulting in more solution with base metal so level of erosion is high as compare 

to 1080 °C. It can be noted that at 1080

solution with base is almost neglected because of whi

concave shape in vertical sheet which mainly because of cutting of 

preparation of sample. To confirm

reduce thickness at the bottom and there is no penetration in horizontal plate. Which indicates 

that this is not erosion but instead sma

requirement to form fillet at the edges of braze area.

different temperature more test were carried out one of it is given 

Fig. 4.3 shows the micrograph at brazing temperature 1120

The above micrographs are from experiment performed at 112

Ni613 and Exp 4 shows almost the same result compar

experiments performed. There is no increase in erosion of base by filler metal due to increase in 
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mass which has not melted completely. The reason of not melting 

above the melting point is discussed above. The difference that can be seen in F300 of both the 

2 is that F300 shows erosion or dissolution of base metal in the filler. To 

explain this change in the behavior it can be suggested that F300 melted more at 

metal has the tendency to dissolve each other and at 1100

filler is melted resulting in more solution with base metal so level of erosion is high as compare 

°C. It can be noted that at 1080 °C F300 has not melted completely 

solution with base is almost neglected because of which there is no erosion. Fig.

in vertical sheet which mainly because of cutting of sheets for metallographic 

confirm this argument it can be seen that only vertical plate has a 

reduce thickness at the bottom and there is no penetration in horizontal plate. Which indicates 

that this is not erosion but instead small mass of filler is being applied which could not fulfill the

requirement to form fillet at the edges of braze area. To understand the behavior

different temperature more test were carried out one of it is given in Fig. 4.3: 

Fig. 4.3 shows the micrograph at brazing temperature 1120 °C for 20 minutes at 1.5x10

from experiment performed at 1120 °C. It can be seen that Fig. 4.

almost the same result comparing to same filler metal

There is no increase in erosion of base by filler metal due to increase in 

 

 

. The reason of not melting 

above the melting point is discussed above. The difference that can be seen in F300 of both the 

2 is that F300 shows erosion or dissolution of base metal in the filler. To 

F300 melted more at 1100 °C than at 

and at 1100 °C more 

filler is melted resulting in more solution with base metal so level of erosion is high as compare 

 so possibility of 

 4.2 Exp 4 shows 

sheets for metallographic 

it can be seen that only vertical plate has a 

reduce thickness at the bottom and there is no penetration in horizontal plate. Which indicates 

ll mass of filler is being applied which could not fulfill the 

To understand the behavior of filler metal at 

 

°C for 20 minutes at 1.5x10
-4

 mbar 

°C. It can be seen that Fig. 4.3 

ing to same filler metal to previous two 

There is no increase in erosion of base by filler metal due to increase in 

 



 

 

 

 

temperature. But in the case of F300 it is clearly seen that ther

been melted as in the case of previous experiments.

be inferred that melting range is below 1120

about F300 is that the intensity of erosion has increase compare to 1080

increase in erosion is due to the fact that F300 has solubility in base metal SS 304 but due to 

unavailability of melted filler at low temperature 

filler is more at 1120 °C due to which the depth of erosion is high.

filler metal, brazing was carried out 1140

Fig. 4.4 shows the micrograph at brazing temperature 1140

Analysis of this experiment shows that Ni613 and Exp 4 show no erosion even at very high 

temperature above their melting point.

1140 °C the difference in erosion of Ni613 and Exp 4 filler metals is negligible. 

for Ni613 and Exp 4 filler metal

1080 °C in terms of erosion in stainless steel 304 as base metal. 

increase in the erosion by increasing temperature

discussed before that at 1080 °C and 1100

that it does not fills the gap proper
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temperature. But in the case of F300 it is clearly seen that there is no filler metal which has not 

as in the case of previous experiments. And all the filler has filled the gaps.

be inferred that melting range is below 1120 °C but higher than 1100 °C. The other observation 

ntensity of erosion has increase compare to 1080 °C and 1100

increase in erosion is due to the fact that F300 has solubility in base metal SS 304 but due to 

unavailability of melted filler at low temperature as compare to 1120 °C. So the volume of 

°C due to which the depth of erosion is high. To understand the trend of 

brazing was carried out 1140 °C whose micrograph is given in Fig. 4.4.

shows the micrograph at brazing temperature 1140 °C for 20 minutes at 1.5x10

Analysis of this experiment shows that Ni613 and Exp 4 show no erosion even at very high 

temperature above their melting point. If we compare experiment performed at 1080

1140 °C the difference in erosion of Ni613 and Exp 4 filler metals is negligible. 

for Ni613 and Exp 4 filler metal, brazing can carried out at least possible temperature which is 

°C in terms of erosion in stainless steel 304 as base metal. In F300 there is continuous 

by increasing temperature which can also be seen in Fig. 4.4

°C and 1100 °C F300 do not melt completely which

properly and erosion behavior is less. At 1120 °C and 1140

 

 

e is no filler metal which has not 

And all the filler has filled the gaps. So it can 

°C. The other observation 

°C and 1100 °C. The 

increase in erosion is due to the fact that F300 has solubility in base metal SS 304 but due to 

°C. So the volume of liquid 

To understand the trend of 

ig. 4.4. 

 

°C for 20 minutes at 1.5x10
-4

 mbar 

Analysis of this experiment shows that Ni613 and Exp 4 show no erosion even at very high 

If we compare experiment performed at 1080 °C and 

1140 °C the difference in erosion of Ni613 and Exp 4 filler metals is negligible. This shows that 

, brazing can carried out at least possible temperature which is 

In F300 there is continuous 

which can also be seen in Fig. 4.4. As 

°C F300 do not melt completely which is the cause 

°C and 1140 °C F300 
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melts completely and erosion is intensified. The most feasible temperature for brazing of F300 at 

given vacuum is 1120 °C as it is the lowest possible temperature at which all the filler mass 

melts. Although there is erosion at this temperature but that can be reduced or controlled by other 

parameters of brazing.  

4.2 Vacuum Pressure 

The furnace which is being used for brazing process in this project has two vacuum pumps to 

create a vacuum. With these two pumps pressure can be reduced up to 1.5x10-4 mbar. The 

pressure which is created is feasible for brazing as it protects the filler and base metal from 

oxidation and also reduce the oxide formed on the base metal. One of the indications of 

reduction of oxide is that the sample when removed from the furnace after brazing appears more 

shinning compared to before brazing surface. The bright surface shows reduction of oxide. 

Brazing was performed at low vacuum or high pressure by generating vacuum by one pump. The 

pressure was lowered to 3x10-2 mbar in the furnace for brazing which also increase the partial 

pressure of oxygen as compare to two pumps. The effect of this increase in oxygen content in 

furnace atmosphere will be oxidation of filler and base metal. 

Ni613, F300, and Exp 4 filler metals were used at low vacuum e.g. 3x10-2 mbar to analysis their 

behavior. Fig. 4.5 shows the filler after being brazed at 1120 °C for 20 minutes. It can be seen 

that the Ni613 has not even melted while F300 has partially melted and Exp 4 has melted 

completely. The reason for this behavior can be evaluated from their initial composition. Ni613 

has the highest chromium content (29 %) which gets oxidize during brazing and filler do not 

melt. The same process is also occurring in F300 which has 24 % Chromium which melts 

partially and Exp 4 melts completely which has 20 % chromium. So the lower content of 

chromium will have positive effect at low vacuum brazing. The Fig. 4.5 shows the sample of 

experiment performed at low vacuum.  

 

   

   Ni613     F300 

 

Exp 4 

Fig. 4.5 shows the filler metal area after brazing at 1120 °C for 20 minutes at 3x10
-2 

mbar 
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Ellingham diagram explains the oxidation and reduction of elements depending upon 

temperature and partial pressure of oxygen. Fig. 4.6 below shows Ellingham diagram: 

  

Fig. 4.6 represents the partial pressure of oxygen required for equilibrium state of chromium at   

1100 °C
[9]

 

It should be noted that Ellingham diagram identify the state at which oxidation or reduction takes 

place it do not give the kinetics or rate of reaction. Above figure indicates that at 1100 °C the 

partial pressure of oxygen required to reduce chromium should be less than 10-19 atm. This 

indicates that at a particular temperature chromium has a specific level of oxygen required to 

reduce it oxides. But if we compare the brazing experiment which is performed at 3x10-2 mbar 

the three filler metals shows different behavior about the oxidation of the chromium. So the 

reduction of elements depends upon the alloying elements. The oxide formed on alloy surface is 

not always pure metal oxide rather than a mixed oxide. In chrome steel mix oxide (Fe, Cr) 2O3 is 
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formed over range of temperature which is difficult to reduce than Fe2O3 but easier than Cr2O3
[9]. 

It explains the behavior of filler metal used at low vacuum with different chromium content. 

4.3 Nitrogen and hydrogen atmosphere 

From previous discussion it is known that vacuum can affect the brazing behavior. To 

understand the other brazing environment T-sample tests were carried out in nitrogen and 

hydrogen atmosphere. Nitrogen is inert atmosphere which do not react with base metal and 

creates an atmosphere where there is low oxygen content without vacuum. Stainless steel sample 

were brazed at 1120 ˚C in nitrogen atmosphere for 30 minutes. Three filler were tested i.e. 

Ni613, F300 and Exp 4.  Sample image is given in Fig. 4.7 after brazing in nitrogen: 

 

The above images reflect that samples are oxidized in nitrogen because the shininess of the 

sample has dimmed. This shows that oxygen content is high in nitrogen furnace which is 

oxidizing the sample and filler. It can be seen that Ni613 and Exp 4 have not shown good 

capillary action in the joint. For nickel based filler metal the flow is most probably hindered by 

oxidation of chromium which is in high percentage. 

F300 sample has been cross sectioned where filler metal has been applied to observe the depth of 

filler in base. F300 is the only filler which showed good capillary action and reached at the end 

of the joint in nitrogen atmosphere. The two other fillers Ni613 and Exp 4 were not examined at 

its cross section as they do not fulfill the requirement of brazing by not flowing to the end of the 

joint at the same time given for F300. This will affect the depth of filler in base metal. Fig. 4.8 

shows the micrograph of F300 brazed in nitrogen. 

   

   Ni613     F300 

 

Exp 4 

Fig. 4.7 shows samples brazed in nitrogen atmosphere at 1120 °C for 30 min 
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Fig. 4.8 represents brazing of F300 in nitrogen atmosphere at 1120 °C 

At the right side of the Fig. 4.8 it can be seen that filler metal has heavily eroded the base metal 

and at some region it has almost eroded half the thickness of the base metal which is highly not 

desirable. Although in nitrogen atmosphere F300 acts more effectively comparing to Ni613 and 

Exp 4. The reason of these two not brazing properly may be due to oxygen content in furnace is 

high as the sample color is also tarnished.  

In brazing, the atmosphere is linked with oxidation phenomena which should be minimal. For 

this reason samples were brazed in hydrogen furnace which is a reducing atmosphere for filler 

and base metal. Fig. 4.9 shows brazed sample in hydrogen furnace. It can be observed that 

samples are quite bright or shinny which shows reduction of oxides from base metal surface.  

 

 

    

Ni613         F300 

 

Exp 4 

 

Fig. 4.9 represents the samples brazed at 1120 °C in hydrogen atmosphere with 6Nm
3
/h flow 
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In hydrogen brazing furnace Ni613 and Exp 4 has melted completely and filled the joint spacing. 

There is no oxide formed on Ni613 filler material showing good reducing atmosphere of 

hydrogen but there is visible evidence of oxide formation on Exp 4 filler.16 The experiment in the 

same furnace show that F300 did not melt at hydrogen furnace at same temperature. F300 did not 

stick or form solution to the base metal and was peeled off from the surface of base metal where 

F300 was applied. Which indicates that filler metal was completely cover with oxide layer and 

hydrogen atmosphere was unable to reduce the oxide layer formed at the surface of filler. The 

change in the composition in hydrogen atmosphere cannot be seen as that of in vacuum. Table 

4.1 shows the composition of Exp 4 filler after brazing in hydrogen atmosphere. 

Table 4.1 shows the composition of the Exp 4 after Brazing in Hydrogen at 1120 °C for 30 min 

Exp 4 Si P Cr Fe Ni Cu 

Percentage (%) 2.27 7.41 22.38 41.8 19 7 

4.4 Parameter effecting erosion depth in plate sheet 

The erosion depth can be effectively determined by plate sheet samples as it provides equal 

chance to filler to interact with base metal. The depth of erosion is quantified by three different 

parameters that are temperature, time and mass of filler applied on the plate sheet.  

4.4.1 Effect of temperature 

To understand the behavior of temperature on erosion depth four different brazing temperatures 

were selected for evaluation. Effect of change in temperature was observed for three of the filler 

metal and brazing temperature was above the melting point of filler. Effect of temperature on 

Ni613 can be seen in Fig. 4.10: 
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Fig. 4.10 represents Ni613 filler metal at different temperatures at constant pressure 

The fig. 4.10 shows the effect of temperature on the depth of erosion by Ni613 filler metal. On 

the left top of each figure represents the original thickness of the plate sheet. Three 

measurements were taken at each temperature to have an average value. Fig. 4.11 shows that by 

increasing the brazing temperature erosion depth increases in Ni613. The increase in the erosion 

trend is due to increase in kinetics of reaction by temperature. 

 

Fig. 4.11 shows effect of temperature on erosion by Ni613 filler metal 
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Fig. 4.12 shows the micrographs of F300 filler metal on plate sheet. It can be observed that the 

erosion depth is not uniform in each temperature comparing with Nickel base filler metal and 

depth of erosion has increased showing that solubility of base metal in F300 is high. 

Fig. 4.12 represents F300 filler metal at different temperatures at constant pressure 

In Fig. 4.13 erosion depth is plotted against temperature to visualize parameter influence on base 

metal. Which shows the increase in the erosion intensity by moving high in temperature range. It 

should also be noted that erosion depth of F300 is reasonably high compared to Ni613 at same 

temperature.  At 1140 °C there is a dip in the erosion even though temperature is increasing this 

might be some error but overall temperature intensify erosion process.    

  

1080 °C      1100 °C 

  

1120 °C      1040 °C 
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Fig. 4.13 shows effect of temperature on erosion by F300 filler metal 

To see the behavior of Exp 4 filler metal at the same parameters and to correlate the other filler 

metal behavior, experiments was performed at different temperature. Fig. 4.14 shows the 

microstructure of the Exp 4 and its depth of erosion in base metal. It can be noted that erosion 

depth at single temperature is almost constant unlike F300 filler metal.  

 

Fig. 4.14 represents Exp 4 filler metal at different temperatures at constant pressure 
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To give graphical presentation to erosion depth in terms of temperature of the above figures, 

erosion depths are plotted in terms of temperature in Fig. 4.15.  From the graph given below 

shows that the there is an increase in trend of erosion expect one temperature. As the erosion 

depth value is comparatively too small so this can be accounted as an error. The erosion depth is 

acceptable below 100µm. So the erosion in Ni613 and Exp 4 is not alarming as both of them are 

below the high limit even at much higher temperature then melting point. But F300 exceeds the 

limit of erosion even at low temperature.      

 

Fig. 4.15 shows effect of temperature on erosion by Exp 4 filler metal 

To compare the values all the filler metal erosion is plotted specific temperatures in one graph. 

Fig. 4.16 represents the comparison of different filler erosion with temperature. 

 

Fig. 4.16 shows the comparison of filler metals erosion at different temperature 
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It can be observed that erosion of all the filler metal increases by increasing temperature. The 

Ni613 and Exp 4 have almost common behavior and lies in the same region in terms of erosion 

at specific temperature. The erosion depth in these two metals is also less then 100µm which is 

also not alarming. In F300 erosion depth is quite high above the erosion limit. To control or 

minimize erosion in F300 some steps like change in atmosphere or base metal can be helpful. 

The only reason of this high erosion depth is due to high solubility in the base metal in F300. 

4.4.2 Effect of filler mass 

To evaluate the effect of filler mass on erosion different masses were taken. Erosion is the 

solubility of filler metal with the base metal. If the filler metal applied is large in quantity the 

solubility amount of base will also be increase. Which means erosion intensity/depth will also 

increase. The mass applied for joining is according to joint area which in case of brazing is too 

small but when there is a complicated structure and narrow joint area is being filled by capillary 

action, than filler is placed at one end of the joint from where it flows and fills the joint area. 

This amount of filler will erode the base metal if there is high solubility between them. To 

evaluate the effect of mass of different filler metal on base material different mass was applied. 

Erosion depth was observed by cross sectioning the plate sheet sample where it has been applied. 

Fig. 4.17 shows the comparative behavior of filler mass in terms of erosion depth. 

 

Fig. 4.17 shows the effect of filler mass on erosion depth at 1120 °C 

The above graph shows that the erosion depth increases by increasing filler mass of Ni613 and 

Exp 4. These two filler have almost the same behavior of increase trend as that of temperature. 

The reason for this increasing trend is because of more filler mass will interact with base metal 

which tends to increase the erosion depth. But this increasing trend cannot be seen in F300. 

Although the difference of erosion quantity of F300 is very high comparing with both Ni613 and 

Exp 4 same as that in temperature change. Fig. 4.18 shows the erosion of different filler metal 

applying the same amount mass.   
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Fig. 4.18 represents the micrographs at 1120 °C with one gram of filler applied at each sample 

From the above figure it can be seen that filler metal has straight line up to which it has 

penetrated or formed solution with base in Ni613 and Exp 4. So the deviation in the values of 

erosion depth in both of these filler is to less. In F300 it can be seen that penetration in base is 

wavy instead of straight line. This will not give good values in terms of erosion depth. This 

might be one the reason that by increasing the filler mass, erosion depth is not increasing as that 

shown by Ni613 and Exp 4. 

4.4.3 Effect of bonding time 

The Bonding time refers to holding time at which filler metal has melted and forms metallurgical 

bond with the base metal. In this time interval all the filler metal is melted and flows through 

capillary action in the joint. Bonding time in brazing cycle is peak temperature holding time.  

Fig. 4.19 shows the difference in the erosion depth of three filler metal used at different bonding 

time. 

  

   Ni613       F300 

 

Exp 4 



 

 

 

33 

 

 

Fig. 4.19 shows the effect of brazing time on erosion depth at 1120 °C 

In Fig. 4.19 Ni613 shows increase in erosion by increasing time. Which represents that by 

increasing brazing time filler metal will have more chance to interact and form solution with 

base metal. In Exp 4 at first two readings there is slight increase and then decrease in erosion. 

This change in erosion is too small which can be neglected in terms of error. The measuring 

device is too sensitive so which can incorporate 10-20µm error. In these two cases it can be 

concluded that by increasing bonding time there is small increase in erosion depth. In contrast 

the filler F300 shows no regular pattern in erosion depth with time for brazing. This irregular 

pattern indicates to non uniform depth of erosion of F300, which can be seen in Fig. 4.20. When 

the depth is not uniform then it’s difficult to calculate the amount of eroded base metal.  
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Fig. 4.20 shows the erosion depth at 1120

The increase of erosion in F300 compare to

the samples where filler metal is applied.

applied. It can be observed that at the fringe of 

F300. This behavior cannot be seen in other filler material used at same parameters. 

has low melting point comparing to other alloying element

metal melting point increases due to which F300 has to be brazed at higher temperatures. 

also increases erosion of the base metal.

can be explained by evaporation of Mn

to which the solubility of Cu in the solution also decreases and precipitate out from the F300 

filler. Cu content in Exp 4 is same but Mn is not present 

Cu.    

   Ni613  
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shows the erosion depth at 1120 °C for 60 minutes brazing time

compare to Ni613 and Exp 4 can also be explained by observing 

is applied. Fig. 4.21 shows the area where filler 

at the fringe of metal material there is precipitation of copper 

F300. This behavior cannot be seen in other filler material used at same parameters. 

oint comparing to other alloying element, when precipitation occurs the filler 

metal melting point increases due to which F300 has to be brazed at higher temperatures. 

also increases erosion of the base metal. One of the reasons of precipitation of co

can be explained by evaporation of Mn in vacuum. In vacuum Mn content decrease may be due 

to which the solubility of Cu in the solution also decreases and precipitate out from the F300 

filler. Cu content in Exp 4 is same but Mn is not present due to which there is no precipitation of 

 

     F300 

 

Exp 4  

C for 60 minutes brazing time 

Ni613 and Exp 4 can also be explained by observing 

filler metal has been 

there is precipitation of copper in 

F300. This behavior cannot be seen in other filler material used at same parameters. As copper 

hen precipitation occurs the filler 

metal melting point increases due to which F300 has to be brazed at higher temperatures. This 

One of the reasons of precipitation of copper in F300 

in vacuum. In vacuum Mn content decrease may be due 

to which the solubility of Cu in the solution also decreases and precipitate out from the F300 

due to which there is no precipitation of 
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4.5 SEM Analysis 

Scanning electron microscopy was carried out at samples brazed at different parameters to 

observe the elemental percentages at the point where filler was applied and also to see the 

element dissolution in the base metal. One of the objectives was to see the amount of elements at 

different phases and their distribution. All these characteristics were observed on different 

brazing parameters. The quantitative analysis of elements were performed on three filler material 

at differenrt temperature  at each of the braze joint sample. This analysis will evaluate if there is 

any change in the amount of elements present in the joint which may come from base metal. The 

table below shows the composition of three different filler after brazing. 

 

 

      

   Ni613      F300 

 

Exp 4 

Fig. 4.21 melting of filler materials at 1080°C with 1.5x10
-4 

mbar pressure for 30 min 
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Table 4.2 shows the composition of Ni613 through SEM analysis at 1.5x10
-4

 mbar 

 
Table 4.3 shows the composition of F300 through SEM analysis at 1.5x10

-4
 mbar 

Elements present at 
joint 

Average weight Percentage (%) 

1080 °C 1100 °C 1140 °C 

Ni 20 15.6 15.8 

Cr 24 30.6 26.9 

Si 3.1 2.2 2.2 

P 8.4 9.9 7.4 

Fe 43 40.4 47 

Mn 0.7 0.47 0 

Cu 1.1 0.65 0.57 
 

Table 4.4 shows the composition of Exp 4 through SEM analysis at 1.5x10
-4

 mbar 

Elements present at 
joint 

Average weight Percentage (%) 

1080 °C 1100 °C 1140 °C 

Ni 19.5 16.7 18.1 

Cr 20.3 24.3 23.7 

Si 2.3 1.89 2.1 

P 8.3 7.9 8.1 

Fe 45.8 23.6 47.1 

Cu 3.5 1.93 0.8 

 

Above values is an average value taken from different area of braze joint. This is the reason that 

it is not giving 100 % by adding all these values in each alloy. It should be noted that in Nickel 

base filler metal there is 5.8 % iron which was not present before brazing. This clearly indicates 

that iron from based metal is dissolved in Ni613 filler. This shows the solubility of iron in Ni613. 

The presence of iron in Ni alloy is rule out by diffusion process as it requires infinite time for 

elements to be in equal proportion in base and filler. The diffusion rate of iron in Nickel is 

5.68x10-11 cm2/s at 1100 ˚C. [17] It is too small value through which it can explain iron presence in 

the base metal. 

Elements present at 
joint 

Average weight Percentage (%) 

1080 °C 1100 °C 1140 °C 

Ni 53.8 46.6 32.8 

Cr 30.4 28.3 35.5 

Si 3 1.9 1.4 

P 5.3 6 7.6 

Fe 5.8 16.8 22.6 
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In F300 two elements show deviation from original composition after brazing. Mn and Cu 

decreased from 5 % to 0.7 % and 10 % to 1.1 % respectively. There are two option for these 

elements to leave the filler metal. Option number one is that the elements are dissolved in base 

metal more than other elements in filler. The second option is that these elements get evaporated 

during the brazing process. The penetration or dissolution of these elements in base metal is 

ruled out through line scan which will be discussed later. The other option is evaporation in 

vacuum which can be the reason of decrease in element percentage content. By increasing the 

temperature vapor pressure of element increases and if the atmosphere has low pressure the 

element will start to evaporate at low temperature. This is one of the reasons of decrease in the 

content of Mn and Cu. There is no considerable change in the composition slight change can be 

seen from point to point of investigation. In Exp 4 as there is no change in other elements expect 

Cu which has the same reason as discussed above.  

To understand the evaporation of elements it should be clear that there is no diffusion of 

elements inside the base material. This can be observed by line scan through SEM analysis. Fig. 

4.22 shows the line scan from base material to filler alloy.  

 

Fig. 4.22 Line scan from base metal to Ni613 filler metal brazed at 1080 °C at 1.5x10
-4

 mbar 

Line scan is performed on thin line which is drawn in the micrograph from base to filler metal. 

Line scan gives the continuous information of elements from one point to another through which 

the line is drawn. In the above figure composition from left to right is from base metal to filler 
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metal. It can be seen that the composition remain constant until it reaches boundary of filler and 

base material. This change in composition ranges around 15µm on the boundary and can be 

termed as erosion by Ni613. This erosion value can be compared with the Fig. 4.16. The other 

observation that can be deduced is that in Ni613 there is no iron before brazing but after brazing 

it can be seen that there is iron content dissolved in filler metal. It should be noted that when 

element is too less then signal can be multiplied to observe its quantity as in above figure 

Phosphorus is multiplied by 20.  

In table 4.1 it can be observed that in Ni613 the amount of iron in filler metal is constantly 

increasing which is mainly because of increase in the brazing temperature. It can be observed in 

line scan performed at these temperatures is given below. If Fig. 4.22, 4.23 and 4.24 are 

compared the main change in the composition is the amount of iron which is dissolved in the 

filler metal. 

 

Fig. 4.23 Line scan from base metal to Ni613 filler metal brazed at 1100 °C at 1.5x10
-4

 mbar 

 

Fig. 4.24 Line scan from base metal to Ni613 filler metal brazed at 1140 °C at 1.5x10
-4

 mbar 

Table 4.3 gives the values of iron in Ni613 obtained from line scan. The main change in the 

parameter of brazing is temperature due to which there is increase in dissolution. 
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Table 4.5 Iron percentages obtained from line scan in Ni613 after brazing 

Brazing Temperature °C Iron content in Ni613 after brazing 

1080 5 % - 10 % 

1100 10 % - 15 % 

1140 15 % - 20 % 

  
The composition change in F300 and Exp 4 can also be seen which can be determined through 

line scan. Line scan for F300 is given below in fig. 4.25. 

 

 

Fig. 4.25 Line scan from base metal to F300 filler metal brazed at 1080 °C at 1.5x10
-4

 mbar 

Line scan is performed on thin line drawn in micrograph from base to filler metal. Line scan for 

F300 is completely different from that of Ni613. The reason is that while performing line scan in 

F300 it is not possible to draw a line without crossing through different phases. In Ni613 the dark 

phases are in the middle of joint and light phase on the periphery of dark phase. While in F300 

dark and light phases are intermixed. As different phases are rich in different elements due to 

which there is no distinction from the composition of line scan that from where base material end 
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and filler starts. It can be noted that dark phase are rich in Cr and P while light phase have high 

content of Fe, Ni, Cu and Si. In quantitative analysis when the content of Cu and Mn was too low 

there was two possibilities first was evaporation and second was diffusion in base material. From 

Fig. 4.25 possibility of diffusion can be rule out as in base material there is no increase in Mn 

and Cu content. It can be seen that Mn signal is multiplied by 10 as the percentage is too low to 

observe as a signal. So from line scan technique, evaporation of element can be supported. Same 

test was performed for Exp 4 shown in the Fig. 4.26.  

 

 

  

Fig 4.26 Line scan from base metal to Exp 4 filler metal brazed at 1080 °C at 1.5x10
-4

 mbar 

Exp 4 filler show the same behavior as that of F300 except that there is no Mn in Exp 4 as a 

constituent element but the Cu percentage drops the same way due to evaporation. This makes it 
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clear that the element percentage which drops in filler is not due to diffusion in the base metal. 

Other elements percentage depends upon the phase from where the signal is coming. Signal 

coming from light phase it has high content in Fe, Ni, Cu and Si. On the other hand dark phases 

are rich in Cr and P. Mapping of elements is performed in F300 which is given below in fig. 

4.27. 

 

 

 

 

Fig. 4.27 Elemental mapping of F300 brazed at 1080 °C for 20 minutes 

It can be seen from above figure that Cu, Fe and Ni are in high concentration in light phase 

region. While, Mn and Cr have high distribution in dark phase region and which is also brittle 

phase. There is phase distribution change compare to Ni613 in which the dark phase is in middle 



 

 

 

42 

 

which is covered by light phase. In both F300 and Exp 4, dark and light phases are intermixed. 

This also gives information about the crack propagation if it is generated in iron base it will be 

hindered by the ductile light phase as both phase are intermixed compared to Ni613. The element 

distribution in phases of Ni613 and Exp 4 is same as that of the above figure is showing. The 

content of silicon and Phosphorus in all the filler metal are in light and dark phase respectively. 
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5. Conclusions 

In this project, brazing parameters and their effect on erosion behavior were studied. The 

mechanism behind erosion is alloying between base metal and filler metal and not due to wear of 

the surface. All filler metals erode the base metal in some extent but for iron based filler metals 

the risk is higher due to similar composition. Some of the affecting parameters of brazing are 

discussed below: 

• In vacuum with pressure of 1.5x10-4 mbar at 1080 °C, filler F300 do not melt completely 

even above its melting range due to elemental evaporation of Cu and Mn. Mn acts as 

temperature depressants in F300 and therefore the evaporation of Mn  shifts the melting 

range of filler alloy to higher temperatures. This is one of the reason of F300 is not 

melting even above its melting range. An additional factor to the increased melting 

temperature could also be the precipitation of Cu which could be seen on the sheet 

samples. The vacuum act as a good reducing atmosphere because of very low partial 

pressure of oxygen even though it shows less amount of melting. 

• F300 shows more eroison compared to Exp 4 having very small change in composition. 

The reason that can be deduced from the experiments in vacuum is that Mn content in 

F300 is evaporated due to which the copper content in alloy starts to precipitate out and 

the composition of F300 changes alot from that of Exp 4. This change of composition of 

F300 might increase the solubility in the base metal compared to Exp 4.  

• In terms of erosion Ni613 and Exp 4 filler has no significant increase in erosion by 

increasing temperature from 1080-1140 °C in 1.5x10-4 mbar pressure. 

• For all the filler metal, increasing the peak brazing temperature corresponds to increase in 

erosion depth. This effect of temperature is minimum in Ni613 and Exp 4 filler metal but 

incase of F300 filler alloy experiments showed a big increase in erosion by increasing 

brazing peak temperature. 

• In nitrogen atmosphere F300 shows good filling of joint compare to Ni613 and Exp 4. 

One of the reasons F300 shows good wettability could be that  the Mn in filler metal acts 

as a fluxing agent.  As the nitrogen atmosphere is not a reducing atmosphere and have 

high amount of oxygen the need of fluxing becomes more important which makes F300 

more suitable in nitrogen atmosphere comparing to Ni613 and Exp 4. 

All of the furnace parameters have direct or indirect influence on the properties of the filler 

alloys. All of the parameter discussed above affects one of the element in the filler alloy which 

affects the whole filler alloy properties.   
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6. Future Work 
After completing this project there are some grey areas that I think can be work on for future 

continuing improvement in erosion of base metal by filler melt. Some of the recommendations 

are given below: 

1. Quantifying the behavior of erosion by filler melt in hydrogen and nitrogen pressures 

with different temperature.  

2. Comparing erosion results of same parameters with different base metals. 

3. Changing atmosphere pressure at different stages or time of brazing cycle.  

4. Heating rate during brazing cycle at different atmosphere can also provide valuable 

information. 

All these suggestions may give understanding of parameters to incorporate its effect on erosion 

during brazing. 
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