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Preface 
The work in this thesis is a summary of two interesting fields in Materials Science and Engineering that I have 
had the opportunity to work with during the last 20 years at the divisions of Engineering Materials and Metal 
Working respectively at Luleå University of Technology.  
The two fields are joining of porous powder metallurgically produced components and production of metal 
matrix composites by spontaneous infiltration. The different projects have been supported by STU, Carl Trygger 
Foundation, Höganäs and Kohlswa Essem AB.  
 
The thesis contains an introduction to the infiltration process and mechanism and to the fields of joining of 
porous powder metallurgically produced components and production of metal matrix composites, and the 
following papers: 
 
Paper I 
Esa Vuorinen and Magnus Odén:  
Limitation of the infiltration in brazing of porous P/M parts 
To be submitted.  
 
 
Paper II 
Esa Vuorinen, Oleg Babushkin, Lennart Ljungberg and Magnus Odén  
Mechanisms for infiltration of Al2O3 preforms by aluminium alloys 
To be submitted. 
 
 
 
Luleå, December 2004 
 
 
Esa Vuorinen 
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Abstract 
Infiltration is used in the production of several different material groups as electric contact materials, copper 
infiltrated sintered steels and metal matrix composites. The mechanism of infiltration causes also unwanted 
difficulties in processing as brazing of porous sintered compacts. The common question, in this work has been, 
how is it possible to control infiltration in different materials processing techniques?  
 
In joining of powder metallurgically (P/M) produced porous compacts, by brazing, the inherent porosity of the 
compacts causes the melt filler metal to infiltrate the interconnected pore channels of the P/M parts, by capillary 
forces. This will result in high penetration depths and filler metal consumption and a limited amount of filler 
metal will be available for the joint. In the production of metal matrix composites (MMC:s), the difference in 
surface energies between the metallic and ceramic components prohibits a spontaneous infiltration of the 
metallic phase into the ceramic porous body. 
 
This work includes a general analyse of the different physical and mechanical methods to control infiltration in 
brazing of porous compacts and processing of MMC:s respectively. The experimental part of the work 
concentrates on the study of physical methods for the infiltration control. Brazing of porous sintered compacts 
has been studied experimentally through different thermal treatments. A special (Cu-Ni-Mn-Si) filler-metal, 
developed by others in order to facilitate alloying between iron in P/M-compacts and the elements in the filler-
metal, has been used and the results has been studied by optical and scanning electron microscopy and the 
mechanical strength and hardness has been measured. In the work on MMC:s a method for processing of 
aluminium matrix-alumina reinforced composites by spontaneous infiltration has been studied by wetting and in-
situ high temperature X-ray experiments.  
 
The investigation of brazing shows that the filler metal starts to melt already at 930 oC and a two phase alloy is 
developed in the joint. The diffusion of elements from the filler metal and the sintered compact causes a 
development of an alloy with high melting temperature in the surface area of the sintered compact that blocks the 
surface pores from continued infiltration.  
The wetting experiments show that the spontaneous infiltration in production of MMC:s is enabled by chemical 
reactions in the system concerned. The in-situ X-ray experiments show that the formation of magnesium-nitride 
appears below 600 oC. The formation of AlN as a second reaction product in the spontaneous infiltration has 
been detected for compact tested after a processing cycle with increased pressure of nitrogen-gas in the 
processing furnace.  
 
The in-situ X-ray study of the spontaneous infiltration has shown that the formation of magnesium nitride could 
be detected. The results show also that it is possible to study chemical reactions at and above the melting 
temperature of the metallic constituent of the system. The results show also that it would be possible to create 
alumina-aluminium MMC with different hardness levels.    
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1. Introduction 
The results of research in the field of material science and engineering intervenes almost all 
corners of human life. Different household machines, transport vehicles and electronic 
equipments used, contain products that are results of advanced research during the last 50 
years. The production of new products and components is a result of the development of 
new production methods and new materials. The production methods used are of 
importance for the possibility to produce specific materials with a specific shape and 
preferred structures. The microscopical structures achieved in the materials are decisive for 
the mechanical and physical properties and thereby giving the performance of the product.  
The different processing methods of materials can be systematized in different ways of 
which the division of the processing methods into primary, secondary, tertiary, joining and 
finishing methods is one possibility (ref 1). In this way of categorizing different methods 
the primary processing methods are divided into casting methods, pressure moulding, 
deformation processing, powder methods and special methods respectively. Secondary 
processing consists of different machining methods and tertiary methods consist of heat 
treatment methods used.  
This work has started in one of the primary processing methods, a specific powder 
processing method using conventional pressing and sintering and investigated the 
possibilities to decrease its limitations. Pressing of powder with tools consisting of upper- 
and lower punches and a die, has a limitation in the possibilities to create shapes with 
undercuts and internal cavities. A second limitation is that the total weight of the compact 
processed by pressing and sintering is limited to approximately 2 kg caused by the pressure 
needed to create high enough density for the compact. These limitations can be overcome 
by joining of porous compacts to other compacts or to components produced by other 
processing methods. Brazing is one of the possible joining methods that can be used. There 
are however, problems in using conventional brazing methods for porous structures caused 
by the unfortunate fact that the molten brazing alloy will, very easily, infiltrate the porous 
structure of the pressed and sintered compact. The problem of unwanted infiltration of the 
filler metal in brazing is one of the problems studied in this work. 
The second part of this work consists of the opposite problem, namely investigation of the 
possibilities to improve the infiltration in processing of metal matrix composites (MMC:s). 
The main problem in the processing of composites consisting of a metallic matrix and a 
ceramic reinforcing phase is difference in surface energies between these material groups 
causing limited wetting ability and thereby difficulties in infiltration of a ceramic porous 
powder body or fibre preform.  

2. Goal for the thesis 
The common issue for the two different fields treated in this thesis has been the goal to 
control the infiltration of a metallic phase into a porous solid phase of the system consisting 
of, in the first part a metallic phase and in the second part of a ceramic phase. In the brazing 
of porous P/M parts, a minimum infiltration is desirable while in the production of MMC:s 
the infiltration should be maximized.   
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3. Historical background of infiltration  
Infiltration as a processing method has been used for many years. In the field of ceramic 
materials, glazing in which the outermost pores of a ceramic material is infiltrated, has been 
known for many years. In the field of powder metallurgy, two patents by K.Friedrich  in 
1913 and H.Leiser in 1922 describes the process in which a melt metallic phase is 
infiltrated into a porous metal compact (ref 2). The period 1930-1945 was a very intensive 
time for development of new material groups in which the infiltration technique was used. 
The different material groups developed, according to a summary made by R Kieffer (ref 2) 
were:  

• Electrical contacts based on W-Ag, W-Cu, Mo-Cu and Mo-Ag. 
• Bearing materials based on a Cu-Ni layer sintered on an iron shell which was 

infiltrated by a lead alloy, or infiltration of a porous sintered iron body by some 
suitable alloy. 

• Copper infiltrated sintered steels, with better strength and corrosion resistance than 
conventional sintered steel compacts.  

• Nickel alloys and sintered irons infiltrated with mercury. 
• High temperature resistant materials based on carbide-mixed-crystal base with 

oxidation resistant alloy as infiltrating metal.  
The most common P/M method, pressing and sintering of compacts is presented 
schematically in figure 1.  
 
 

   

 

 

Figure 1. Pressing and sintering of P/M parts. Schematic description. Mixing of powders – 
compaction – sintering – finished part. 
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The use of infiltration in powder metallurgy continued after the World War II with further 
development of cemented carbides (ref 4). Theoretical studies of the mechanism of 
infiltration was presented during 1950:s and 1960:s. The infiltration process can be divided 
into two stages; a pore filling stage in which the melt fills up the pore volume around the 
skeleton and a second stage in which sintering takes place in the presence of a liquid phase 
(ref 5). The driving force during both stages is the decrease of surface free energy. 
Structural changes can take place during the second stage. It is possible to affect the surface 
and interfacial energies in a system by the use of detergents tailored for the specific system 
in question. One early example of a specific system in which a special detergent was used 
to enable the production of a MMC component, was the pressing of Cu- and alumina 
powder mixture to green bodies, followed by sintering and infiltration with Ag in an 
oxygen atmosphere (ref 7).     
Three chemical laws of surface phenomena were stated as important (ref 6): 

• The relationship between geometry and surface energies. 
• The thermodynamic statement that a system tends towards its state of lowest 

energy. 
• The concentration of a solute becomes greater at the surface than in interior of a 

solvent if it lowers the surface energy of the solvent.  
 
The infiltrated compact can consist of one-, two- or several phases after the infiltration. One 
requirement stated on the infiltrant and the porous body is that they must not react to form a 
solid compound or alloy having a specific volume greater than their combined pre-
infiltration specific volume, otherwise the reaction product blocks the entry of additional 
liquid before infiltration is complete (ref 8). Hot isostatic pressing (HIP) is a method for 
production of fully dense components of metallic and ceramic materials but also for other 
applications as the production of MMC:s and healing of castings. The method described 
schematically in figure 2 was developed during 1960:s by ASEA. 

 
 
Figure 2.  HIP equipment with yoke closure. High temperatures and high pressures can be 
achieved in the chamber that is wounded by piano wire.       
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Steel core of 
pressure vessel 
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The first attempts to produce MMC:s and patent applications were made during 1960:s. 
Techniques such as compo-casting was described in the 1970:s. The production of MMC:s 
was small in 1970:s. The only system ready for production was boron- aluminium. The 
forecast was that the system graphite-aluminium will be the best MMC system in the future. 
The forecast for composites assumed a rapid increase in the production during 1980:s 
caused by the decrease in weight of car components with the goal to reduce the fuel 
consumption for vehicles (ref 9). The introduction of the first commercial products as the 
alumina fibre-reinforced aluminium alloy pistons for diesel engines introduced 1982 by 
Toyota, caused increased efforts on research and development of MMC:s. Different 
methods for production of MMC:s as well as properties achieved for the materials were 
investigated in the Nordic countries (ref 10-14) as well as all around the world (ref 15-20). 
During the last ten years the study of infiltration in different processing methods for MMC 
production has been extensive as a result of an increased use of MMC materials in different 
applications as sport equipment and for car- and aero-space components.  

4. Infiltration in different materials processing methods 
Infiltration is essential in the production of MMC:s and it is also important in production of  
some special metallic products, by powder metallurgical methods. Electrical contacts and 
copper infiltrated sintered steels are two examples of such products produced by P/M 
methods. In some processing methods the mechanism of infiltration is unwanted and one 
example is the problems caused by capillary forces in brazing of porous P/M parts.  
 
Two different material processing methods have been the basis in this thesis, joining of 
porous powder metallurgically produced parts by brazing and production of aluminium 
matrix - alumina MMC:s by spontaneous infiltration respectively. The infiltration 
mechanism has different effects in the two methods. Infiltration is an unwanted effect in the 
brazing process, while the infiltration is a mechanism that is hard to achieve in the 
infiltration of aluminium matrix – alumina MMC. In the following section a short 
introduction to the two different processing methods is given.  

4.1 Joining of porous P/M parts  
The advantages of powder metallurgically (P/M) produced components by pressing and 
sintering of compacts are excellent tolerances, controlled microstructure, possibility to 
create unique structural compositions and regarding the process, the possibility to produce 
net shape components and to produce porous components as filters and self-lubricating 
bearings. Pressing and sintering of compacts has also limitations as maximum weight of 
approximately two kilogram for the compacts and a dimensional freedom only in two-
directions. A third limitation is the maximum relative density that can be achieved for the 
component. Normally the relative density for pressed and sintered components is between 
85 and 92 %. In some special cases as the use of double pressing technique or the use of 
special powders suited for warm compaction can create relative densities of up to 94-96 %.   
 
The limitations of weight and complexity for sintered parts can be overcome by joining 
P/M components to other components, sintered as well as those produced by conventional 
metallurgy. The porosity and specific structures achieved in P/M components can affect the 
properties of the joints made by different joining processes (ref 21-27).  
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In brazing, the porosity of the P/M components will influence the flow of the filler metal 
and the flux respectively and the filler metal can infiltrate into the interconnected pore-
system by capillary force. This will result in high penetration depths and filler metal 
consumption and a limited filler metal volume will be available for the joint. There is also a 
risk for swelling of the sintered component caused by metallurgical reactions between the 
filler and the sintered metals (ref 23, 24).  
 
In joints where adhesives are used, cleaning of the porous surface can cause problems by 
introduction of chemicals into the pore-openings and reactions between these chemicals and 
the adhesive. It is recommended to clean the surface with solvent, followed by mechanical 
cleaning by blasting and/or grinding to a surface roughness of 10 < Rmax < 15 µm, and 
finally cleaning by steam-blasting or ultrasonic washing.  
 
In welds the special microstructures achieved in some P/M materials and the porosity can 
increase the internal stresses and cause formation of cracks in the structure. But normally it 
is possible to weld porous sintered components with the only difference in comparison to 
fully dense components that the filler metal consumption is higher (ref 21).  
 
The powder metallurgical technique gives different unique opportunities for joining of 
components. The use of different carbon concentrations together with control of the 
volumetric thermal expansion of the materials used in the different components to be joined 
makes it possible to create a joint during sintering of the two components if a shrink fit 
designed joint is used. A second unique possibility exists in the combination of sintering 
and brazing, by using special filler metals for which the melting temperature and 
characteristics are adjusted for the materials in the components to be joined and the 
temperature cycle used in sintering.  

4.2 Production of metal matrix composites 
The production of metal matrix composite components can be made by continuous 
increasing number of methods. The different methods can be divided into solid state and 
liquid state methods respectively (ref 17).  
 
Among the solid state processes different powder metallurgical processes are common. 
Metal powder and powder of the reinforcing ceramic material blended and thereafter 
consolidated by some method. It is possible to press the powder blend in die tools by a 
hydraulic press or press it isostatically in a cold isostatic press (CIP). After consolidation 
the green body is sintered. It is also possible to fill the powder blend directly in a can and 
evacuate and process it in a hot isostatic press (HIP). Diffusion bonding of alternate layers 
of foils and fibres is another possibility to produce MMC:s.  
 
Among the liquid phase processes different infiltration processes are common. The 
infiltration of metallic material into a ceramic powder compact or fibre preform can in 
some systems be spontaneous. Titanium-carbide reinforced steels and nickel-base 
superalloys respectively can be produced by spontaneous infiltration (ref 3). Other 
examples are the Ti-B process in which chemical vapour deposition is used to deposit these 
elements on alumina fibres before infiltration by aluminium. The PRIMEX infiltration 
process in which Al-alloyed with Mg infiltrates ceramic preforms in a nitrogen containing 
atmosphere is also an example of spontaneous infiltration (ref 20, 27, 33). Infiltration can 
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also be achieved by using driving forces created by vacuum around the reinforcing ceramic 
phase or by the use of pressure. The pressure difference between the melt and the pores in 
the ceramic phase body gives a driving force for the melt to overcome the low wettability 
between the metallic and ceramic phases. Schematic description of the difference between 
spontaneous infiltration and infiltration achieved by external pressure can be seen in figure 
3. 
 
 
 
 
 
 

  
 
 a.   b. 
Figure 3. Schematic description of a) spontaneous and b) pressure aided infiltration. 

5. Infiltration mechanism 
The mechanism of infiltration can be described by dividing the process in several steps. The 
molten phase has to be spread over the porous surface, it has to wet the surface of the solid 
phase and it has to penetrate the interconnected pore labyrinth by capillary or other forces 
and will in many cases react with the solid phase and create a solid solution between the 
components or a precipitate. The prerequisites for infiltration in P/M and production of 
MMC:s are a porous solid phase body of metallic or ceramic powders or fibres and a liquid 
metallic phase, with a lower melting temperature than the porous solid skeleton, 
respectively. The process is made in an atmosphere which must fulfil some requirements.  
Good wetting of the liquid phase on the solid phase is important in getting infiltration. One 
method to measure the ability of wetting is the measure of sessile drop shape on a solid 
substrate. The method can be described with help of figure 4. A piece of the infiltrant is 
placed on the substrate and the system is heated to the processing temperature in a 
controlled atmosphere. A droplet is formed and the angle between the melt and solid 
surface is measured.     

Al2O3 preform 

Infiltrated composite 

Punch 

Al-alloy melt 

Al-alloy melt 

Al2O3 preform Infiltrated composite 
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Figure 4. Sessile drop on solid substrate.  
 
The wetting between the melt and solid phases can be divided into four categories (ref 10): 

(1) The melt will not wet the solid phase and no solution of the components will 
appear. 

(2) Good wetting without extensive solution between the components.  
(3) Good wetting in combination with partial solution of the solid phase. 
(4) Good wetting in combination with total solution of some component into the other. 

 
The most common way to describe wettability is with the Young-Dupre equation  
 

 cos θ = 
LV

SLSV

γ
γγ −

   (1) 

where γ SV, γ SL and γ LV are the interfacial energies described in figure 4, the wetting angle 
is θ. A wetting angle exceeding 90 o is normally taken as a situation where no wetting will 
occur and if the angle is less than 90 o then wetting will occur.  
The term γ SV  − γ SL is normally the driving force for wetting. The Young-Dupre equation 
has several drawbacks such as the effect of droplet size and the effect of surface roughness 
on the wetting angle. A second method to describe wettability is with the work of adhesion 
between the materials taking part in the process (ref 28). 
 
The first wetting category (1) above results in high angles and the interface tensions are 
high and the capillary forces can not bring about an infiltration of the liquid. The second 
category is typical for electrical contact materials as infiltration of Cu into a W-skeleton. In 
ceramic-metal systems wetting occurs because of electron transfer from the metal into the 
valence band of the ceramic which is not completely filled of electrons at high temperatures 
(ref 29). In the third category, spreading, capillary flow and different diffusion-processes 
are acting simultaneously. This can cause some erosion of the solid skeleton but this 
problem can be decreased by impregnating the melt before infiltration (ref 10). The 
chemical reactions at the interface between the liquid and solid phase increases the work of 
adhesion (ref 30).  
 
 Wadhesion = Wreaction + Wwetting   (2) 
 
The fourth category is a special case of the third.  

Vapour γ LV 

 

γ SL 

 
γ SV 

 
Solid 

θ 
Liquid 
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The capillary flow of liquid phase into the interconnected pores of the solid phase is 
enabled by some force or forces acting on the liquid phase. The pure capillary effect is 
described by the Young-Laplace equation. 
  

 Pc = 2 γ LV 
r

θcos
   (3) 

Where Pc is the capillary pressure to effect the melt intrusion in a capillary, r is the 
capillarity radius, θ is the wetting angle of the melt on the fibre in the atmosphere used and 
γ LV is the surface energy of melt/vapour surface.  

5.1 Control of infiltration 
The description of the infiltration mechanism shows on the possibilities to control the 
mechanism of infiltration. The different possibilities to control infiltration can be divided 
into physical and mechanical methods respectively. The two different materials processing 
methods described, brazing of porous P/M parts and infiltration of metal matrix composites 
have shown following possible methods for control of infiltration:  
 
For brazing of porous P/M parts the goal has been to stop or limit the infiltration of the 
liquid phase into the porous metallic skeleton. This can be achieved by:  
 

• Increasing the viscosity of the liquid phase.  
• Using a liquid phase that causes an alloying reaction with the solid phase that 

closes the pore-openings of the solid body. 
• Using a liquid phase that causes an isothermal solidification that closes the pore-

openings of the solid body by selective diffusion of the elements in the filler metal. 
 
In infiltration of MMC it is possible to increase the infiltration of the liquid phase into the 
ceramic fibre preform by: 

• Using alloying elements that decreases the wetting angle between the liquid 
metallic phase and the ceramic body. 

• Using elements in the metallic phase and gaseous phase causing chemical 
reactions that decreases the wetting angle between the solid and liquid phases. 

• Using elements causing chemical reactions that create a local pressure difference 
in the solid porous phase to be infiltrated and by this increasing the capillary force. 

 
A more generalized view on infiltration shows that it is possible to increase the penetration 
of the liquid phase into the pores of the solid system by:  

• Lowering of the dynamic viscosity of the liquid phase. 
• Decreasing the wetting angle, by alloying addition of suitable elements to the 

liquid phase. 
• Modifying of the solid phase surface in order to decrease the wetting angle. 
• Using suitable elements in the system to enable chemical reactions in order to 

change the surface properties of the solid phase and / or to create a local pressure 
difference in the system. 

• Using external pressure on the liquid phase in order to increase the local pressure 
difference in the infiltrating system. 
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In the cases in which the infiltration is to be limited or stopped the opposite of the 
mentioned methods can be used. One example in which a high viscosity of the liquid phase 
results in no infiltration into the porous body is the glass encapsulation of ceramic powders 
in hot isostatic pressing (ref 31). 
 
No mechanical method to control infiltration has been used in the two projects included in 
this thesis. Nevertheless, some notes about mechanical methods should be mentioned. In 
the brazing of porous parts it has been shown that it is possible to stop the infiltration by 
closing the surface pores by: 
  

• Double pressing and sintering to a relative density of 92-95 %. 
• Lapping of the sintered part surface. 
• Grit blasting of the sintered part surface. 

 
In the production of MMC:s several mechanical methods can be used to enforce the 
infiltration of the liquid phase into the porous solid body. In these methods a pressure is 
applied on the liquid phase by some method. Squeeze casting in which the liquid phase is 
pressed into the porous body by external pressure is one good example. 

6. Experimental work  
In the following chapters a short description of the experimental work in this thesis is 
given. The main part of the work was performed at Luleå University of Technology, but 
sinter brazing tests in dissociated ammonia and endothermic gas atmospheres was 
performed at Kohlswa Essem AB. Differential thermal analyse was performed at Boliden 
Rönnskärsverken. Wetting experiments in the work with spontaneous infiltration was 
performed at Jönköping university and auger electron microscopy at Chalmers University 
of Techology.    

6.1 Brazing of porous P/M parts  
In this work the sinter brazing technique in which the P/M parts to be joined has been 
assembled before the sintering cycle in the powder metallurgical processing method has 
been used. Sinter brazing was performed in a protective atmosphere. The atmospheres 
normally used in sintering of non-stainless steel parts are endothermic gas or dissociated 
ammonia. Two important characteristics of the atmospheres are the carbon potential and 
oxygen potentials respectively. The standard free energies for oxides can be calculated from 
Gibbs free energy changes for the oxidization reactions of the elements. The values can also 
be found in standard free energy diagrams (ref 32). The carbon potential can be controlled 
by the CO2 content in the atmosphere. Experiments were performed in different furnaces, 
with endothermic, dissociated ammonia and NH-10 atmospheres.  Figure 5 shows some of 
the different assemblies used in the experiments.  
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Figure 5. Sample geometries used in brazing experiments. Filler metal is shadowed.  
  
The effects of different atmospheres temperatures were studied. Isothermal heating 
experiments were performed in order to reveal the mechanism behind the limited 
infiltration of the brazing alloy used. The materials used in the experiments were 
conventional iron powders for pressed and sintered products and a commercial brazing 
alloy Ancorbraze 72 developed for sinter brazing applications.  
  
The brazing process consists of flowing of the melt filler metal into the joint gap. Capillary 
force pulls the molten filler metal into the gap. The capillary force of the interconnected 
pores in the porous body also affects the liquid filler alloy and pulls it into the pore-
channels. The mechanism of the filler metal used is to form a alloy with the material in the 
solid part and in that way close the pore openings and stop further infiltration of the filler 
metal. Figure 6 shows the microstructure of a cross section and a longitudinal section 
respectively of a brazed joint. The microstructure in the joint consists of eutecticum 
surrounding grains grown from the interface to the sintered parts. The photographs show 
also the infiltration of the filler metal into a limited distance from the interface. 
 

  

 a.   b. 
 
Figure 6. Microstructure of brazed joint processed in dissociated ammonia. a) Cross 
section. b) Longitudinal section. 

6.2 Spontaneous infiltration of metal matrix composites 
In the work on spontaneous infiltration of MMC:s two main studies were performed: 

• Wetting experiments in which the effects of Mg addition to the Al-alloy and the 
use of nitrogen atmosphere in the furnace were investigated. 

• In-situ high temperature X-ray investigation in which the expected reactions of 
Mg3N2 formation and AlN formation were studied. 
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In addition, experiments in reaction sintering furnace with increased nitrogen gas pressure 
were performed in order to study the effect of enhanced formation of Mg3N2.    
The wetting experiments were performed in vacuum and in a controlled nitrogen flow into 
a previously evacuated furnace. In figure 7, the sequence of drop formation for Al-alloy 
with 6.6 % Mg in a vacuum of 2 x 10-8 bar is shown. The figure shows that the wetting 
process is time dependent.   
 

   

                     a.                                 b.                    c. 
       
Figure 7. Wetting experiment, Al-alloy with 6.6 % Mg on a solid Al2O3 plate. Vacuum 
2x10-8 bar. a) 750 oC after 21 min of heating. b) 900 oC after 24.5 min. c) 900 oC after 54.5 
min.  
 
The materials used in the experiments were Al-alloys with and without Mg additions in 
order to study the spontaneous infiltration according to the PRIMEX infiltration process.  
 
The in-situ high temperature X-ray studies were performed by a equipment that allows the 
use of a sample holder that stays horizontal during the run. The materials were placed in 
such order that a thin layer of the Al2O3 preform covered a part of the thin metal sheet in 
the sample tray.  

7. Conclusions 
The physical mechanisms studied in this thesis have revealed the following:  
 
(1) In sinter-brazing of P/M parts by the use of Ancorbraze72 it has been shown that the 
filler metal is divided into two different structural components of which the lower melting 
component interacts with the surface of the P/M part and thereby creating an alloy with a 
high melting temperature in the interface area between the sintered compact and the filler 
metal. This reaction will stop the infiltration of the filler metal. 
 
(2) In the study of spontaneous infiltration of Al-alloy into a porous Al2O3 preform it has 
been shown by in-situ X-ray study that the formation of Mg3N2 appears at a temperature 
below 600 oC.  
 
(3) The in-situ X-ray investigation also shows that it is possible to study reactions occurring 
at and above the melting temperature of the lower melting element of the system.  
 
(4) Experiments performed at different nitrogen gas pressure levels showed that it is 
possible to produce materials with different hardness levels. 
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8. Outlook 
From the work performed in this thesis and in the light of the conclusions above about 
physical mechanisms in infiltration the following areas are of interest for the future: 

8.1 Development of thin scales on porous bodies 
The physical mechanism in order to avoid infiltration in sinter-brazing of porous PM 
compacts described in this work and the mechanism of isothermal solidification could be 
used in other PM processes in which the closure of surface pores are important. Brazing is 
one method that is used to increase the dimensional freedom of sintered PM components 
and make the production of more complex parts possible. Hot isostatic pressing (HIP) is 
one method which is used for producing larger components than by conventional pressing 
and sintering and also for producing fully dense components. In HIP of metallic materials, 
powder is normally filled in a can of sheet metal, which is evacuated and sealed before the 
high temperature and pressure cycle is performed. The complexity and accuracy of these 
parts are limited by the encapsulation technique. This limitation could be overcome by a 
new method for encapsulation in which sintered components could be sealed in vacuum by 
dipping them in a melt alloy which creates a scale on the surface of the components. It 
would be of great interest to investigate the possibilities of the two physical mechanisms 
mentioned above for encapsulation of porous bodies to be HIP:ed.   

8.2 Development of MMC:s with tailored properties 
The investigations made with increased nitrogen pressures in the reaction sintering furnace 
shows that it is possible to produce MMC:s with a wide hardness spectrum. Neither the 
properties of these materials nor the processing conditions for these materials has been 
investigated in detail. This is an area of research that is of interest for the production of 
different components especially for wear resistant applications with low weight. 

8.3 Development of in-situ high temperature X-ray investigation 
method 
The X-ray investigations made in this thesis has shown that it is possible to simulate the 
phase changes appearing in production of Al-alloy - Al2O3 MMC. This investigation 
technique is made possible by the special detector system in the X-ray equipment so it is 
possible to use sample holders that are kept horizontal during the temperature cycle. 
Besides the study of different systems in production of MMC:s, it is possible to study 
metallurgical reactions appearing in the melt metallurgical processes.  
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9. Summary of the appended papers 

9.1 Limitation of the infiltration in brazing of porous P/M parts 
Pressed and sintered components have several advantages but also limitations such as a 
maximum weight of approximately two kilogram for the compacts and a dimensional 
freedom only in two-directions. These limitations of weight and complexity can be 
overcomed by joining powder metallurgically (P/M) produced components to other 
components, sintered as well as those produced by conventional metallurgy. The porosity 
and specific structures achieved in P/M components can affect the properties of the joints 
made by different joining processes. In brazing, the porosity of the P/M components makes 
it possible for the filler metal to infiltrate into the interconnected pore-system by capillary 
forces. This will result in high penetration depths and filler metal consumption and a 
limited amount of filler metal will be available for the joint.  
 
The problems caused by infiltration of the filler metal into the interconnected pore-system 
by capillary action can be decreased or prohibited by different mechanical and physical 
methods. In this work two different physical means to limit the infiltration of the filler-
metal have been studied. A filler-metal developed in order to facilitate alloying between 
iron in the P/M-compact and the elements in the filler-metal have been studied 
experimentally. Information in the literature about isothermal solidification of a copper-
silicon filler-metal, by diffusion mechanism, has been examined and discussed in order to 
explain the mechanism behind the successful use of it in brazing of porous P/M-
components. 
 
The results of the brazing experiments show that it is possible to achieve good joints if the 
atmosphere in the sintering furnace has low dew-point and limited amount of contaminants. 
The study of the mechanism shows that the filler-metal starts to melt already at about 930 
oC and the diffusion processes between the P/M-compact and filler-metal leads to a closure 
of the pores at the interface between the P/M-compact and filler-metal. 
 
The examination of the isothermal solidification shows that the diffusion velocities of the 
elements copper and silicon used in the filler-metal, has large differences, the diffusion-
coefficient of silicon is approximately 50 times higher. Above that it is noticeable that 
silicon stabilizes the ferritic structure of iron if the concentration is higher than 
approximately 3 weight %. If a local concentration of more than 3% silicon in iron is 
reached, the diffusion-coefficient of silicon diffusion in iron matrix will be approximately 
500 times higher than the diffusion-coefficient of copper in iron with austenitic structure. 
The isothermal solidification of the filler-metal is achieved by the first or both of these two 
mechanisms.  
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9.2 Mechanisms for infiltration of Al2O3 preforms by aluminium 
alloys 
The processing of metal matrix composites (MMC:s) is complicated by the differences in 
properties between the two material groups. These differences result in the need of some 
physical or mechanical method to enforce the infiltration of the metallic liquid phase into 
the porous ceramic body.  In this work has a physical method to enable the infiltration of 
Al2O3 system by an Al-alloy, been studied. Spontaneous infiltration of Al-alloy into an 
Al2O3 preform can be achieved by the use of magnesium additions to the Al-alloy and by 
using of nitrogen atmosphere as a processing atmosphere.  The formation of magnesium 
nitride (Mg3N2) by these additions enables the wetting of the liquid phase into the ceramic 
preform. The formation of Mg3N2 can also react further and form AlN precipitates in the 
system. 
The spontaneous infiltration has been studied by wetting experiments and by high 
temperature in-situ X-ray diffractometry. In addition, reaction sintering furnace 
experiments has also been performed with gas pressures up to 8 bar and analyses has also 
been performed by auger electron microscopy and optical and scanning electron 
microscopy. 
The wetting measurements of Al-alloy on Al2O3 show that the wetting angle is decreased by 
magnesium addition to the Al-alloy but that the use of nitrogen atmosphere results in 
formation of a stabile oxide layer on the metallic phase. The high-temperature X-ray tests 
revealed that the formation of Mg3N2 appears at a temperature below 600 oC. The formation 
of AlN could be detected for samples processed for several hours in the reaction sintering 
furnace.  
This work confirms that spontaneous infiltration of Al-alloy into an Al2O3 –preform is 
possible if Mg is added to the Al-alloy and if nitrogen is used as processing gas. The 
formation of Mg3N2 has been registered by an in-situ X-ray measurement. The use of 
higher nitrogen pressures results in formation of an increased amount of AlN and spinel 
which increases the hardness of the material produced.   
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Introduction 
Powder metallurgically (P/M) produced components by pressing and sintering of compacts 
have advantages of excellent tolerances, controlled microstructure, possibility to create 
unique structural compositions and regarding the process, the possibility to produce net 
shape components and to produce porous components as filters and self-lubricating 
bearings. This P/M-process causes also limitations as maximum weight of approximately 
two kilogram for the compacts and a dimensional freedom only in two-directions.  
These limitations of weight and complexity can be overcome by joining P/M components to 
other components, sintered as well as those produced by conventional metallurgy. The 
porosity and specific structures achieved in P/M components can affect the properties of the 
joints made by different joining processes (ref 1-6). In brazing, the porosity of the P/M 
components will influence the flow of the filler metal and the flux respectively and the filler 
metal can infiltrate into the interconnected pore-system by capillary force. This will result 
in high penetration depths and filler metal consumption and a limited filler metal volume 
will be available for the joint. There is also a risk for swelling of the sintered component 
caused by metallurgical reactions between the filler and the sintered metals (ref 3,4).  
 
The problems caused by infiltration of the filler metal into the interconnected pores by 
capillary action can be decreased or prohibited by different mechanical and physical 
methods. Examples of mechanical means to prohibit infiltration are double pressing and 
sintering to a relative density of 92-95 %, lapping and grit blasting respectively by which 
the surface density is increased so a closed porosity is achieved (ref 3,5,6).  Two different 
physical means to limit the infiltration are the use of filler metals in which alloying reaction 
between the P/M compact and the filler, in combination with diffusion of elements in the 
filler, in order to increase its melting temperature is used (ref 3,7,8,12) and filler metals in 
which isothermal solidification by diffusion mechanism is used respectively (ref 9,10,11, 
12). The brazing process can be done as a separate step or in combination with the sintering 
by sinter-brazing. The two brazing methods give different possibilities for the use of the 
physical mechanisms. In conventional brazing the temperature, time at temperature, heating 
and cooling cycles and atmosphere can be chosen according to the requirements of the filler 
metal. In sinter-brazing the filler metal used has to be tailored for the sintering process and 
the alloy to be sintered.  
 
Sinter-brazing was taken into use in the 1970:s by the development of the filler metal, 
Ancor Braze72 (containing Ni, Cu, Mn, Si and B). In 1990, Sinterbraze 90 was developed 
from this alloy by addition of 20 weight % iron to the filler metal. By this addition of iron, 
the erosion of iron in the P/M compact was decreased, the formation of a brittle structural 
component in the middle of the joint was eliminated and the flowability was increased. The 
infiltration of the filler metal into the porous iron skeleton was limited by the diffusion of 
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iron atoms from the P/M compact into the filler metal and thereby an increase of the 
solidification temperature for the filler metal infiltrating the pores was achieved (ref 7,8). 
The second physical method to limit the infiltration of filler metal into the porous skeleton, 
isothermal solidification, can be achieved by the use of copper-base filler metal with the 
addition of silicon and boron. Silicon is diffusing to the interface between the brazing alloy 
and the P/M-compact and iron atoms are diffusing from the P/M compact. The decrease of 
the silicon content in the filler metal increases the solidification temperature of the alloy 
and the infiltration is thereby stopped (ref 9-12).   
 
The goal for this study has been to study the physical mechanisms for limitation of the 
infiltration in brazing of P/M compacts. In the two brazing methods two different 
explanations has been presented for the mechanisms, in sinter-brazing, iron is diffusing 
from the compact into the filler metal, thereby increasing its melting temperature and in the 
case of isothermal solidification the higher diffusion velocity of silicon in comparison to 
copper gives a decreased Si-content in the filler metal and thereby will its melting 
temperature increase. This work is concentrated on the mechanism in sinter-brazing of P/M 
compacts by Ancor Braze 72, but the second physical mechanism for pore closure is also 
discussed. 

Experimental details 

Materials 

Pressed and sintered compacts produced from SC100.26 and AHC100.29, powders 
respectively from Höganäs were used in the experiments. Data for the powders is given in 
table 1. Round shaped compacts with a height of 15 mm and diameters of 35 and 22.5 mm:s 
respectively and with  densities of 6.0, 6.5 and 7.1 g/cm3 were produced by double-sided 
pressing in a spring-supported die. The pressure varied from 300 to 700 MPa for these 
densities. Ring-formed samples with inner- and outer diameters of 15 and 30 mm with a 
density of 6.4 g/cm3 were also pressed. The filler metal powder used (Ancorbraze72) had 
the size of 40/200 mesh and consisted of 41% Ni, 39% Cu, 15.6 % Mn, 1.9% Si and 1.5% 
B according to the manufacturer. The filler metal powder was pressed to ring-formed 
samples with a density of 5 g/cm3 and discs with a diameter of 12 mm and a density of 6 
g/cm3. No lubricant was used in the pressed samples or filler metal compacts, but a 
lubricant was used for the tool walls.  
 
Brazing tests 
Tests were performed in different atmospheres and temperatures according to table 2. 
Experiments were performed in laboratory as well as on industrial level in a production 
plant for pressed and sintered components, where endogas and dissociated ammonia 
atmospheres are used. Heating experiments were performed by placing filler metal tablets 
on sintered compacts made of SC100.26 and heating them to 900, 950, 1000, 1050 1100 
and 1150 oC respectively. Sinter-brazing were performed for different geometries in order 
to study the flowability of the filler metal, according to figure 1. Same temperatures were 
used for testing of flowability of the filler metal in sinter-brazing. Different joint gap 
distances, zero-gap, 0.05, 0.10 and 0.20 mm respectively, were tested. An excess amount of 
filler metal, with regard to the joint gap volume was used.  
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Joint characterization 
Microstructure was studied by optical microscopy (OM) and scanning electron microscopy 
(SEM). The samples were prepared by grinding, polishing and etching. The final polishing 
of the porous samples was made by polishing two minutes with 1 µm sized diamonds, 
etching with 2% nital (2%HNO3 in alcohol) followed by final polishing 30 seconds with 1 
µm sized diamonds. Chemical compositions of the microstructure were measured by energy 
dispersive x-rays (EDX). Mechanical properties tested were microhardness and tensile 
strength. Tensile tests were performed with a miniature test-machine adapted for small 
specimens. Phase transformations of the filler metal were characterized using a differential 
thermal analysis (DTA) operated with heating and cooling rates of 10 oC/min. During the 
heating and cooling sequences weight and temperature changes of the sample were 
recorded. 

Results 
The NH-10 and dissociated ammonia atmospheres resulted in good flowability for all 
geometries with compact densities of 6.5 g/cm3. The filler metal filled the joint gaps for the 
different geometries but also small voids caused by shrinkage were observed by optical 
microscopy of polished samples. For the density of 6.0 g/cm3 the flowability was good but 
the filler metal was drained from the gap between the compacts and infiltrated into the 
porous skeletons of these. Sinter-brazing tests at temperatures between 900 oC and 1150 oC 
in NH-10 atmosphere revealed that the filler metal had enough fluidity at 1000 oC to create 
bonding between the two compacts.   
 
The only geometry tested in endogas atmosphere that showed acceptable flowability was 
the test with compacts placed directly on each other and the filler metal ring outside the 
joint gap. The other geometries and joint gaps resulted in no or very limited flow of the 
filler metal into the joint gap. The filler metal oxidizes in the endogas atmosphere. The 
oxide had green colour and an EDX-analyse revealed a content of 88%Mn 10%Si 1%Ni 
and 1%Cu (oxygen was not detectable by EDX) . The filler metal infiltrated the compacts 
in the contact areas and in the successful brazing the infiltration along the joint gap was 
approximately 2 mm into the compacts. For the tests in dissociated ammonia and NH-10 
atmospheres the joint gaps after the test cycles were enlarged from zero-gap to ca 0.15 mm 
and from 0.10 mm to ca 0.3 mm. The infiltration depth into the compacts was 1-2 mm.  
 
The microstructures of the tests performed for the filler metal tablets placed on sintered 
compacts of SC100.26 powder at temperatures from 900 oC to 1150 oC are presented in 
figure 2. The sample heated to 900oC has a structure for the filler metal consisting of grains 
of phase C surrounded by eutecticum. The eutecticum consists of two phases, phase A with 
approximately 72Ni12Fe16Mn and phase B with 67Ni4Fe21Mn5Si3C. The third phase, 
phase C, surrounded by the eutecticum contain approximately 32Cu41Ni7Fe19Mn and less 
than 1Si. Figure 2 shows also that melting of one constituent in the filler metal and 
diffusion between the filler metal and compact has occurred at 900 oC. In table 3 
approximate compositions at different temperatures of the different structural components 
are presented. The same structure can also be found for samples heated to 950 oC and 1000 
oC respectively. The two phases in eutecticum contains different amounts of Si and no Cu 
and phase C surrounded by eutecticum has high Cu content. The interface between the filler 
metal and the sintered compacts contains Fe and small amounts of Ni, Mn and Si. For the 
sample heated to 1050 oC it is also possible to identify different structural components in 
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the filler metal. Some Cu has diffused into the low Si containing phase in the eutecticum, 
phase A, but not into the other phase in the eutecticum. The Fe content has increased in the 
phases low in Si. For samples heated to 1100 oC and 1150 oC respectively the composition 
of the different structural components in the filler metal is approximately the same as for 
the sample heated to 1050oC. Infiltration of the filler metal into small areas in the sintered 
compact close to the interface has appeared. The infiltrated areas contains mainly Ni except 
Fe, in some cases also Mn and Si and in other cases Cu and Mn. 
 
The DTA measurement revealed that the filler metal alloy had a first melting reaction that 
started at 930 oC and a second melting reaction that started at 1000 oC and was finished at 
1050 oC. EDX –analyse of the filler-metal showed a composition of approximately 0.8 
weight-% Si, 22 %Mn, 55 %Ni and 22 %Cu (B was not detectable).  This could be 
compared with the composition given by the supplier, table 1.  
 
Tensile tests were performed with small test samples with a cross-section area of 4 mm2 
and resulted in a tensile strength of 169 MPa for samples of AHC100.29 brazed in 
dissociated ammonia (5 samples) and with the fracture outside the brazed joint and a 
strength value of 185 MPa for samples of SC100.26 brazed in endogas atmosphere (2 
samples) and with the fracture running along the brazed joint. The density was 6.5g/cm3 for 
both materials and atmospheres. Microhardness measurements in the middle of the joints 
resulted in hardness values of 315 HV (dissociated ammonia), 270 HV (NH-10) and 175 
HV (endogas).  

Discussion 
The physical mechanism to stop infiltration during brazing of porous sintered materials 
investigated in this work has shown to start with a division of the brazing alloy into two 
different structural components during the heating of the filler metal. The component that 
melts at the lower temperature will interact with the ferrous compact and fill up the pores at 
the interface between the filler metal and the iron compact. Iron atoms will diffuse into the 
filler metal and the different elements in the filler metal diffuses into the iron compact. By 
these diffusion processes the melting temperature of the alloy in the interface area will 
increase and the intrusion of the filler metal into the porous compact is limited. The second 
structural component in the filler metal starts to melt at 1000 oC and its liquidus 
temperature is 1050 oC.  
 
The elements from the filler metal that can be found in the interface area between the filler 
metal and the sintered compacts are Ni, Mn and also some Si . This implies that the first 
melt that comes into contact with the compact contains mainly Ni, Mn and Si but not Cu. 
This is also verified by the EDX-analyse of the infiltrated areas in the sintered compacts, 
table 3 in which Cu only can be found in some of the infiltrated areas. The filler metal starts 
to flow over the joint area at 1000 oC. The existence of eutecticum in the middle of the joint 
is probably caused by the fact that this region of the filler metal is solidifying last during the 
cooling part of the sinter-brazing cycle. 
 
In brazing of components the formation of eutecticum in the filler metal will cause a layer 
of eutecticum in the middle of the joint and this can decrease the strength of the joint. Fast 
cooling of the assembly from the sinter-brazing temperature can decrease the amount of 
eutecticum (ref 8). Normally the strength of the joint is higher than for the sintered 
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compacts and therefore will the formation of hard brittle structural components in the joint 
not cause severe problems. 
 
The problems with brazing of porous components with Ancorbraze 72, reported in this 
work and in literature, in form of formation of a brittle eutectic in the middle of the joint 
can be decreased by using a brazing alloy with an addition of iron to Ancorbraze 72 and by 
rapid cooling from the brazing temperature (ref 7, 8, 12).  
 
The diffusion velocity will decrease in following order for the involved elements during 
diffusion through an iron lattice: Si, Mn, Ni and Cu (ref 13). The difference between Si and 
Cu is approximately a factor of 15. This difference in velocity helps to explain the 
mechanism by which the filler metal interacts with the sintered compact. The structural 
component that melts first and thus will be in contact with the sintered compact contains 
Ni, Mn, Si and probably B but not Cu. This division of the different elements between the 
two structural components gives a second part to the explanation of the mechanism 
involved.  Ni, Mn and Si have good solubility in the iron lattice which implies that a mutual 
diffusion of these elements with Fe is possible. Cu has limited solubility and good 
infiltration ability in porous iron compacts.     
 
The results of this investigation modifies the previously assumed mechanism of alloying 
between the filler metal and the porous compact in sinter-brazing by the discovery that the 
filler metal is divided into two structural components of which the component that comes 
into contact with the surface of the porous iron compact creates an alloy with higher 
melting temperature, that closes the pore openings. The filler metal continues to contain a 
component in melted state during the major part of the sintering cycle.  
 
The difference in diffusion velocities of Cu and Si has been used in isothermal brazing of 
porous compacts by a Cu4Si filler metal (ref 9-11). The difference in diffusion velocities 
caused an enrichment of Si in the interface between filler metal and the sintered compact 
and a decrease of Si in the filler metal. By this the relative Cu content increased in the filler 
metal and the filler metal solidified. The temperature was kept at an exact level during the 
brazing cycle. In addition to the mentioned difference in diffusion velocities it should be 
noted that Si stabilises ferrite structure in steels. By this, it would be possible for Si to 
diffuse even faster in comparison to Cu in the iron lattice if a local ferritic structure is kept 
or created around the Si containing zone at the interface between the filler metal and the 
sintered compact. Ferrite has a lower density in comparison to austenite and this leads to 
higher diffusion velocities in the ferritic structure. The austenitic structure is stabilized by 
elements as C, N, Ni and Mn while the ferritic structure is stabilized by elements as Cr, Mo, 
V and Si. A Si-content of 3 weight-% stabilizes the ferritic structure up to the melting 
temperature of pure iron.  

Conclusions 
The sinter-brazing experiments with the filler-metal Ancorbraze72, has shown that it is 
possible to get good flowability and joint strengths if dissociated ammonia or NH-10 
atmospheres with a low dew-point is used. If the density of the sintered compacts to be 
joined is too low (approximately 6.0 g/cm3), problems with infiltration of filler-metal into 
the porous compact will occur. If the atmosphere has high dew-point, as for endogas 
atmospheres, problems with flowability and oxidation of the filler-metal will occur. 
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Heating experiments to temperatures between 900 oC and 1150 oC has shown that the filler 
metal is divided into two different structural components of which the first melts at a 
temperature of 930 oC. The melted structural component interacts with the surface of the 
sintered compact and creates thereby an alloy with a high melting temperature in the 
interface area between the sintered compact and the filler metal. This reaction will stop the 
infiltration of the filler metal in which the second structural component will melt between 
1000 oC and 1050 oC.  
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Table 1. Materials used in the experiments. 
 
Material Composition Grain size Density/ 

g/cm3 
Shape 

AHC100.29 
powder 

Water atomized 
powder 
<0.01 %C, rest Fe 

>212 µm 0% 
>150 µm 8% 
<45 µm 25% 

6.0, 6.5, 7.1  
6.4 

Round, 
compact 
Ring 
 

SC100.26 
powder 

Sponge iron powder  
<0.01 %C, rest Fe 

>212 µm 0% 
>150 µm 1% 
<45 µm 20% 

7.0 Round, 
compact 

Ancorbraze72 41% Ni, 39% Cu,   
15.6 % Mn, 1.9%Si 
and 1.5% B 

40/200 mesh >5.0,  
>6.0 

Ring 
Tablet 

 
Table 2. Sintering tests. 
   
Atmosphere Dew-point Temperature Cycle 
NH-10 
(90%N2 10%H2) 

-20- -30oC 900 - 1150 oC Heating 10 min 
Sintering  20 min 
Cooling  20 min 

Cracked ammonia 
(75%N2 25 %H2) 

-20 oC 
(approx) 

1120 oC Sintering 1 h  
total cycle 3 h:s 

Endogas 
(H2+ N2 + CO + CO2) 

+5 oC  
(approx) 

1120 oC Sintering 1 h 
total cycle 3 h:s 
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Table 3. Approximate distribution of elements in different structural components for  
filler metal tablets heated on porous sintered compacts at 900-1150 oC 
 
T/ oC C  Si  Mn  Fe  Ni  Cu  
Eutecticum, phase A /weight-% 
900 - 0.3 15.7 12 72 - 
950 -  15 17 68 - 
1000 2.3 1.1 16.4 11.6 63 5.6 
1050 - 0.8 14.8 19.2 47.8 17.4 
1100 - 0.6 10.4 41 38 10 
1150 - 0.5 11 45 31 12.5 
Eutecticum, phase B /weight-% 
900 3 5 21 4 67 - 
950 - 4.7 22 3.3 70 - 
1000 - 4 21 6 69 - 
1050 - 2 21 9 64 4 
1100 - 4 23 9 64 - 
1150       
Phase C, surrounded by eutecticum /weight -% 
900 - 0.6 18 7.4 42 32 
950 - 0.5 18 11.5 45 25 
1000 - 0.5 18 12.5 47 22 
1050 - 0.5 12.5 25 40 22 
1100 - 0.8 16.2 23 38 22 
1150 - 0.3 21 9.7 34 35 
Infiltrated areas in the sintered compact /weight-% 
900  0.7 4.7 76.7 16 1.9 
 3.3 - 2.3 60.3 31.4 2.7 
 - 0.5 8.1 60.3 31.1 - 
 - 0.5 5 78 16.5 - 
1000 - 0.4 3.0 78.4 18.2 - 
 - - 2.0 81.2 13.8 3.0 
 
   

Figure 1. Sample geometries used in the experiments. Filler metal is shadowed.  
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900 oC 

 

 950 oC 

 
1000 oC 
 
 
 
 
 
 
 
 
 
 

 1050 oC 

 

1100 oC 

 

 1150 oC 

 
 
Figure 2. Microstructures for filler-metal tablets placed on sintered compacts of SC100.26 
powder and heated to temperatures between 900 oC and 1150 oC. 
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The possibilities for production of composite materials with a metallic matrix and ceramic 
reinforcing component are limited by the existing incompatibility between the materials 
belonging to the two different material groups. The surface energies differ, as do other 
physical properties such as thermal conductivity and thermal expansion. On the other hand, 
the different mechanical properties are often the reason why it is beneficial to produce 
composite materials with these components. The high temperature mechanical resistance 
can be increased as well as the wear resistance, strength and elastic stiffness compared to 
the matrix material.   
 
The problems of compatibility in metal matrix composites (MMC:s) can be decreased by 
mechanical and physical methods. Squeeze casting of Al-alloys on preforms of SiC or 
Al2O3 are two examples of the use of pressure to force the molten metal to infiltrate a 
ceramic porous preform (ref 1-3). Spontaneous infiltration of Al2O3 preforms by Mg 
containing Al-alloys in nitrogen containing protective atmosphere, by the so called 
PrimexTM-method, is an example of a physical method to facilitate the infiltration of an Al-
melt into a ceramic porous preform (ref 4-7). This method is attractive because it enables 
the infiltration of more complex preforms than in squeeze casting. 
 
The mechanism in spontaneous infiltration requires a decrease of the materials total internal 
energy and that the metal wets the ceramic surfaces. Magnesium has an important role in 
enabling wetting of alumina surfaces with an Al-alloy. Magnesium reduces the surface 
tension of the aluminium melt, improves the wettability and promotes interfacial reactions 
in the aluminium-alumina system (ref 8-12). In order to achieve spontaneous infiltration in 
the system mentioned, it is also necessary to use a nitrogen atmosphere in the furnace. 
Nitrogen may cause a further reduction of the surface tension but its main contribution to 
the infiltration process is that it enables interfacial reactions between the elements in the 
melt and the ceramic surfaces. The possible reactions in this system consisting of Al, Al2O3, 
Mg and N2 are oxidation of Mg which can affect the Al2O3 scale that easily form on the 
metal melt surface and the formation of Mg3N2 on the Al2O3 surface and thereby modifying 
the surface tension of the ceramic phase. This enables wetting of the ceramic phase by the 
metal melt (ref 13). The formation of magnesium nitride facilitates the formation of AlN in 
the process. This has previously been studied in a process of indirect nitriding in which 
nitrogen gas is bubbled into a melt of Mg containing Al-alloy. The reaction sequence to 
form AlN is (ref 14): 
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Al (Mg)  Al(l) + Mg(g)    
3Mg + N2  Mg3N2    
2Al + Mg3N2  2AlN + 3Mg 
 
The total reaction is  
 
Al + N  AlN 
 
The function of Mg is to catalyze the formation of AlN.  Mg vaporizes easily and this 
enables the formation of Mg3N2 which reacts with Al to form AlN. Mg gas is released after 
the formation of AlN and this enables the Mg atoms to catalyze additional AlN formation. 
 
In this study we present results on the mechanism of spontaneous infiltration of Al2O3 
preforms by Mg alloyed Al-alloys especially in the areas of wetting in nitrogen containing 
atmosphere and chemical reactions promoting the wetting of alumina by the Al-alloy.  
Specifically we report on the influence of nitrogen on the surface tension and wetting angle. 
The formation of Mg3N2 and AlN is investigated by conventional X-ray diffractometry and 
in-situ high temperature X-ray diffractometry. An experiment in which the nitrogen gas 
pressure was increased to 8 atm in the infiltration process has been performed in order to 
study the phases formed. Optical microscopy (OM), scanning electron microscopy (SEM) 
and auger electron spectroscopy (AES) has also been used in the characterization of the 
samples. 

Experimental details 
Materials 
The two Al-alloys (labelled A and C) used in the experiments are presented in table 1. The 
samples in the wetting experiments were ground (1000 mesh SiC) before the experiments. 
δ-Saffil fibre preforms with a relative density of 20 % and solid α-Al2O3 plates were used 
as substrate materials in the wetting experiments. See table 2 for compositions of these 
ceramic materials. In addition, powder of Mg3N2 (325 mesh) and Al-powder produced by 
grinding of Al-alloy A were used in some of the high-temperature X-ray experiments. 
 
Wetting experiments  
The aluminium samples and solid alumina substrate were cleaned and degreased in acetone 
in an ultrasonic bath for 1 minute. Wetting experiments were performed by placing small 
(0.1g) Al-alloy pieces with parallel ground flat faces, on either solid Al2O3 –plates or 
porous δ-Saffil pieces, in a vacuum furnace, according to figure 1. The wetting experiments 
were performed at 900 and 1000 oC in high purity nitrogen with less than 5 ppm of either 
O2 or H2O. Experiments in vacuum were also performed at 900 oC. The heating cycle 
started after reaching a vacuum better than 1x10-5 mbar in the furnace and during the run a 
controlled flow of nitrogen gas passed through the furnace. Heating to 1000 oC took 
approximately 13 minutes. The furnace is equipped with three glass ports and the samples 
were observed visually through one and the changes in shape of the Al-samples were 
photographed through a second glass port during the heating cycles. A more detailed 
description of the equipment used can be found in ref 15. 
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Reaction sintering furnace experiments 
Experiments were performed with Al-alloy C, see table 1, in a reaction-sintering furnace 
with different nitrogen pressures. The metal samples were placed on a piece of δ-Saffil 
preform, inside Al2O3- crucibles. Some experiments were performed with a lid on top of the 
crucible in order to increase the partial pressure of magnesium inside the crucible. The 
samples were heated to 400 oC in one hour in an evacuated furnace. Nitrogen gas was 
pumped during 30 minutes to different pressure levels (1.3, 3, 5, and 8 atm) and after that 
the temperature was increased to between 800 and 950 oC in one hour and kept at that 
temperature for five hours before cooling to 500 oC in one hour and after that releasing the 
pressure.   
 
X-ray diffractometry  
High temperature X-ray experiments were performed in a Philips X`pert MPD high 
temperature x-ray diffractometer, equipped with a vertical PW3050/20 goniometer and a 
Buhler HDK2.4 high-temperature chamber. The data was recorded by parallel beam optics 
and a scintillation detector over a 2θ range of 20-60o using Cu Kα-radiation was used.   
The sample was placed in a BN tray (size 1x8x12 mm) that rested on a tungsten-heating 
element. The temperature was registered within 2oC with a standard Pt-13%Rh/Pt 
thermocouple welded on the backside of the heating element. This arrangement does not 
give an accurate temperature reading of the sample temperature since a thermal gradient 
exist between the thermocouple and the sample surface. However, an accurate calibration 
of the temperature was carried out by observing the thermal expansion of MgO-powder 
during one heating cycle. For all experiments the temperature was increased by 5oC per 
minute. The total heating time up to 900 oC was thereby 44 minutes.   
 
The different high-temperature X-ray experiments performed were: 

1. Investigation of the interaction between Al-alloy C and Al2O3 fibre preform in a 
continuous nitrogen gas flow. 

2. Investigation of the reaction between powders of Al-alloy A and Mg3N2 
respectively. The study was performed in a vacuum of 10-5 Pa. 

3. Investigation of Al-powder atomized in nitrogen gas and Mg3N2 powder. The 
study was performed in a vacuum of 10-5 Pa. 

 
In addition, the different phases formed after infiltration experiment in the reaction 
sintering furnace with Al-alloy C and Al2O3 fibre preform run at 950 oC at a pressure of 8 
atm in nitrogen atmosphere was analysed at ambient temperature and pressure. 
 
Auger electron spectroscopy 
Auger electron spectroscopy was used to characterize the different types of scales observed 
during the heating cycles. Two set of experiments were performed. One where the sample 
consisted of a metal droplet of alloy C, which was heated in vacuum to 800 oC in the 
furnace used for the wetting experiments. A controlled amount of nitrogen gas was let into 
the furnace at 800 oC according to the following schedule: 

1. Vacuum of 1-5 x 10-6mbar, during 5 minutes resulted in a wetting angle of 100-
120o. 

2. N2-inlet during 5 seconds. 
3. Waiting for 5 min resulted in a grey coloration of the surface. 
4. N2-inlet during 30 seconds. 
5. Waiting for 5 min. Grey scale on the surface. 
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6. N2-inlet for 3 min. 
7. Waiting for 60 min. Increased grey scale on the surface. 

No apparent change of the wetting angle was observed during the inlet of nitrogen gas. 
In the second experiment a sample from alloy C was heated in a nitrogen atmosphere to 
950oC in the reaction-sintering furnace. This experiment was done to characterize the black 
scale formed on the metal parts used in the reaction sintering furnace experiments.  
 
Hardness testing and microscopy 
Micro-hardness tests were performed on samples processed in the reaction-sintering 
furnace.  
Optical microscopy and scanning electron microscopy (Cam Scan operated at 20 kV) were 
used to characterize the microstructures. 

Results 
Wetting experiments 
The result from the wetting experiment is summarized in table 3. The results show that the 
alloy with 6.6 w/o Mg has a lower wetting angle in comparison to the alloy with low Mg-
content. Three photographs during the wetting experiment with Al-6.6 w/o Mg is shown in 
figure 2. The introduction of nitrogen gas compared to vacuum did not improve the wetting 
angle and instead it resulted in a black scale on the metal surfaces.  
 
Reaction sintering furnace experiments 
The experiments performed in the reaction sintering furnace shows that the weight and the 
hardness values of the samples increase with the nitrogen pressure with one exception, see 
table 4. The tests with a lid on top of the crucible in order to increase the partial pressure of 
magnesium inside the crucible shows that the weight increases further for these samples in 
comparison to those with lower partial pressure of Mg, for pressures up to 5 bar. At 8 bar 
only the difference in weight is neglectable. The hardness values increase with the weight 
increase.  
 
In-situ high temperature X-ray diffractometry  
Studies were performed in vacuum and nitrogen atmospheres respectively. In order to 
enable sufficient diffracted intensity to be recorded from the base metal the oxidation had to 
be suppressed during the experiment in nitrogen atmosphere. This was done by dividing the 
heating cycle into two parts. The sample was heated to 500 oC in vacuum in the first part 
and after that it was heated in a continuous gas flow of nitrogen up to the softening 
temperature of the metal. The softening- and melting temperature was detected to be within 
the interval 550-600 oC that is in accordance with the melting temperature of the metal, see 
Figure 4. A magnification of the diffractogram in Figure 5 shows that magnesium nitride 
has formed at 600 oC. 
 
A powder mixture of Al and Mg3N2 was also studied by high temperature X-ray under 
vacuum conditions in order to detect if AlN could be formed directly from this system. The 
results show that the Mg3N2 was stabile and that some MgO was formed at heating 
temperatures of above 950 oC.  
 
A mixture of Al-powder atomized in nitrogen gas and Mg3N2–powder was used to 
investigate if AlN could be formed under vacuum conditions. The chemical activity for the 
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Al-powder produced this way was expected to be high. The test was performed in two 
steps, by first heating the sample to 900 oC after that cooling to 600 oC and finally heating 
up to 1100 oC. Small amount of MgO was detected but not AlN.  
 
Room temperature X-ray diffractometry 
X-ray diffractometry of the sample fabricated in the reaction sintering furnace, by running 
at 950 oC for 5 hours at a nitrogen pressure of 8 atm showed that spinel (MgAl2O4) and AlN 
had formed, see Figure 6. 
 
Auger electron spectroscopy 
The AES analyse of the droplet heated to 800 oC show that the first 20 nm of the surface of 
the oxide contains a high concentration of Mg. The Ca-concentration was high within 200 
nm from the surface. The oxygen concentration is high in the scale and the nitrogen and 
carbon concentrations are high in the outer part of the scale. In the inner parts of the scale 
Fe and Si amounts are increased. The scale thickness is totally approximately 650 nm.   
The analyse of the surface of a sample run in the reaction sintering furnace at 950 oC for 5 
hours showed that the surface of the oxide contained Mg-oxide without any Al. Below the 
surface, mixed Al+Mg oxides are present. Silicon is also present in this part of the oxide. 
The total thickness of this oxide is more than 1 µm.  
 
Microscopy and hardness 
Microscopy showed a microstructure containing three phases and Al2O3 fibres in the 
samples processed in an overpressure of nitrogen, see figure 3. The microstructure consists 
of the matrix material which is the Al-alloy and small precipitates that could be identified 
by XRD to be AlN and spinel.  

Discussion 
The wetting experiments show that Mg addition to Al decreases the wetting angle against 
Al2O3 in vacuum atmosphere in accord with findings by others (ref 8). The wetting angle of 
aluminium-melt on Al2O3 depends strongly on the oxygen partial pressure. In a review of 
published data it was shown that the wetting angle varied from 90 to 140o (ref 17). The 
reason to the spread of the data can be found in the different thicknesses of the oxide layers, 
formed at different partial pressures of oxygen. For thin layers a lower wetting angle is 
expected due to its ability to deform (ref 17). Magnesium is an element that can also reduce 
the aluminium oxide film, which will allow melt to come into contact with the alumina and 
give better wetting. The formation of spinel at the interface also gives better wetting (ref 
18). Wetting experiments performed in nitrogen atmosphere show that the wetting angle for 
Al-alloy with Mg addition on Al2O3 will not decrease due to a stabilizing oxide-scale 
formed on the metal piece. The oxide will form a shell around the molten particle that 
suppress wetting. The presence of an oxide explains in part the uncertainty of the nitrogen 
effect presented by other authors (ref 13). The oxide-scale is stabile and the Auger 
investigation of the sample run in the reaction sintering furnace at 950 oC showed pure 
MgO in the outer part of the oxide scale and Al+Mg oxide below. Mg has a higher 
diffusion rate through the oxide scale compared to Al. Taking this into account together 
with the fact that thermodynamically we expect three phases in the scale (MgO, MgAl2O4 
and Al2O3) (ref 19) we infer that the scale is built up from the metallic surface as   Al2O3 – 
MgAl2O4 – MgO. The other AES analysis showed that Mg and Ca were enriched in the 
outer part of the scale formed on the droplet. The free energy of oxide formation for these 
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elements is lower than for Al (ref 20). The appearance of Ca in the system seems 
unexpected but is probably caused by contamination. Magnesium and calcium have high 
vapour pressures and are relatively volatile. The vapour pressure for Mg is approximately 1 
atm at 1100 oC (ref 16). The effect of the high vapour pressure of Mg in the spontaneous 
infiltration in Al-Al2O3 system is that it can be spread over the ceramic fibres in the MMC. 
Thus suppressing thick oxide scale formation and promoting infiltration. 
 
The effect of nitrogen is of chemical nature and enables the formation of Mg3N2. The in-
situ X-ray experiments reveal that Mg3N2 is formed at a relatively low temperature below 
600 oC. The formation of Mg3N2 is possible because of the high volatility of Mg. The 
formation of Mg3N2 at 500-600 oC is supported by literature data in which the pressure 
decreased in a powder body during a heating cycle up to the temperature of the infiltrating 
Al-alloy (ref 21). The pressure decrease indicates a second driving force for the 
spontaneous infiltration in addition to the chemical reaction that decreases the wetting 
angle. The pressure decrease is caused by the reaction between magnesium and oxygen and 
/or nitrogen (ref 21).  
 
The XRD study also shows that it is possible to study reactions at temperatures above the 
melting temperature of the metallic component in the system. AlN was not detected during 
the in-situ experiment and the reason for this is probably that the formation of AlN takes 
some time because it is a reaction that takes place in the liquid phase and the nucleation has 
to take place on a solid surface. In support of this the sample processed in an overpressure 
of nitrogen showed AlN formation as well as the formation of spinel during a heating cycle 
of 5 h at 950 oC.  
 
As the formation of AlN particles occurs the weight and hardness of the sample increases. 
In comparison to the Al-matrix both AlN and spinel are hard. In fact, the hardness results 
indicates that it would be possible to create composites with controlled hardness values 
according to desired properties as hardness and strength levels and wear resistance 
respectively. 

Conclusions 
Spontaneous infiltration between Al2O3 and Al-alloys is possible if the Al-alloy contains 
Mg and the process is performed in nitrogen gas. The main chemical reactions that enable 
the spontaneous infiltration are the formation of Mg3N2 and AlN. This study has shown that 
the wetting angle is decreased by the addition of Mg to the Al-alloy, but not by the use of 
nitrogen gas in the furnace. Instead a stiff scale was formed on the metal surface 
suppressing wetting. 
The infiltration mechanism is controlled by chemical reactions. 
The formation of Mg3N2 in the infiltration process has been confirmed to appear at a 
temperature below 600 oC by in-situ XRD measurement at high temperature. The 
measurement showed also that it is possible to study the materials in question above the 
melting temperature of the metallic component by in-situ XRD measurements. Formation 
of AlN is a time consuming process and it was only observed for samples exposed to a 
nitrogen atmosphere at 950 oC for 5 h.  
The experiments performed at different N2 gas pressure levels showed that it is possible to 
produce materials with different hardness levels and thereby it would be possible to create 
composites with tailor made properties. 
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Table 1. Chemical composition of Al-alloys used in wetting experiments. Values given by 
supplier and values received by SEM- EDX-analyse are presented. 
 
Sample Al w/o Mg w/o Fe w/o Mn w/o Si w/o Ag w/o Na w/o 
A(SEM-EDX) 97.8  1.0  0.2   0.6 0.3  
A supplier 97.6  1.16 0.30 0.04 0.38   
C(SEM-EDX) 90.3  6.6  0.4    0.2 2.1  
C supplier 91.4 6.65  0.38  0.27  1.14   
 
Table 2. Composition of δ-Saffil preforms and Al2O3 plates. 
 
 Al2O3 Other 

elements 
Relative ρ/% Others 

δ-Saffil 
RF-grade 

96 4% SiO2 20 Fibre lengths ca 0.1 mm 
Fibre diameter 3-5 µm 

Al2O3 plates 99.7 MgO 100  
 
Table 3. Wetting angle for wetting experiments.  
 
Alloy Temperature Atmosphere / bar Wetting angle 
Alloy A on Al2O3 900 oC Vacuum 1.2-2.9x10-8 96o, 30min 
Alloy A on Al2O3 900 oC N2 No droplet * 
Alloy C on Al2O3 900 oC Vacuum 2x10-8 84o, 30min 
Alloy C on Al2O3 900 oC N2 No droplet * 
Alloy C on Al2O3 1000 oC N2 No droplet * 
Alloy C on Preform 1000 oC N2 No droplet * 

*No droplet was formed because of the strong and thick scale formed on the metal 
piece. 
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Table 4. Weight increase and hardness for samples from tests with different nitrogen gas 
pressures with and without lid on the crucible in order to affect the partial pressure of Mg. 
 
 PN2 = 1.3atm PN2 = 3atm PN2 = 5atm PN2 = 8atm 
Weight increase, sample 
without lid, % 

1.15 4.3 22.3 41.4 

Weight increase, sample 
with lid, % 

12.5 37.8 30.3 39.8 

Hardness, HV0.3, sample 
without lid 

260 620 623 970 

Hardness, HV0.3, sample  
with lid 

411 940 430 1200 

 
 
 

 
 
Figure 1. Experimental set-up in wetting tests.  

N2 atmosphere 

Vacuum furnace 

Al-alloy 
3x4x3,5mm 
0.1g 

Al2O3 
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                     a.                                 b.                    c. 
       
Figure 2. Wetting experiment, Al-alloy with 6.6 % Mg on a solid Al2O3 plate. Vacuum 
2x10-8 bar. a) 750 oC after 21 min of heating. b) 900 oC after 24.5 min. c) 900 oC after 54.5 
min.  
 
  

  
(a)   (b) 

Figure 3. (a) SEM-photo of fibres in Al2O3 preform. (b) OM-photo of microstructure of Al-
alloy C infiltrated in reaction sintering furnace in N2 atmosphere at 950 oC. 
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Figure 4. High-temperature X-ray diffractograms of Al-alloy C, partly covered by Al2O3 
fibres, heated to 500 oC in vacuum and from 500 to 600 oC in N2 atmosphere. 1-Al, 2-
Al2O3, 3-BN, 5-Mg3N2 
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Figure 5. Phase composition after heat treatment of Al-alloy C to 600 oC in N2 atmosphere. 
3-BN, 5-Mg3N2. 
 

 
 
Figure 6. X-ray diffractogram of Al2O3 and Al-alloy C, heated at 950 oC for 5 h in N2 
atmosphere. 
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