
The adhesion, cohesion, and non-wetting properties of liquid 
phosphate bonded refractories  
 
1. Introduction 
 
Different aspects have to be considered regarding the performance of refractory products in 
aluminum melting and holding furnaces. Primarily the refractory material should possess a 
suitable chemical composition to avoid undesired interactions with the molten metal. Furthermore 
the installation characteristics of the refractory materials should be “efficient” in order to reduce 
downtime costs. Regarding this monolithic materials are advantageous over brick linings. 
Furthermore a monolithic material which can be used as a repair material is advantageous over a 
material that needs total replacement after minor damages occur. Materials with superior 
adhesion and cohesion properties allow for the implementation of maintenance procedures which 
reduce downtime and material costs without affecting the resulting furnace performance since as 
existing refractory lining can be repaired instead of replaced. 
 
Additionally the lifetime of refractory materials should be sufficient enough in order to make shut 
downs predictable. The refractory material should possess a high aluminum resistance to avoid 
corundum growth which can reduce furnace capacity. The latter material properties are called 
“non wetting”.  “Non-wetting” describes the ability of refractory material to withstand penetration 
from molten metals under certain conditions. It is also related to reduced chemical attack on the 
refractory from the molten metal which will lower impurities in the melt caused by interactions with 
the refractory lining. In the following paper the non wetting, adhesion and cohesion properties of 
liquid phosphate bonded materials will be discussed. Furthermore it will be shown, based on case 
studies, how to improve the furnace performance by casting “non-wetting” materials on existing 
linings refractory linings requiring repair. 
 
2. Adhesion and cohesion of refractory materials 
 
The intermolecular attraction within a body is called cohesion whereas the intermolecular forces 
between two bodies are called adhesion. Adhesion between refractory materials can be of 
mechanical, chemical and dispersive nature. The adhesion properties of monolithic materials 
determine the bonding strengths towards other materials i.e. the repair properties.  
Since refractory products are exposed to alternating temperatures, attack of gases, liquids and 
mechanical attack the adhesion mechanism is also influenced by these factors. 
 
The bonding or cohesion mechanism of refractory materials can be distinguished between 

- ceramic bond, i.e. fired refractory products like bricks 
- hydraulic bond, i.e. hydratable cement bonded monolithic material 
- chemically bond, i.e. neutralization and salt formation or saturation/precipitation 

  
Refractory materials with all three bonding systems are applied in aluminum furnaces. Ceramic 
bonded bricks and cement bonded monolithics are often described as “conventional” ceramics 
since these are the primarily installed materials. In particular phosphate bonded refractories are 
also well established for utilization in aluminum furnaces due to some unique features of these 
chemically bonded materials. 
 
2.1 Binder Characteristic and advantages of liquid phosphate bonded materials 
Phosphate bonded monolithic refractory products for aluminum applications are characterized by 
their setting behavior: 
 

- Heat setting phosphate bonded materials require additional heat to obtain a sufficient 
strength.  Plastic phosphate bonded materials are predominantly heat setting 

- Cold setting phosphate bonded materials. Cold setting material develop an exothermic 
reaction and set at ambient temperatures 



 
Both heat setting and cold setting materials contain phosphoric acid or mono-aluminium- 
phosphate binder. Some products also employ dry-phosphates and can be mixed with water. 
These materials can be described as di-phosphate materials 
  
A great number of works have been reported about the reaction between alumina and phosphoric 
acid (1,2,3)  Alumina reacts with phosphoric acid above 127°C (260°F) to aluminium phosphate 
and shows considerable strengths above 350°C (660°F ). The most often applied phosphate 
binder in the refractory industry is mono- aluminiumphosphate (MAP) in liquid or spray-dried form.  
If setting properties at ambient temperature are desired an additional setting agent is needed. 
This can be an alkali- or alkali earth metal oxide component (MxO) like sodium, magnesia, 
calcium or compounds thereof.   
The disadvantage of a spray dried MAP additive in a single component material is the poor shelf 
life due to the strong hygroscopic behavior. Alternatively, phosphoric acid can be used as a liquid 
in a two component product. Depending on the reactivity both MAP and phosphoric acid need to 
be diluted to slow down the exothermic reactions.  
Phosphoric acid is a tri-basic acid and reacts with different metal oxides to form salts. Some of 
these salts function as a refractory binder. In an aqueous solution the phosphoric acid reacts in 
three stages according the molar ratio MxO / P2O5 of 1:1, 2:1 or 
 
 
2.2 Liquid phosphate bonded monolithcs and the adhesion  towards existing refractories 
 
Unexpected damages on melting and holding furnace linings can lead to a time bottleneck. Total 
replacement of damaged areas isn’t always possible due to the lack of a full compliment of 
replacement materials or the extended demolition and installation time required. 
As aforementioned, monolithic materials are advantageous over bricks because of the wide 
variety of installation methods and materials available for repairs. However, the adherence 
property of the repair material determines the long term performance of the lining. Therefore tests 
have been conducted to show the adherence performance of liquid phosphate bonded materials 
 
2.3 Test procedure 
A phosphate bonded castable was cast on different substrates. The castable was a 90% alumina 
material cast with 10% diluted phosphoric acid in order to obtain roughly 3.5% P2O5 binder in the 
mix. This material was cast on a prefired 40% alumina containing cement bonded castable and 
on a 90% alumina brick.  
300gr. were cast in a thickness of 0.5”. After 12 hours curing the samples were dried at 230°F for 
5 hours and fired up to 1500°F with a heat up rate of 70°F/ hour. 
After firing a polished section was prepared from each sample for Scanning Electron Microscope 
(SEM) evaluations.   
The interface between the layer and the substrate was evaluated by using energy dispersive x-
ray analysis EDX . 
The objective was to simulate an unfired zone in contact with a pre-fired zone which is typical for 
a lining repair. Although this gradient is sharper than in reality it makes it possible to show the 
occurring stresses. 
 
2.4 Results 
Picture 1.The phosphate bonded castable (upper part of the picture) adheres to the 40% alumina 
castable without visible cracks. The interface between the materials is dense (blue arrows).The 
cracks in the matrix of the phosphate bonded castable are from internal shrinkage and very likely 
due to the conversion of the phosphate phases. 
Picture 2. The different colors show the element distribution in the sample. Phosphate (blue) is 
roughly 100micron infiltrated in the cement bonded material. Since the binder mechanism of the 
phosphate bonded material is a mono-calcium phosphate bond, Ca (red) can be found all over 
the sample but predominantly in the cement bonded material since the quantities are much higher 
here. However, phosphor reacts with calcium from the cement bonded material to form calcium 



phosphate. Tthe resulting bonding mechanism is not just mechanical but evidently chemical too. 
This is also obvious when considering the different linear thermal expansions of the two materials 
and the occurring shrinkage during first heat up of the overlay. The phosphate overlay contains 
90% alumina in contrast to 40% alumina content in the substrate. Theoretically, the difference 
between both materials in reversible thermal expansion is roughly 0.1% – 0.2% at 1500°F and 
the shrinkage of the overlay is roughly additionally 0.1%.  
Picture 1. Phosphate bonded material cast on cement bonded material after 1500F 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 2 Element distribution 



 
 
 
Picture 3. This picture shows the interface between the high alumina brick and the phosphate 
bonded castable. A line-scan was carried out to determine the element distribution on the 
interface. Diagram 1 shows the results of this scan. The intensity of phosphate is high in the 
matrix combined with a decline of the alumina content. Even this picture shows evidence of a 
chemical bond between the two materials since the increase of phosphate and the decline of 
alumina are mild and covered by each other which is an indication of a diffusion zone. 
 
This means the phosphate bonded castable is sintered together with alumina brick matrix after 
1500F which is a typical operation temperature in aluminum furnaces . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Picture 3. Interface high alumina brick and phosphate bonded castable 

 
 
 
Diagram 1. Line scan analysis 
 
 

�� �� �� �� ��
��	
�
�


�

�

�

�

�

��

�
���
���
Al
Si
P
Ca

 
 
 
 
 
 



 
 
 
 
3. Non wetting properties of liquid phosphate bonde d materials in aluminum applications 
 
One of the major wear problems in aluminum melting and holding furnaces is the interaction 
between the refractory lining and the molten metal.  
 
The most comprehensive studies dealing with this issue have been carried out by Siljan and 
Schoning.4) According to them a cardinal condition for an initial reaction between refractory and 
aluminum is that wetting of the lining by molten metal takes place. They found out that if wetting 
does not occur a reaction does not take place. 
However, the question is what factors in particular have an influence on the wetting mechanism?  
Numerous articles have addressed this and it can be described as follows: 

- The resistance of a refractory lining generally increases with the aluminium oxide content 
and the addition of anti wetting additives.  

- The aluminum resistance generally decreases with an increased silicon oxide content 
and increased exposure temperature. 

- Small pore size of the refractory material reduces the metal intrusion into the refractory 
structure drastically 

- External corundum growth on the surface of the refractory lining is predominantly caused 
by the oxygen partial pressure of the furnace atmosphere and not by the refractory 
material. Alloying elements like silicon and Mg also have a detrimental effect. 

- The presence of sodium and a highly reducing atmosphere contributes to the 
deterioration of alumo-silicate refractories 5).  

 
It is clear from these studies that anti-wetting additives seem to play an important role in order to 
diminish wetting of cement bonded refractory linings. However, the mechanisms of wetting agents 
aren’t well defined and experience has shown that the lifetime of anti wetting agents like BaSO4, 
AlF3 and CaF2 are limited. 
The consideration of the weakness of cement bonded materials with non-wetting additives led to 
the development of liquid phosphate bonded materials. P2O5 is a non wetting additive that 
doesn’t decompose up to 1500C. The liquid phosphoric acid is evenly distributed in the refractory 
matrix after mixing and reacts to create a strong bonding system at ambient temperatures 
Theoretically the reaction between the refractory material and aluminum metal can be explained 
by thermodynamics. Regarding this aluminum and alloying elements like Mg, Ca, Si would reduce 
a phosphate binder with the consequence of corundum growth since these metals reduce oxides 
of lower stability like P2O5.  
However, P2O5 in refractory materials occurs as alkali or aluminium-phosphates and the reaction 
kinetics obviously allows excellent stability and non- wetting properties.  
 
3.1 Penetration Tests 
The penetration tests have been carried out in collaboration with Corus Research, Ijmuiden, 
Netherlands. The purpose of this test was to evaluate the validity of standard cup tests as a 
predictor for the operation performance of liquid phosphate bonded materials. 
In this test series a reference liquid phosphate bonded material was tested together with a new 
developed material. The reference material has been successfully installed in aluminium holding 
and casting furnaces for years where it has been exposed to the alloy 7075 enriched with Mg 
which was also used for the cup tests. 
 
 
 
 
 



3.1.1 Test Procedure 
A standard cup test was conducted at 800°C and 1000 °C with samples made of liquid phosphate 
bonded materials TF 4 (reference) and TF24. Both materials are high alumina bauxite based 
materials with low silica content. 
The mixes were cast directly into shape (cup 100x100x100mm, hole ø 50mm, h=70mm) 
After drying, the cups were fired at 800°C for 12 h ours and while still hot the cups were filled with 
molten metal (7075 alloy enriched to 5.5% Mg). The metal was stirred in the cup to ensure good 
contact with the refractory and to avoid oxide layers between refractory and aluminium alloy. A lid 
was placed on top and the cups were placed back in the still hot furnace.  
The furnace was set to test temperature. After a holding time of 120 hours the furnace was 
cooled down and the cups were taken out and sectioned. 
 
3.1.2 Results: 
The pictures 4 - 6 show the cross-section of the cups after testing. Due to the casting process of 
the refractory cups air bubble inclusions occurred on the edges at the bottom of the cups. Thus, 
the infiltration of aluminum in this area is more due to preparation of the test specimen than due 
to corrosion. 
 
Samples of Pictures 4 and 6 are showing no penetration or corrosion of the refractory at 800C. 
The interface aluminum/refractory shows also no discoloration.  
Since the corrosion potential at 1000C is much higher another test series at this temperature was 
conducted in order to evaluate the corrosion resistance under more severe conditions. 
Picture 4 shows minor surface reactions but without deep infiltrations. Cracking of the cup must 
have occurred during cooling since the cracks are not infiltrated. Compared to TF4 the material 
TF24 shows less surface reactions – only the bottom of the cup is slightly attacked without an 
infiltration zone. 
 
3.1.3 Conclusion: 
Standard cup tests conducted at temperatures of 1000C with an aggressive alloy 7075 enriched 
with Mg leads to severe test conditions. The material TF4 which normally has a lifetime of some 
years in holding and melting furnace sidewalls under the same alloying conditions show slightly 
surface reactions when testing at 1000C.  Based on this test the material TF24, which hasn’t 
been installed in melting furnaces yet, should withstand the operation conditions good as or better 
than TF4 because it shows less attack in the cup test.   
Regarding material TF4 the cup test was a post mortem test so it can be concluded that this test 
is valid as a predictor for the corrosion resistance in melting and holding furnaces.  
 
 
 
 
 
 
 
 
    

 
 
 
 
 
 
 
 
 
Pict. 4. TF4, 800°C    Pict. 5. TF4, 1000°C    

 



    
 
 
 
 

Pict 6. TF24, 800°C         Pict. 7. TF24, 1000°C                 

    
 
 
 
 
 
 
 
 



4. Case Studied 
 
Large Melter Repair 
 
A large international aluminum company had problems with corundum growth and maintaining 
clean furnaces. Because of all the refractory damage being caused by the corundum and very 
aggressive cleaning practices, furnaces were being taken out of service and repaired too often. 
The downtime and loss of production were unacceptable. 
 

     
 
Pict 8 Corrundum growth in furnace                Pict 9 Additional furnace damage 
 
The aluminum company was presented with a solution to the problem by their preferred refractory 
installer that involved placing a liquid phosphate bonded castable refractory over the existing 
damaged refractory. Since the liquid phosphate bonded refractory would chemically bond to 
existing fired refractory, the proposed repair method was intended to provide a new stable lining. 
With few other options, the aluminum company chose to try the liquid phosphate bonded 
refractory as a bonded veneer over the existing refractory. 
 
Once the furnace was drained of metal and cooled, the preferred refractory contractor removed 
all the corundum growth and cleaned the furnace lower sidewalls until solid refractory was 
exposed. Forms were then placed and the liquid phosphate bonded castable was poured and 
vibrated into place behind the forms. Following the exothermic reaction within the liquid 
phosphate bonded castable, it cured and hardened enough to remove forms within a few hours. 
 

   
 
Pict 10 Cleaned existing refractory  Pict 11 Placing form work 
 
The furnace was cleaned of all construction debris and placed back into service under a very 
aggressive firing in schedule, taking advantage of another feature of liquid phosphate bonded 
refractories, the ability to be fired in very rapidly once fully cured. 
The aluminum company estimated this method of repairing furnaces reduced downtime from 9 
days to 3 days, a significant reduction in downtime. In addition, the aluminum company benefited 
from the resistance to corundum and dross build-up that liquid phosphate bonded castable offer 
and thus reduced repair costs even further through longer refractory life. 
 



    
 
Pict 12 Finished lining hours after casting             Pict 13 Lining after long service campaign 
 
Aluminum Foundry 
 
A US manufacturer of aluminium castings for the automotive industry has a wide range of melting 
furnaces ranging in capacity from 360-2,700 kg/hr. All the furnaces were lined with conventional 
castable refractories. The furnaces suffered from extensive refractory deterioration due to dross 
build-up and penetration on the conventional refractory lining. Daily cleaning did not keep the 
problems under control and frequent repairs and complete furnace relines were too common. The 
company was looking for ways to keep the furnaces running at peak operating efficiency by 
reducing cleaning requirements, minimize refractory wear, and eliminate the need for frequent 
furnace relines. 
 
The company made the decision to use a liquid phosphate bonded castable refractory to reline a 
large melter. Prior to relining a furnace, the liquid phosphate bonded castable was tested in the 
doors of some smaller furnaces where refractory deterioration was even more severe than in the 
sidewalls of larger melters. Test results showed that the liquid phosphate bonded castable doors 
lasted nearly 12 months while the conventional refractory lined doors lasted 2-3 months.  This 
provided enough proof to take the risk and reline a complete melting furnace with the liquid 
phosphate bonded castable. 
 
 
 
 



    
 
Pict 14 Furnace preheat after reline  Pict 15 Charging furnace 
 
The first furnace was lined with a liquid phosphate bonded refractory nearly 7 years ago and 
since then all the furnaces at this facility have been lined with a liquid phosphate bonded 
castable. The company estimates relining a furnace with these types of products costs 25-35% 
more in overall installation costs and takes approximately 25-35% less time. The additional cost is 
far outweighed with the increase in production availability. 
 
The ultimate value of the liquid phosphate castable linings come through easier furnace cleaning, 
less refractory maintenance, better operating efficiencies, and extended refractory life. Some of 
the liquid phosphate castable linings have doubled the refractory life over conventional materials. 
The customer estimates that eliminating 1 furnace reline saves 14-21 days of lost production and 
over $ 175,000 in labor and materials costs. 
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