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Abstract 
 
 

In order to create powder metallurgical parts with a more complex and uniform shape, metal 
injection moulding (MIM) is one method. 
The existing binder systems and production routes are accounted for in an extensive 
litterature survey.  
Wax-based systems and water-based systems are presented as of their production process 
and debinding method. Their fabrication method consists mainly in mixing the powder and 
the binder together, injecting the mixture into a mould with an extruder, debinding and 
sintering the parts. Debinding can be made in different ways like solvent debinding, thermal 
debinding, catalytic debinding or supercritical debinding. 
The influence of the binder and the powder on the rheological behaviour of the feedstock is 
the object of the practical study. This study shows that the viscosity measurement helps to 
avoid the flow instabilities conditions of the feedstock depending on the temperature, the 
binder composition, the binder content and the powder. To help the viscosity to decrease,it is 
possible to increase the process temperature, the binder content, the amount of surfactant or 
mix powders with different particle size. By adding a surfactant, varying the binder 
composition or mixing powders with different particle size and shape, the critical solids 
loading could increase.  
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Introduction 
 
Metal injection moulding (MIM) is a metallurgical technique that allows creating sintered 
metal parts with a more complex shape and a uniform density compared with regular powder 
metallurgical sintered parts. 
MIM consists of different steps involving a metal powder and a binder: 

- Mixing of the two components to obtain a homogeneous feedstock 
- Extrusion of the feedstock to obtain pellets 
- Melting of the pellets in an extruder  
- Injection into a mould of the melt to obtain a green body 
- Debinding, to remove the binder from the green body and obtain a brown body  
- Sintering of the brown body to a density, today, of 95% of the theoretical density and 

even more. 
 
Today, MIM is realised with fine powders (<20µm) to have a good sinterability. Nevertheless, 
these powders are expensive to produce compared with coarser powders. To decrease the 
costs, there is a big interest in doing MIM with coarse powders or at least with a mix of fine 
and coarser powders. The metallic particle size may influence the process parameters such 
as the choice of the binder, moulding conditions, debinding step e.g. temperature profile, or 
sintering temperature and time.  
 
The economical benefits due to the use of a coarse powder are tangible. For example, the 
price for carbonyl iron for MIM applications (with a particle size below 22 microns) is 6-7€/kg 
and the feedstock based on this kind of powder costs 14-15€/kg. If the feedstock is produced 
with a coarser powder, its cost can decrease substantially. Consequently, the production cost 
for a part could be decreased. 
 
The scope of this thesis work is a literature study of the different existing binder systems 
concerning injection moulding of large parts in order to compare them regarding viscosity, 
processability, temperature. Further a practical study has been made on the influence of the 
particle size in different binder systems. It has been focused mainly on the rheological 
properties of the feedstocks. But the melting points and the decomposition temperatures 
have been also been investigated. 
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I. What is Metal Injection Moulding?  
The metal injection moulding (MIM) process combines a small quantity of a binder with a 
metal powder to form a feedstock that can be moulded. This process uses the shaping 
advantage of injection moulding but is applicable to metals. After shaping, the binder is 
extracted and the powder is sintered, often to near theoretical densities. Accordingly, MIM 
delivers structural materials in a shaping technology previously restricted to polymers.  
A key aspect of the MIM process is in identifying a small powder that sinters. Binders are 
used in shaping these small powders, holding them in place until bonding in a sintering 
furnace. The process has similarities to other powder-binder manufacturing concepts; such 
as tape casting, slip casting and extrusion. MIM has five key features: low production costs, 
shape complexity, tight tolerances, applicability to several materials, and high final 
properties. Many successful applications rely on particular combinations of these attributes. It 
overcomes the property limitations inherent to plastics, the shape limitations of traditional 
powder compaction, the costs of machining, the productivity limits of isostatic pressing and 
slip casting, and the defect and tolerance limitations of casting. (9) 
 

I.A. Process Outline 
The process has many variants, reflecting different combinations of powders, binders, 

moulding techniques, debinding 
routes, and sintering furnaces. Four 
steps are required: formation of the 
feedstock, moulding into the tooling, 
binder removal, and sintering. Figure 
1 shows a schematic of the individual 
steps involved in PIM forming.  
 

I.A.1. Feedstock 
preparation and 
mixing 

Everything begins by mixing selected 
powders and binders. The binders 
are usually based on a common 
thermoplastic such as wax or 
polyethylene, but also food grade 
polymers, cellulose, gels, silanes, 
water, and various inorganic 
substances. Usually the binder 
system consists of two or three 
components with at least one 
component non reactive to the 
debinding method to keep the part in 
shape after debinding. An example 
binder that is molten at 150°C 
consists of 65% paraffin wax, 30% 
polypropylene, and 5% stearic acid. 
Typical binder content is near 40 
vol.% of the mixture; for steel that 
corresponds to about 6 wt% binder. 
The particles are small to aid 

 

Figure 1: Schematic diagram of metal injection
moulding, showing the conceptual flow from
powder to final structure (9) 
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sintering and usually have sizes between 0,1 and 20 µm with near spherical shapes. For 
example, 5 µm carbonyl iron powders are widely used in the MIM process. But other popular 
compositions are common alloys such as steels, tool steels, stainless steels, copper, 
tungsten heavy alloys, nickel-base alloys, cobalt-base alloys, composites that include 
tungsten-copper, etc… 
Feedstock is a term for the mixture of powder and binder. A successful feedstock depends 
on several parameters. A minimum of binder is needed to fill all voids between particles and 
to lubricate particle sliding during moulding. An aspect similar to that of toothpaste is 
generally most desirable. The powder-binder ratio influences the viscosity of the feedstock. 
At a too high powder-binder ratio, there is a high viscosity and insufficient binder to fill all void 
space between the particles. Consequently, it is hard to mould such a feedstock. 
Alternatively, too much binder is undesirable since component shape is lost during 
debinding. Inhomogeneities in the feedstock lead to defects in moulding; thus, a high shear is 
required in mixing to force the binder among all particles. The final step in feedstock 
preparation is to make pellets that are easily transported to the moulding machine. (9) 
 

I.A.2. Moulding 
For the common thermoplastic binder systems, the pelletized feedstock is injection moulded 
into the desired shape by heating in the moulding machine and injected under pressure into 
the tool cavity. By virtue of the binder, the feedstock becomes low enough in viscosity that it 
can flow into the die cavity under pressure. Cooling channels in the die extract heat and 
solidify the polymer to preserve the moulded shape. The shaping equipment is the same as 
used for plastic injection moulding. It consists of a die filled through a sprue, runner, and gate 
from a heated barrel. Moulding in a reciprocating screw machine is the most popular method. 
Here, the screw in the barrel stirs the feedstock while it is melting and acts as a plunger to 
generate the pressure needed to fill the die. The molten feedstock is rammed forward to fill 
the cold die in a fraction of a second. Moulding pressures depend on several parameters, but 
might be 60MPa or more. Pressure is maintained on the feedstock during cooling until the 
gate freezes to reduce the formation of sink marks and shrinkage voids. After cooling in the 
die, the component is ejected and the cycle repeated. (9) 
 

I.A.3. Debinding 
During this step, the binder is removed from the component. A wide array of options exists 
for debinding. Thermal debinding is the easiest one. The component is slowly heated to 
decompose the binder. The most popular alternative of debinding is to immerse the 
component in a solvent that dissolves some binder, leaving some polymer behind to hold the 
particles in place for subsequent handling. The remaining binder is thermally extracted as 
part of sintering cycle. Newer binders are water soluble, so the debinding solvent is water. 
Another popular option involves catalytic phase erosion of the binder. Most of the binder is 
attacked by a catalytic vapour, with the residual binder being removed during heating to the 
sintering temperature. Other techniques exist too. (9) 
 

I.A.4. Sintering 
The next step is sintering, which can be incorporated directly into the thermal debinding 
cycle. Sintering bonds the particles together, leading to densification.  
Usually sintering shrinkage is uniform and isotropic, so the moulded component is oversized 
to deliver the desired final dimensions. Sintering is often performed in a protective 
atmosphere or vacuum at a peak temperature that causes rapid elimination of the pores 
previously filled with binder. For steels and stainless steels for example, the sintering 
temperatures are in the 1120 to 1350°C range for 30 to 120 minutes, with shrinkages of 12 to 
18%. 
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After sintering, the component has excellent strength, with properties often superior to those 
available from other processing methods.  

 

I.A.5. Post treatments 
Final densification can be assisted by both hot and cold deformation, including hot isostatic 
pressing. Other post-sintering steps include coining, drilling, reaming, machining, plating, 
passivation, and heat treatment. Options in heat treatment include tempering, precipitation 
hardening, nitriding, and carburisation. 
 

I.A.6. Example of a MIM process 
A typical component fabricated by powder injection moulding is a trigger guard for a sporting 
shotgun: the curved piece that surrounds the trigger below the barrel. It is fabricated from low 
iron-nickel steel, usually with a final weight of 40g. To make the alloy, a mixture of 5 µm and 
8 µm nickel powder is used. These are combined with wax and polyethylene to form 
feedstock that can be moulded at 58 vol.% solids. During moulding, the nozzle temperature 
in the moulding machine is 175°C with a die temperature in the moulding machine of 40°C. 
The maximum pressure applied during mould filling is 20 MPa and a pressure of 8 MPa is 
held on the feedstock during cooling. In fabricating this component, the mould filling time is 
short, but the mould cooling time is 18 seconds, with a total cycle time of 37 seconds 
between parts. (9) 
 

I.B. Basic attributes 
MIM can produce components from a range of powders. A main attraction is the commercial 
production of complex parts from high-performance materials. MIM products are often 
superior to those fabricated with other PM methods because of their high final density. In 
addition, low cost, high performance, and several other attributes are note worthy notice. 
Producing both internal and external threads in the moulded component is possible, avoiding 
post-sintering machining. Furthermore, the surface finish is typically good.  
The low porosity in MIM materials gives a high strength, toughness, ductility, conductivity, 
magnetic response, and so on.  
Co-moulding is also a possibility, where two materials are combined to make a laminated 
structure. Such components can be joined in the green condition. This option has merit for 
creating corrosion barriers, wear surfaces, electrical interconnections, or high toughness 
structures. 
For the producer, MIM is a desirable option because of the manufacturing ease including 
control, flexibility, and automation. Inherently, injection moulding is associated with large 
production volumes. Various MIM components are produced at rates approaching 100,000 
per day. On the other hand, small production runs are possible, with as few as 5,000 parts 
per year being economical. This flexibility fits well with the current desires for a quick 
response in manufacturing. 
The largest advantage comes from the elimination of secondary operations, like grinding, 
machining, drilling, or boring, that are typically required for precision components. In addition, 
since the feedstock material can be recycled, material use is nearly 100%. (9) 
 

I.C. Process limitations 
Generally, MIM is viable for all shapes that can be formed by plastic injection moulding. 
However, for shapes with simple or axial-symmetric geometries, the MIM shaping process is 
not competitive with traditional screw machining or die compaction and sintering. In some 
cases, another limitation is the component size. Large components require more powder (a 
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large expense) and large moulding and sintering devices, which are more expensive and 
difficult to control.  
Debinding is a key problem with MIM because the time for binder removal depends on the 
section thickness. In practice, dimensional tolerances are typically within 0,3% of a target, 
although holding tighter tolerances on critical dimensions is possible. For better dimensional 
control, machining or coining is required after sintering. Maximum sizes depend on several 
factors, including tool costs, powder costs, and equipment capacities. Typically, the largest 
dimension is below 100 mm with the total component volume being below 100cm3. However, 
much larger components are in production. 
The cost of powder is a barrier to many applications. The small particles used in MIM are 
more expensive than larger powders or wrought materials. This becomes a barrier to large 
component fabrication, since the powder cost becomes a larger fraction of the production 
cost. On the other hand, as consumption increases, the powder cost continues to decline. (9) 
 

II. The different existing systems of MIM binders and 
debinding methods 
II.A. Wax based systems 

II.A.1. Solvent debinding 
Solvent extraction involves immersing the compact in a 
fluid that dissolves at least one binder phase, leaving an 
open pore structure for subsequent binder burnout. One 
method of solvent extraction is to heat the compact in the 
presence of a solvent vapour in a process akin to vapour 
degreasing Another variant is supercritical extraction where 
the solvent should be pressurized, then exceeding the 
critical condition where the liquid and vapour are 
indistinguishable is possible: the supercritical extraction. (9) 
 
 

II.A.1.1. General presentation 
Solvent extraction is widely employed with oil-polymer 

 

 

binder systems. The solvent is selected to dissolve the oil 
but not the polymer. To allow handling after first stage of 
debinding, the oil and polymer should be insoluble in each 
other. This requires the oil to be saturated to prevent 
polymerisation. Consequently, coconut oil or hydrogenated 
vegetable oils are good choices. Initially, the component is 
immersed in the solvent to extract the oil. (9) 
 
 
 
 
 

 Figure 2: Schematic diagram of
powder injection moulding for
solvent debinding 
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II.A.1.1.1. Example of debinding cycles 
    A dominant rsolubility of the binder and 

 some solvent-debinding techniques, there are hazards. Many solvents are 

II.A.1.1.1.1. Solvent vapour

 concern in solvent debinding is the mutual inte
solvent. The backbone polymer should be insoluble. Immersion is practiced by placing the 
components in warm solvent for a few hours. The alternative is to heat the solvent to induce 
vapour condensation on the parts, where extracted binder and solvent drip of over time. This 
can be combined with subsequent immersion. The solvent dissolves the bulk of the polymer 
but leaves the backbone untouched. Since most of the polymer is extracted without 
degradation reactions, solvent debinding provides easier control of dimensions and final 
carbon level.  
Note that with
flammable, toxic or carcinogenic. This limits solvent-debinding practice and further 
emphasizes the interest in systems based on water as the solvent and easily handled 
polymers. (9) 
 

 
A heated solvent d of opening the pore structure. This is a 

 done in two stages: swelling 

s removed to the compact 

II.A.1.1.1.2. Solvent immersion

vapour provi es another means 
favourite approach for oil-polymer binders. The solvent depends on the binder, but variants 
include carbon tetrachloride, freon, methyl ethyl ketone, hexane, heptane, or another high 
vapour pressure species. Processing is performed in a protective enclosure at temperatures 
between 50 and 70°C for times up to a day. In a novel process, debinding occurs under a low 
partial pressure of the solvent in a vacuum system. The solvent is heated to approximately 
50°C and allowed to react with the component. Meanwhile, the vapour is collected at a cold 
portion of the system. After several hours, the component is heated in an atmosphere of 
nitrogen and hydrogen to 550°C, where the remaining plastics are removed and presintering 
occurs. After solvent extraction, the compact is dried to remove the solvent from the pores. 
Subsequently, the remaining polymer is extracted by burnout.  
The mechanism of the dissolution of the binder in the solvent is
of the binder and then dissolution of the binder into the solvent.  
As solvent condensed on the compact surface, the binder wa
surface by the interdiffusion of binder and solvent. The binder-solvent solution then flowed to 
the base of the specimen. (9, 15) 
 

 
Solvent extraction  vapours, requires that some binder 

II.A.1.1.2. Debinding rate

 by immersion, or exposure to solvent
is insoluble in the solvent. This process is applied to binder mixtures such as polypropylene 
and vegetable oil or polystyrene, polyethylene and vegetable oil. The solvent, typically 
ethylene dichloride, heptane or trichloroethane, is heated to increase the rate of oil 
extraction. The binder must not swell from adsorption of the solvent. A component 
approximately 10mm thick is immersed for less than 6 hours at temperatures in the 40 to 60 
°C range. After immersion, the insoluble portion of the binder holds the particles together 
while the component is dried. To maintain a low binder concentration in solution, the solvent 
is cleaned throughout extraction. Swelling is the most common defect associated with 
solvent immersion. In addition, rapid drying after removal from the solvent causes surface 
cracks due to drying stresses. (9) 
 

 
The fraction o al immersion depends on several processing f binder removed by isotherm
factors; the time t for debinding depends on the section thickness H and absolute 
temperature T as follows: 
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where VB is the fraction of binder to be removed and β depends on the binder solubility in the 
solvent. The initial binder level is 1-φ, where φ is the fractional solid loading. The quantity Q is 
an activation energy associated with binder solution into the solvent and k is Boltzmann’s 
constant. Solvent debinding requires the binder to be composed of at least two mutually 
insoluble components, one capable of being extracted by the solvent and the other one 
insoluble to hold the particles in place after extraction. The binder component extracted by 
the solvent must be connected to the compact surface. Sufficient interconnectivity requires 
that the binder have at least a 30% soluble phase. Debinding rates depend on the molecular 
mobility, which generally is faster with higher temperatures and smaller solvent molecules.  
 

 
Figure 3: Extraction data for solvent debinding 
of a 6mm thick stainless steel compact using a 
water-soluble polyethylene glycol binder, 
showing the declining rate of binder extraction 
over time. (9) 

 
Figure 4: Weight fraction of a wax-
polypropylene binder extracted at 80°C from a 
compact of carbonyl iron powder immersed in 
heptane. (9) 

 
A classic plot of solvent debinding is given in figure 3 for the extraction of poly (ethylene 
glycol) in water. In this case, the MIM component consisted of a mixture of two polymers, 
with the backbone being insoluble in water. Over 8 hours, the water successfully extracted 
the poly (ethylene glycol) but with a rate that decreased over time. Initially in solvent 
debinding, the fraction of binder extracted varies with the square root of the immersion time, 
as illustrated in figure 4. This figure gives the weight fraction of a wax-polymer binder 
extracted at 80°C versus the square root of the exposure time in heptane. 
 
 
Higher solvent temperatures cause swelling or cracking of the MIM component. Thus, an 
optimal temperature exists for solvent debinding. Consequently, higher temperatures 
increase the debinding rate because of a higher diffusivity of the polymer and the solvent. 
However, there is temperature range over which the component retains its integrity. Cracking 
can occur at low temperatures too. This is because the solvent diffuses into the main 
polymer component, while it diffuses too slowly into the solvent, causing swelling and internal 
stresses in the compact. Alternatively, at too high temperature, the component slumps due to 
binder softening. Temperature control is important to successful debinding. (9) 
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II.A.1.1.3. Debinding equipment 
Solvent debinding reactors operate at temperatures in the 40 to 80°C range. A water 
circulation system is used for temperature control. One simple device is sketched in figure 5. 
A closed chamber holds the parts and it is either immersed in the warm solvent or subjected 
to vapours or a combination of both. Solvent vapour is condensed before exit from the 
chamber. Large systems include a solvent circulation loop to continuously replenish the 
solvent debinding; the process reactor controls the temperature, circulation, and purification 

of the solvent. A distillation attachment 
removes the binder from the solvent 
before recycling. Solvent extraction 
does not fully debind a component, so a 
final thermal debinding step is required 
to remove all binder. (9) 
 

II.A.1.2. Water-
soluble binders 

Good examples of water-soluble 
polymeric binders are polyethylene 
glycols, polyethylene oxide, polyvinyl 
alcohol, starches and polyacrylamide. 
They have in common a monomer 
repeated unit containing oxygen, or 
nitrogen atoms that are hydrophilic or 
water loving. Using these polymers 
makes the polymer matrix water-soluble 
when mixed with the metal powder and 
hence easily removed. (19) 
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Figure 5: Solvent vapour debinding is performed
in a vapour generated by a heated solvent,
typically generated by a water bath. The vapour
condenses on the MIM components and migrates
back to the vapour source with a dissolved
binder. (9) 
II.A.1.2.1. Metals compatible with water soluble binder 
systems 

t is not unusual for many metals to act as a catalyst or to chemically react with polymers 
uring fabrication or during the debind cycle. One must be careful to match a water-soluble 
inder with a metal powder that is neither catalytic nor chemically reactive in the solid state 
r during the water debind exposure. Metals that are found to be compatible with hydroxyl 
ased polymer systems are stainless steels, 316, 440C, 420, 304, 17-4PH, tool steels M2, 
4, D2, copper, rhenium, silver, titanium, and Kovar. Metals found to be compatible with 
itrogen-based polymers are iron/2%-nickel and tungsten iron-nickel. In general, tungsten 
oated powders are incompatible with a water debind polymer system. (19) 

II.A.1.2.2. Manufacturing of water soluble feedstock 
here are several manufacturing techniques used to produce water-soluble MIM feedstocks. 
he most common technique is to use a single screw or twin-screw extruder although high 
hear sigma blade mixing followed by granulation can also be used. A typical feedstock 
ormulation will be comprised of metal powder in the 85 to 95% by weight range, a non-
oluble backbone polymer 2-4%, used to hold the matrix together during and after the 
emoval of the water soluble binder, the water debind polymer 2-6%, and various processing 
ids to help flow, mould release, and prevent oxidation, 1-3%. The first step to manufacturing 

s to mix the binder package of powdered metal, water-soluble polymers, and processing 
ids in a mechanical blender. The mixture is then fed into an extruder and thermally melted 
nd processed in the range from 120°C to 190°C, extruded out of a die, cooled and chopped 
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into pellets. The pellets are then checked for density to make sure the mix was formulated 
properly. Occasionally the feedstock density is checked against moulded part density to 
check for voids or free volume in the finished parts. (19) 
 

II.A.1.2.3. Moulding and debinding  
Since the polymer binder systems used in this process are hygroscopic, it is necessary that 
we dry the feedstock before moulding to remove excess absorbed or adsorbed water. A 
typical drying time is of 2 hours at a temperature range of 600-700°C. Note not to exceed 4 
hours since too much drying will affect the mouldability. A typical moulding profile is 120°C-
160°C-190°C-180°C, and cycle time ranges from 15 to 30 seconds depending on the part 
and cross section. The mould temperature can range from ambient to 50°C depending on the 
surface finish desired. (19) 
 

II.A.1.2.4. Debinding conditions 
Water-soluble feedstocks debind systems use water as the solvent to remove the matrix to 
open channels for the escape of gas during the sintering cycle. The time to debind is a 
function of the metal and metal powder size, the part cross-section, water temperature, water 
circulation, and the volume of water relative to the mass of the part. All these variables are 
codependant on each other, which determines the debind time for a particular part. End 
users should always optimise the debind time on the actual parts before sintering. After the 
parts are debound, they are usually dried in a forced air furnace at 65-75°C for two to three 
hours and subsequently sintered or they can be loaded into a sintering furnace that 
integrates the drying cycle into the sinter cycle. 
A continuous debinding process can be used either with the regeneration of the water by 
means of distillation or with the changing of the dissolution water. The installation of such a 
regeneration step permits the employment of a closed process water circuit. (19, 21) 
 

II.A.1.2.5. Sintering and properties of MIM stainless steel 
Stainless steel is readily sintered using the following profile after water debind and drying in a 
circulating air furnace. An example of sintering process starts at a ramp rate of 3°C/min to 
275°C and hold for one hour, followed by 3°C/min to 475°C hold for one hour, this burns out 
the backbone binder and any remaining water soluble component, then 5°C/min to 850°C 
hold for one hour, then 10°C/min to 1360°C hold for one hour, and finally 20°C/min cool to 
25°C. The preferred gas is hydrogen that is swept through the furnace during the sintering 
cycle. (19) 
 

II.A.1.2.6. Iron/Nickel feedstock 
Another popular material in MIM is iron and various iron alloys. A good starting sintering 
profile is as follows: 3°C/min to 275°C hold for one hour, then 3°C/min to 475°C hold for one 
hours, followed by 5°C/min to 800°C hold for one hour, then 10°C/min to 1280°C hold for one 
hour, followed by 10°C/min cool to 25°C. Iron is best sintered in a hydrogen/nitrogen (25/75) 
sweep gas. (19) 
 

II.A.1.3. Other type of binders 
Other binder systems can be dissolved by other solvents such as hexane for example. 
Solvent debinding using hexane results in a network of interconnected pores within the 
injected part, mainly caused by the extraction of paraffin wax (PW) and EVA for example. 
Paraffin wax and carnauba wax can easily dissolve in organic naphtha solvents such as 
pentane, hexane, heptane, etc… Nevertheless, polypropylene shows only a slight swelling 
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and softening because of strong chain interaction. This offers the benefit of extracting most 
of the binder from the compact while its shape is retained by the rest of the non-soluble 
binder (PP). Since, the naphtha organics have been used in the extraction of feasible oil, this 
approach also applies to the oil-polymer binder systems.  
An example of binder extractable by trichloroethylene is based on paraffin (69%), 
polyethylene (20%), carnauba wax (10%) and stearic acid (1%). It can be mixed for 3 hours 
with 316L stainless steel or tungsten carbide in a 2Z-blade at 140°C. The obtained feedstock 
is granulated and used in further operations. (2, 15) 
 

II.A.1.4. Solid Polymer Solution 
Since wax does not dissolve in common solvents at low temperatures, the green parts made 
of wax-based binders must be heated above the melting point of the wax for debinding by 
any method: pyrolysis, wicking or solvent leaching. Thus, the green parts become soft and 
slump during debinding. A new binder system, called solid polymer solution (SPS), is 
developed which gives perfect shape retention during solvent debinding. A SPS binder is 
made of a solid chemical as the solvent and a polymer as the solute that are mutually 
compatible. A certain low molecular weight crystalline chemical acts as a solvent to a specific 
polymer at high temperatures above its melting point. The polymer solution made of such 
particular pair of the polymer and the chemical becomes a solid upon cooling below the 
recrystallisation temperature of the chemical. SPS binders remain rigid during solvent 
debinding and thus give excellent shape retention of the green part during debinding. 
Shrinkage upon sintering is uniform in all directions, making the mould design an easy task. 
The large volume of pores created in the green parts after debinding allows fast removal of 
the polymer component at fast heating rates during the presintering stage in the sintering 
furnace. SPS binders offer the possibility of mixing with powders in solution because of the 
good solubility of all components of a SPS binder in common solvents at low temperatures. 
SPS binders can be mixed in two different ways: mechanical mixing and solution mixing. 
Mechanical mixing accomplishes mixing of the constituents by purely physical means only. 
Shear stresses exerted on the mixture at temperatures above the melting points of all binder 
constituents provide the only impetus for mixing. Solution mixing combines the elements of 
mechanical mixing with a solvent that dissolves all constituents of the binder. Mixing takes 
place in a diluted state at low stress levels. Thus, solution mixing can provide a more 
complete coating of each powder particle and a more homogeneous mixture without 
equipment wear.  
 
For example, a water- soluble binder can be composed of 70wt% of polyethylene glycol and 
30 wt% of phenoxy containing polymer or 25 wt% of polymethyl methacrylate (PMMA) and 5 
wt% of oxidized polyethylene wax (OPEW). Because PEG is water-soluble, health and 
environmental concerns associated with other solvents are avoided.  
Feedstock preparation: The binder is prepared first in a temperature range between 145 and 
150°C until the polymer is completely molten and mixed with PEG (between 3 and 10 hours). 
Then the powder and the binder are mixed in the volume proportions of 55% and 45% 
respectively at 150°C during one hour. However, higher powder loading may also be 
suitable. 
Debinding: The solvent used can be distilled water that has been de-oxygenated by a 
chemical or by bubbling against an inert gas (N2) through the water to avoid the rusting of the 
iron powder. The green parts are immersed in water at room temperature until about 80% of 
the PEG is removed. 
Sintering: The debound green parts are sintered in a furnace with H2/N2 (1:1) atmosphere. 
The sintering schedule that can be followed is: 5°C/min from room temperature to 500°C, 
10°C/min from 500°C to 1200°C, hold at 1200 for 1 hour, and then natural cooling to room 
temperature. (3, 17) 
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II.A.1.5. Conclusion 
If we compare water-soluble binder with typical paraffin wax and thermoplastics based 
binders that require long time extraction with solvent or thermal degradation, the water-
soluble binder seems to be eliminated much faster. Its rheological properties are also more 
favourable.  
It is possible to debind parts having a weight up to 2000g. Water debind feedstock has 
advantages over traditional MIM feedstock such as wax and polyether based materials in the 
following areas: where one is looking for a product that is environmentally and work place 
safe, when one has to meet strict local or federal solvent emission codes, when one needs 
excellent green strength, when one is looking for a debind cycle that is faster than a thermal 
only debind, or when one needs to retrofit a plant and capital is a limiting factor, and finally 
where the cost performance of the feedstock justifies its adoption into ones manufacturing 
processes. (2, 19) 
 

II.A.2. Thermal debinding 
The alternative to solvent debinding is to remove the binder by heat, either by degradation, 
evaporation, or liquid extraction using a wick material in contact with the part. Thermal 
debinding involves the removal of the binder from the compact at slightly elevated 
temperatures by heating the part up with a controlled rate in a gas at atmospheric pressure. 
In thermal debinding, assuming a fully saturated initial pore condition, binder will first 
evaporate from the component surface as sketched in figure 6. Initially, molten binder flows 
to the surface faster than it evaporates, so the debinding rate depends only on the heat put in 
for degradation. Over time, the depth from which the binder migrates increases to a point 
where the liquid flow is slow, possibly leading to cracking. The average size of debound 
pores decreases with the time due to preferential emptying of large pores. If these are too 
large, then they become cracks that grow during subsequent debinding. This is the basic 
reason for ensuring a homogeneous mixture and avoiding separation of powder and binder 
during moulding. 
 

One variant of thermal 
debinding occurs at a 
temperature where the binder 
softens and flows out of the 
compact via capillary action. A 
wicking material (porous 
substrate) in contact with the 
compact provides for capillary 
flow as the binder viscosity 
decreases with increasing 
temperature. Wicking is carried 
out at a temperature where the 
binder melts, allowing it to flow 
out of the component into pores 
in the contacting substrate.    
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Figure 6: Surface drying via burnout starts with a fully
saturated structure. (9) 
s an alternative, the binder may be decomposed into low molecular weight species (such as 
ater, methane, carbon dioxide or carbon monoxide) and subsequently can be removed as a 
apour during heating, either at ambient pressure via permeation through the pores or under 
artial vacuum via diffusion through the pores. The difference between diffusion and 
ermeation depends on the binder vapour pressure, which in turn determines the ease of 
apour flow through the pores between particles and on the mean free path of the gas 
pecies. In turn, the mean free path varies with the pressure, molecular weight of the gas 
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and pore dimensions. Generally, diffusion will be dominant at low pressures and small pore 
sizes and occurs in vacuum while permeation occurs at ambient atmosphere. In diffusion 
control, the collisions are mostly with the pore structure, while in permeation control, the 
collisions are mostly with other gas molecules. Permeation would be expected to control 
debinding with large pore sizes and high vapour pressures, where laminar flow controls the 
rate of gas exit from the compact. Thermal transport is not a limitation to debinding because 
the particulate material raises the thermal conductivity of the composite. 
 
The differentiation between wicking and the two vapour processes is straightforward. Wicking 
involves liquid extraction of the binder while the other two require the binder to be vapour. 
Diffusion control is expected when the mean free path of the vapour species exceeds the 
pore radius by approximately a factor of ten. Under these conditions, the rate of vapour 
removal from the compact will depend on the frequency of molecular impact with the pore 
walls rather than on the frequency of the impacts with other gas molecules; thus, viscosity is 
not a factor. The mean free path between collisions of gas molecules is inversely related to 
the pressure. Generally, the free mean path increases as the molecular mass increases and 
gas pressure decreases. Diffusion control is expected at low total pressures with compacts 
made of small particle sizes. Alternatively, permeation control is expected at higher total gas 
pressures and larger particle sizes.  
 
In the final stage of debinding, burnout occurs from within the compact. The surface then 
dries by evaporation of the near-surface pendular bonds. Rapid evaporative debinding is 
aided by a high temperature and an agitated atmosphere that is constantly being replenished 
with fresh gas. However, these same conditions can cause cracking if applied too 
aggressively. 
 
In practice, debinding is not isothermal, nor is the binder a single component. A typical 
debinding cycle involves a sequence of isothermal holds by slow heating periods. In part, this 
represents the complex chemistry of a typical binder that is composed of polymers, solvents, 
plasticizers, waxes and lubricants. This mixture is desired to satisfy the requirements for 
proper rheology, die release, particle wetting and debinding ease. Because of the complex 
character, debinding in practice does not occur at a single temperature. However, a narrow 
temperature range is needed for debinding each component. Preferential binder removal is 
along penetrating channels (fingering). The thickest sections limit the cycle time. (8, 9) 
 

II.A.2.1. Diffusion controlled debinding 
Under conditions where the mean free path is much greater than the pore dimension, 
diffusion controlled debinding is anticipated. The diffusivity of gas will improve with higher 
porosities and large pore sizes since there is less molecular scattering. Additionally, a low 
molecular weight vapour, higher temperature and higher vapour pressure will be beneficial to 
diffusion. 
 
For short debinding times by diffusion, the guiding principles are to use thin sections, large 
particles, high-pressure gradients (with low external pressures such as vacuum), high 
porosity compacts and high debinding temperatures. Unfortunately, all of these parameters 
are not independently adjustable. Particle size is selected for rheology, sintering and packing 
density concerns. Indeed, high packing densities are desired to minimize dimensional 
changes in sintering, with a concomitant penalty in debinding time. In addition, the low 
strength of the compact as the binder is removed limits the internal vapour pressure at the 
binder-vapour interface. A pressure too high will create internal pressures that will damage 
the compact. (8) 
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Example of debinding cycle 
In a low-pressure system, a vacuum pump is used to continuously pull the binder vapour 
away from the heated compacts. Vacuum sublimation of the binder is limited to systems with 
small molecules like water or aniline. Below the melting temperature for water, the rate of 
sublimation is slow, but it is possible to remove the binder without disrupting the frozen 
particle structure using freeze-drying concepts. For water, sublimation is performed at –15 to 
-20°C for 6 hours or more under vacuum. With waxes, higher temperatures are required and 
the sublimating binder molecules are continuously captured in a cold trap of the vacuum 
system.  The final handling strength is improved by incorporating a thermoplastic into the 
binder system. Heating is typically at 0,5°C/min or less and soaks for times up to hours are 
usually employed at 100°C. Subsequent heating is at 1°C/min to 400°C for another 2 hour 
soak. A gas is constantly swept through the heated chamber during heating to remove binder 
vapour. Finally, as most of the binder is extracted, the furnace is progressively heated to the 
sintering temperature. This is the major advantage, in that the components are not cooled or 
handled until fully sintered. However, the process is relatively slow, the equipment is 
expensive, and because the binder melts before burnout the components are subjected to 
distortion. In addition, the process lacks the precision in carbon control required for many 
steels. (9) 
 

II.A.2.2. Permeation controlled debinding 
At higher gas pressures, the collisions between molecules will limit the debinding rate.  
The debinding time varies with the vapour viscosity, the section thickness, the particle size, 
the pressure drop and the porosity. It is considerably difficult to debind compacts with 
packing densities over approximately 75% of the theoretical. 
For rapid debinding, the choice would be thin sections, large particles, high porosity, large 
pressure gradients (with a low surface pressure) and high temperatures. Note that both the 
vapour viscosity and binder–vapour interface pressure increase with temperature. It is 
expected that the latter will exhibit the dominant effect, giving shorter debinding times at 
higher temperatures, as long as the compact is not damaged in the process. 
It appears that permeation control is the typical case for thermal debinding.  
Predominantly, the debinding process is permeation controlled, except for the smaller 
particle sizes and lower temperatures. The vapour products of polymeric binders will have a 
viscosity two to four times that of water vapour. 
Long debinding times are typical for current PIM processes, showing the effect of the low 
vapour pressure for polymers during normal debinding practice.  
Common PIM binders are based on simple structures such as polyethylene or polystyrene. 
These two polymers breakdown rapidly at temperatures near 400°C, yet the vapour pressure 
is relatively low at 350°C. This would explain the high sensitivity to heating rate seen in PIM 
debinding. (8) 
 

Example of debinding cycle 
The classic debinding cycle uses degradation of a wax-based binder in air. A typical cycle 
involves slow heating in a circulating air furnace to a temperature between 100 and 200°C. 
This temperature is below the melting temperature of the backbone polymer. Oxidation is 
continued for times up to 60 hours to remove at least 40% of the binder. Slow, uniform 
heating is most successful. The oxidized metals have strong interparticle bonds and they are 
easily handled. At least 40% of the binder needs to be removed to open pores. The second 
stage of debinding involves heating to a presintering temperature under a neutral or reducing 
atmosphere (hydrogen, nitrogen, or argon) to thermally decompose the remaining binder. 
Oxides formed in the first stage of debinding must be removed by hydrogen reduction before 
final sintering. Possible defects with thermal degradation are uneven binder removal, 
creating stress and warpage, oxidation and even exothermic reactions (binder burning). (9) 
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II.A.2.3. Wicking controlled debinding 
The third form of thermal debinding involves unidirectional capillary wicking. The powder 
compact is placed on a substrate (the wick) and heated to a temperature where the binder 
viscosity is sufficiently low that capillary flow will occur. The binder may be stored in the wick 
or may further evaporate from the more open pore structure of the wick. In addition, the wick 
material can be a packed powder that helps support the fragile compact after the binder has 
been removed. Binder flow will occur because of capillary attraction. A successful wick must 
satisfy criteria including non-reactivity, no sintering, small pore size and high porosity.  
There are two possible cases for wicking: 

1) compact controlled permeability 
2) wick controlled permeability 

A proper design of the system will preclude the wasteful conditions of wick-controlled 
permeation. 
 
The debinding time will depend on the section thickness as for the two previous processes, 
the fluid viscosity. The fact that liquid has a viscosity decreasing as the temperature 
increases is a great benefit to have high temperature debinding. The fluid surface energy is a 
factor influencing the debinding time because higher surface energies contribute to higher 

capillary pressures in the wick, thereby increasing the 
flux. The porosity effect is the same as seen for the 
vapour permeability. If there are two particle sizes, 
there is faster debinding with larger particle size 
differences. For a rapid debinding by wicking, the beat 
practice would be to have a small wick particle, large 
compact particle size, large compact porosity, larger 
wick porosity, low fluid viscosity, high fluid surface 
energy, and thin compact dimensions. 
Since the fluid viscosity is highly variable among 
binders, organic binders will take longer time to be 
removed by wicking than water. 
 
The substrate has initially no binder while the 
compacts is initially saturated with the binder. 
Accordingly, when the binder melts the gradient in 
saturation leads to a sponging action to carry binder 
out of the compact. The smaller pores in the substrate 
progressively extract binder from the larger MIM pore 
space, leaving pendular bonds at the particle contacts. 
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Figure 7: Wicking debinding 
employs a porous substrate with 
small pores to sponge molten 
binder out of the compact. (9) 
Not all the binder can be removed by wicking since 
endular bonds are disconnected. Therefore, final binder removal requires evaporation. This 

nability to fully debind by wicking results from a property termed the irreducible saturation, 
hich reflects the formation of pendular bonds(cf. figure 7). (8, 9) 

II.A.2.3.1. Example of debinding cycle 
icking has been applied in several variations and is combined with thermal burnout for 
any thermoplastic binder systems. Indeed, on a tonnage or value basis, wicking is the most 

ommon debinding technique. Almost all large MIM structures involve wicking for part of the 
inder removal, and this might be supplemented with solvent vapours or other enhancement 
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steps. The production at various facilities exceeds 2000Kg (2 tons) per day. It is widely used 
for carbides, large metallic components and is the main stay for various steels and stainless 
steel operations. 
Typically, the binders used for wicking debinding contain wax, which is preferentially 
extracted using either an embedding powder or a porous substrate. The compact and 
substrate are heated at rates up to 5°C/min to 250°C. At least 50% of the binder is removed 
during a hold at this temperature before cooling and removal from the embedding powder. 
Because not all of the binder can be extracted due to the irreducible saturation, there is a 
sufficient strength for subsequent handling. The remaining portion is removed by burnout 
through the open pore structure, using a heating rate of 10°C/min. Above about 450 to 
550°C, there is no sensitivity to the heating rate since the binder has evaporated. If the 
wicking process is continued to a high temperature, then the poor contact with the 
atmosphere will inhibit binder removal. Removal of the wicking material from the compact 
can be difficult because the frozen binder acts to glue the wicking material to the component 
surface. (9) 
 

II.A.2.3.2. Debinding rate of wicking 
Usually the wick is chosen to enhance the debinding rate; most desirable is a low packing 
density and small pore size. For example, figure 8 plots the time for 80% binder removal by  

 
Figure 8: Data for the wicking debinding of 
stainless steel powder containing a wax-based 
binder, showing the time to extract 80% of the 
binder. (9) 

 
Figure 9: The amount of binder removed from a 
stainless steel compact versus the square root of 
the wicking time for three particle sizes. (9) 
 

 
 
wicking for a constant moulded particle size and a variable wick pore size (controlled by the 
wick powder size). From modelling efforts, the net debinding time by wicking is estimated as 
follows: 
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where t is the debinding time, H is the compact thickness, and γ is the binder surface energy. 
The particle size is given by D, while the particle size of the wick powder is Dw. This predicts 
that the debinding time will depend on the square of the section thickness. As with most 
debinding techniques, there is a benefit from higher temperatures. For rapid debinding by 
wicking, the best practice would be to have small wick particle size, porosity, and thin 
compact dimensions. Demonstrations of these debinding kinetics are given in figure 9. The 
amount of binder removed scales with the square root of time and is faster for the 
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components formed from larger particles. However, not all of the binder can be fully 
extracted by wicking because of the irreducible saturation. 
 

In wicking debinding, supports are used 
for handling and to hold shape. The 
support may be an embedding powder 
of alumina, graphite, silica, clay, 
zirconia, or other fine powders placed 
around the compact, as sketched in 
figure 10. The embedding powder 
creates more uniform heating and helps 
prevent distortion of the weak 
component. If the wicking material has 
a pore size smaller than the component, 
then very rapid debinding is possible. 
Filter paper and various porous 
substrates also fulfil this role. Two 
options are exercised in wicking. The 
first is to cool the component after 
approximately half the binder is 
removed and to separate the 
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Figure 10: Illustration of wicking debinding with
an embedded part in a low density powder with a
small pore size. (9) 
component from the substrate before sintering. The 
other option is to continue heating through 
producing binder degradation and to presinter the 
component for strengthening before separation 
from the substrate. 
 
In thermal debinding, there is a critical rate of the 
binder extraction that reduces component damage. 
Accordingly, the rate controlled thermal debinding 
has been examined where the heating rate is 
adjusted to sustain a constant rate of binder 
extraction. Figure 11 plots one such situation for 
silicon nitride with a polyethylene binder. At higher 
temperatures, the debinding rate increases so a 
slower heating becomes necessary. Further, if 
internal vapour pockets form, an overpressure 
helps to minimize damage. However, this is often 
used in MIM. On the other hand, most of the 
thermal debinding is done in contact with a porous 
substrate that provides wicking action. The 
substrate might be graphite, alumina-coated 
graphite, or just alumina powder. (9) 
 

Figure 11: The critical heating
pathway for the thermal debinding of
silicon nitride with a polyethylene
binder. (9) 
II.A.2.4. Debinding equipment 
s sketched in figure 12, a batch system for thermal debinding consists of a retort that holds 

he compacts and contains the atmosphere and various controls for time, temperature,  
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pressure, and atmosphere. Often there is forced atmosphere circulation. Heaters are built 
into the support trays for temperature control. The more sophisticated systems have sensors 
on the exit gas lines to detect the vapour pressure of reaction products. The information from 
these monitors is used to increase the temperature or adjust the atmosphere flow to maintain 
a predetermined debinding rate. The placement of the gas inlet and outlet should ensure that 
the components are evenly exposed to the atmosphere to avoid cold spots. Since some 
thermal debinding products are made of heavy molecules, the exit needs to be below the 
components. As the workload varies in the debinding furnace, heating schedules and 
atmosphere flow rates are adjusted to ensure uniform debinding. Therefore, computerized 
closed-loop feedback-controlled debinding is most appropriate. 

 
Figure 12: A sketch of a batch debinding 
system consisting of a retort chamber, heating 
unit, and various controls and sensors for 
optimising debinding (9) 

 
Figure 13: Outline of thermal debinding in a 
vacuum where a gas is used to sweep 
debinding vapours to a cold trap located in the 
vacuum pumping system. (9) 
 

Another form of thermal debinding relies on the use of a vacuum with constant gas flow to 
remove the burnout products of thermal debinding. Figure 13 sketches the layout of a 
vacuum furnace equipped with a sweep gas inlet and condensation baffles for collection of 
the vapours before reaching the vacuum pump. (9) 
 

II.A.2.5. Remarks 
The compact porosity has a substantial effect on debinding for all the processes. A practical 
upper limit for solid contents of 75% seems reasonable. High packing regions or clusters of 
small particles will inhibit the debinding process.  
For debinding by diffusion or permeation, it appears that a low ambient pressure or vacuum 
is most appropriate to minimize debinding time. However, the vacuum precludes the use of a 
reactive vapour that might help breakdown of a long chain polymer into volatile species. In 
addition, the temperature control and the thermal transport are poor in vacuum at the 
temperatures currently needed for debinding. Consequently, a partial vacuum is most 
attractive since the diffusion and permeation rates will be reasonable and the gas will aid 
thermal transport. 
 
In all cases, small particle sizes are detrimental for removing the binder. Small particles are 
usually selected for ease of densification during sintering. This provides a conflict between 
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the desire for rapid debinding and high sintered properties. The alternative is to use 
enhanced sintering procedures involving a liquid phase. 
 
The role of temperature is mixed. From a consideration of debinding time, higher 
temperatures are universally beneficial. Unfortunately, if a too high temperature is used the 
internal stress generated by vaporizing binder will disrupt and even explode the compact. 
Thus, a balance is necessary between the minimum debinding time and compact integrity. In 
practice, the empirical debinding cycles have evolved with slow, incremental heating 
schedules to accommodate these mixed requirements. (8) 
 
 

II.A.3. Catalytic debinding 
In 1991, BASF introduced a new binder/debinding system for powder injection moulding, 
which is commercialised as ready to mould metal and ceramic feedstocks. The BASF-
process is a process characterized by a polyacetal based binder and an acid catalysed 
debinding technique. 
 

II.A.3.1. The binder  
The binder is a patented binder composition based on polyacetal polymer. This polyacetal 
resin has excellent moulding characteristics and strength properties. It is commonly used in 
the plastic industry as an engineering resin under the trade name of Ultraform. This polymer 
has the feature that it can be depolymerised (debound) significantly below its melting point by 
an acid. This feature enables a green part to be rapidly debounded without fear of part 
distortion (“slumping”).  
 
The main binder component is a modified polyoxymethylene (POM) (a polyacetal), which can 
be removed quickly by a catalytic process, often with 10 to 30% polyethylene as the 
backbone. The additives are optimised for any given powder. Copolymers and amorphous 
polymers that mix with the polyacetal reduce the crystallinity and the shear sensitivity of the 
POM. Powders with strongly acidic or alkaline surfaces are neutralized by organic buffers. 
Surfactants stabilize the uniform dispersion of the particles in the binder matrix and prevent 
from the reagglomeration. In case of coarse, spherical metal powders, the stability of the 
debinded parts is improved by a small amount of a second binder phase, which survives the 
catalytic process and is pyrolysed during sintering. (5, 12) 
 

II.A.3.2. Feedstock 
The feedstock is available in various grades of metal, i.e., from pure iron feedstock to 
stainless steel and other alloys. The powder loading is of about 52 vol%. 
 

II.A.3.3. Moulding 
The material is easily moulded using conventional equipment. (12) For example the typical 
parameters for a BASF feedstock are: 
 

Screw speed 30 to 60 rpm
Screw temperature profile 190/180/170/160 C
Back pressure 0,35 to 0,10 Mpa
Cushion 0,65-1,3 cm
Decompression 0 to 0,35 cm
Mold temperature 110 to 150 °C
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. 
 

II.A.3.4. Debinding and sintering 
 Both processes are typically batch operations. Especially during sintering, temperature 
gradients in the furnace can have a significant effect on properties. Atmosphere (e.g. 
hydrogen) distribution problems within the furnace can also have an effect on quality. 
 

II.A.3.4.1. Debinding 
The debinding process uses mainly catalytic amounts of nitric acid. The acid catalyses rapid 
debinding (depolymerisation of the binder) of the green parts from the outside in.  
 

II.A.3.4.1.1. The catalyst 
For almost every material, 100% nitric acid is the most suitable catalyst. Although liquid 
HNO3 is strongly oxidizing, the anhydrous acid vapour does not react with most of the 
commonly used metal powders, e.g. Fe, Ni, Cr, Mo, Si, Ti, WC, Al2O3, ZrO2, Si3N4 et… So 
far, cobalt, copper and Cu-alloys were found to be oxidized in this debinding atmosphere. 
Most cobalt alloys, e.g. Fe/Co 50:50 are inert to the HNO3 vapour. The acid catalyst is 
delivered to the furnace using a ceramic piston pump, and Teflon tubing. Quick-disconnect 
systems exist that can be used with nitric acid. These Teflon systems allow one to connect 
the catalyst drum quickly with minimal exposure. Because the acid is used as a catalyst in 
the process, the usage rate for the acid is very low. (12) 
 

II.A.3.4.1.2. Debinding process 
Catalytic debinding is a combination of solvent and thermal treatments. Temperature and 
catalyst concentration determine the debinding rate as does the particle size of the powder. 
Debinding is performed below the melting point of the binder, so the binder remains rigid to 
ensure component shape retention. Usually a small concentration of a backbone polymer 
that is unaffected by the catalyst is included for handling strength. Because of the debound 
part retains its moulded dimensions and distortion due to viscous flow is eliminated. The 
catalytic debinding is fast and yields crack-free and undistorted parts. 
 
The furnace with internal surfaces providing corrosion resistance to the acid is loaded with 

parts and closed. The operating 
parameters for the furnace are 
set, purge gas flow, after burner 
flame, catalyst flow, debinding 
temperature, etc… After heating 
and purging for a few minutes, 
the debinding process is ready 
to start. The furnace door is 
locked when the catalyst 
ceramic pump starts. The nitric 
acid debinding catalyst is added 
for a specified amount of time. 
After this time, the furnace 
automatically enters into a 
nitrogen purge cycle. 

Figure 14: Schematic representation of the debinding
mechanism (5) 

POM is depolymerised in a 
range of temperatures between 
115 and 130°C in an 
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atmosphere containing a vaporised acid into gaseous formaldehyde, which is subsequently 
burnt, the inert gas nitrogen, nitric acid and their reaction and decomposition. Since the 
polymer is not penetrated by the gaseous acid, the decomposition proceeds exclusively at 
the gas-binder interface with a nearly planar debinding front moving through the compact (cf. 
figure 14). Gas exchange is limited to the already porous shell and the build up of an internal 
pressure is avoided. The binder is broken down into its monomer unit, formaldehyde. 
Formaldehyde has a low molecular weight and is rapidly transported from binder-debinding 
interphase in the green part. In a manner of speaking, the monomer “evaporates” out of the 
part and exits into the furnace properly. The formaldehyde and catalyst are circulated 
through the furnace, and exited out of the furnace into an afterburner, using an inert carrier 
gas of nitrogen. Formaldehyde burns easily, even more than natural gas (methane). Hence, 
the formaldehyde is efficiently consumed in the after-burner that can be a simple flare. The 
process can be very straightforward. It can be easily semi-automated. After extraction of the 
polyacetal, the remaining polyethylene provides the compact strength for handling. The 
polyethylene is burned out as part of sintering cycle.  
After the purge cycle, the furnace shuts down and the burner is extinguished. The debound 
parts can be immediately removed from the furnace because of the low temperature 
debinding, and their relatively high strength. 
 
The materials used for the lining of the furnace, fan, tubing and burner are resistant to the 
oxidizing as well as the reducing acid. (5, 9, 12) 
 

II.A.3.4.1.3. Other catalyst 
This system cannot be used for hard metals due to the oxidation or the conversion into 
nitrate of the powder such as the oxidation of cobalt powder by gaseous nitric acid for 
example. The side reaction is excluded, if a reducing acid is employed as the catalyst. Oxalic 
acid, a strong, volatile organic acid, decomposing quickly the polyacetal, containing no 
elements such as halogens, sulphur or phosphorous that might contaminate the sintered part 
and have to be treated before emission in the environment, was found to be the most 
suitable alternative to 100% nitric acid. This complementary catalyst widens the spectrum of 
materials that can be processed by the BASF process.  
 
Oxalic acid is a solid, which starts to sublime above 157°C, which is below the softening 
point of the polyacetal. For catalytic debinding, two loading solutions are possible. The acid 
can either be vaporised from the solid state in an external sublimer or metered into the 
furnace as a solution in an organic solvent. The oxalic acid and eventually organic solvents 
are combusted in a simple one-stage flare with an excess of air. The debinding rates for 
oxalic acid and nitric acid are comparable.(5, 24) 
 

II.A.3.4.1.4. Example of debinding cycles 
Catalytic debinding is currently done with polyacetal binders. The reaction temperature and 
the catalyst concentration determine the debinding rate, which is usually near 2mm/h. A 
backbone polymer that is unaffected by the catalyst provides handling strength after the 
catalysis event. Debinding is performed in special reactors that ensure proper acid feed rates 
and proper nitrogen flow rates at a temperature near 120°C. After extraction of the 
polyacetal, the remaining binder provides the compact strength for handling. The 
polyethylene is burned out as part of the sintering cycle. (9) 
 

II.A.3.4.1.5. Debinding behaviour and kinetics 
N. Ogasawara, S. Ito, Y. Kusano and D. Weinand have used for their study a carbonyl iron 
powder with a mean particle size of 1,6 µm admixed with a binder composed of 92 wt% 
polyacetal and 8 wt% non catalytic debinding components at 170 to 190°C. The powder 
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loading in the feedstock was 52vol%. The feedstock was moulded at 110°C to obtain test 
specimen of 10mm diameter and 2mm thickness. (18) 
 

II.A.3.4.1.5.1. Debinding behaviour 
The figure 15 shows the debinding ratio versus the 

II.A.3.4.1.5.2. Debinding kinetics

debinding time for different fuming nitric acid feed 
rates at 110°C. The debinding ratio increases with 
the increase of the debinding time and the fuming 
nitric acid feed rate, as it is expected. When the 
fuming nitric acid feed rate is 0,005cc/min at the 
debinding time of 3hr, the debinding ratio shows 
92%, which is attributed to the total polyacteal 
contents in the injected bodies. The debinding ratio 
increases with the increase of the debinding 
temperature. These results clearly mean that the 
debinding temperature can control the debinding 
rate easily and the concentration of catalytic gas that 
is attributed to the catalyst feed rate and carrier gas 
feed rate. In these experiments, all debound bodies 
did not crack or blister. 
 
 
 

 
Catalytic debinding is a hybrid between thermal and solvent debinding. The reaction depends 

erisation occurs in the 115 to 130°C range in a vapour containing approximately 1% 

II.A.3.4.1.5.3. Powder surface behaviour

on the permeation of the catalyst vapour into the pores and the permeation of the 
decomposition products out of the pores. This occurs in nitrogen at atmospheric pressure 
and a temperature near 120°C. Usually, the depolymerisation rate is the controlling 
parameter, not the permeation rate. Consequently, the debinding rate is nearly constant at 
2mm/h. 
Depolym
of the catalyst at 2mm/h . (9) 
 

 
The oxygen content r e of exposure to the 

II.A.3.4.1.6. Debinding 

in the powder g adually increases with the tim
debinding gas atmosphere, while no change occurs in respect to the carbon content and the 
nitrogen content. The thickness of the oxidation layer increases with the increase of oxygen 

content. Therefore, the increase of the oxygen 
content is dependent on the oxidation layer formed 
on the powder surface. 
However, the oxidation effect to powder is assumed 
to be small with respect to MIM process performed, 
because of the existence of 8 wt% non-catalytic 
debinding component around this powder in the 
feedstock. 
 
 

equipment 
Catalytic debinding reactors have the most 
advanced controls. They are fully automated with 
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respect to the purge cycles and debinding conditions. As illustrated in figure 16, nitric or 
oxalic acids are fed into the heated reactor to catalyse at the debinding event at 
temperatures near 115°C. During debinding the gas flow, the temperature, and the acid flow 
rate are carefully coordinated to ensure a complete debinding. Unlike thermal debinding, 
there is no defect or distortion induced by catalytic debinding. Thus, no special support trays 
are required. Typically, the atmosphere in the reactor is turned over every 10 minutes to 
ensure complete removal of the reaction products. The exit from the reactor includes a burn-
off port that mixes the reaction products with air and a combustion gas. Consequently, the 
exit gas is very clean. (9)   
 

II.A.3.4.2. Sintering 
The debound green parts are put in a sintering furnace in a hydrogen atmosphere. A relative 
density of 99,5% can be obtained for the sintered body. The grain growth is not obstructed by 
the oxidation of the powder surface. 
 
A continuous debinding-sintering furnace can be used by adapting a continuous sintering 
furnace. The heat treatment is a decisive factor in the MIM process. By the use of 
continuously working systems, the quality, the homogeneity and the productivity can be 
decisively improved so that MIM can reach an increasing importance in manufacturing of 
serial components. (4, 5, 18) 
 

II.A.3.5. Conclusions 
The debinding temperature can control the debinding rate easily, the concentration of 
catalytic gas that is attributed to the catalyst feed rate and carrier gas feed rate. 
The catalytic debinding reaction steadily progresses from the surface of the injected body to 
inside. Therefore, this method can avoid cracking or blistering.  
Although it is expected that oxygen content in carbonyl iron powder gradually increases with 
time of exposure to the debinding gas atmosphere, its oxygen content decreases in the 
sintering process in hydrogen gas. 
This method is advantageous for its short-debinding, less cracking of the debound body, yet 
the applicability to the other metal powders is still open for further discussion. (18) 
 
 

II.A.4. Supercritical debinding 
II.A.4.1. The binder and the feedstock 

Wax based feedstocks can be extracted supercritically. For example, a feedstock can be 
prepared with a SUS304L powder mixed in a proportion of 58:42 in volume with a binder 
based on paraffin wax, stearic acid and polyethylene. The density if the stainless steel and 
the binder would be 7,91 and 0,81 respectively. They are mixed at a temperature of 100°C 
for on hour. (22) 
 

II.A.4.2. Moulding: 
With the feedstock system presented above, the feedstock is moulded by an injection-
moulding machine. The injecting pressure is 40MPa and the temperature of the cylinder is 
90°C. 
 
 
 

 27 

Höganäs AB
art11+4 du classeur BASF process

Höganäs AB
art 4



II.A.4.3. Debinding-Sintering 
II.A.4.3.1. Character of supercritical fluid 

A supercritical fluid is a physical state over the critical temperature and the critical pressure 
and it is assumed to be the state between liquid and gas. In table 1, typical physical 
parameters of liquid, supercritical fluid and gas are compared. From this table, a supercritical 
fluid has a density and a diffusion coefficient like a liquid and a viscosity like a gas. It means 
that the supercritical fluid can go into the porous body like a gas, and solve the binder like a 
liquid.  

Such supercritical CO2 has a 
character that it dissolves 
nonpolar molecular or low 
molecular materials like material 
selectively. It dissolves the 
paraffin wax, it has difficulties to 
dissolve polar molecules such as 
bee-wax or stearic acid, but it 
does not dissolve the high 
molecular materials like 
polyethylene (PE) or 
polypropylene (PP). If all the 
binder in a specimen is dissolved 
in the debinding step, only the 

p
b
l
m
 

T
b
s
e
e
v

 

Table 1: Physical parameters of gas, supercritical fluid
and liquid (23) 
owder will remain, and the specimen can’t keep the moulded shape. Therefore, some 
inder must be left to keep the shape after the debinding. This selective solubility is useful for 

eaving some binder after the debinding. In addition, using this process, we can debind the 
oulded specimen without oxidizing the metal powder. (23) 

Figure 17: Phase diagram of carbon dioxide 

II.A.4.3.2. Debinding process 
he idea is to heat and pressurize the component and a solvent (or a constituent of the 
inder system) to a temperature and a pressure at which the solvent vapour becomes 
upercritical. Above the critical temperature and pressure, the vapour and the liquid have 
qual densities and are indistinguishable. During supercritical extraction, the binder 
xperiences no volume change and there is no surface energy between the liquid and 
apour. Supercritical debinding can avoid high temperatures where thermal stresses cause 
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cracking. Common solvents are carbon dioxide, freon and propane. In most applications of 
supercritical extraction, the operating pressures are kept below 20Mpa (300psi) and the 
maximum temperatures typically are less than 100°C. 
 
 

The equipments shown in figure 18 are 
used for the supercritical debinding. This 
equipment are composed of 1) Liquid CO2 
cylinder, 2) High pressure hydraulic pump, 
3) Cooling circulator, 4) Extraction vessel 
with mantol heater, 5) Reducing valve, 6) 
Wax trapper, and 7) Flow meter. For the 
debinding, the specimens are settled in the 
vessel, and liquid CO2 is pumped from the 
cylinder. The limit of pressure is 30 MPa. 
While pumping the CO2, the pump head is 
cooled from 5°C to -5°C. The vessel has 
100 cm3 capacity and it can heat from 
room temperature to 200°C. In addition, it 
can bear 30MPa pressure. Supercritical 
carbon dioxide debinding is performed at a 
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Figure 18: An apparatus of supercritical
debinding (22) 
emperature of 55°C, a pressure of 20MPa for 2 hours, and then the pressure is reduced to 
he atmosphere pressure about 10 min, 30 min and 2 hours after debinding for the system 
resented. After this process, most paraffin wax is removed and binder extraction rate is 
bout 60wt%. Subsequently, the backbone polymer is removed by heating to a high 
emperature, not necessarily under pressure. The final temperature is held for a few hours to 
nsure total binder removal. During supercritical extraction, the binder is condensed out of 

he atmosphere at a cold zone. Besides carbon dioxide, another typical solvent is freon. (9, 
2) 

II.A.4.3.3. Sintering 
fter debinding, the specimens are sintered in a vacuum furnace. For the sintering, the 

emperature is increased 10°C/min until 500°C and kept constant temperature during 
ometime. In this method, remaining binder will evaporate without making defects, because 
he specimen is already in a porous state. (23) 

II.A.4.4. Conclusions 
he supercritical debinding method can remove the binder in a short time compared with the 

hermal debinding method. And this method can debind moulded specimens without defects. 
or short time, debinding, high paraffin wax content binder is better. Though, for the handling 
f the debinded specimens, binder that contains much high molecular polymer is suitable. In 
ddition, this method has an adequate debinding temperature depending on the binder. 
pecimens that have extracted more than 50wt% can be sintered without defects. The 

emaining binder is thought to be debinded in the primary stage of sintering process. In this 
rocess, for example, a cylinder that has 30mm diameter and 20mm thickness can be 
ebinded, and sintered soundly. This method is also proper for debinding a large specimen 
ize.  
owever, it has the problem that mechanical properties are unstable, especially tensile 
trength. The reason comes from the components of the binder. Especially, the oxygen and 
arbon contents are strongly affected by the remaining stearic acid after debinding for 
xample. To overcome this problem, a binder that does not use stearic acid needs to be 
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developed, and a process that can produce stable quality products becomes possible. (22, 
23) 
 

II.B. Aqueous-based system 
The traditional applications for metal injection moulding have been small, net-shaped parts 
exhibiting design over wrought or cast components. A water-based agar binder for metal 
injection moulding developed by Honeywell Powderflo has been developed that offers the 
ability to produce large, thick parts in the range of one to two kilograms which are competitive 
with those produced by investment casting. This binder system eliminates the need for 
separate debinding and environmental liabilities associated with the debinding step. The 
result is a cycle time reduction and cost savings compared with polymeric binders. (14, 16) 
 
 

II.B.1. The binder 
This binder is based on an agaroid such as agar, a water-soluble polysaccharide derived 
from seaweed and used as a common food additive. The binder is formed of a gel-forming 

material (e.g. agar) and a gel-forming material solvent 
(water added in an amount sufficient to dissolve the gel 
forming material at the melting temperature of the 
binder).  
 
The gel forming material is used primarily to achieve a 
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Figure 19: Formula of the aga

good flowability, a good green strength of the moulded 

omponent and a high solid loading potential. The patented Powderflo binder system uses a 
mall amount (~3 wt% relative to the powder) of a polysaccharide gelling agent to make 
ater behave as if it were a thermoplastic. At elevated temperature (>~50°C), the polymer 
olecules are largely untangled. In this condition, the binder/water system has a low 

iscosity and can easily be moulded. As it cools, the polymer molecules twist together, 
orming cells that entrap water. In other words, the system “gels” and the viscosity increases 
ramatically. Thus, after a short time in cool mould, a moulded part is stiff enough to be 
emoved without damage. 

ypically, 55% by volume (18-wt%) water is added to the mixture, which performs the dual 
unction of being a solvent and a carrier for agar-containing mixtures. The mixture may also 
ontain a variety of additives, which can serve any number of useful purposes. 

he use of such gel-forming materials in combination with a gel strength-enhancing additive 
ubstantially reduces the amount of binder (typically 2-3-wt%) needed to form a self-
upporting article. Such a gel strength-enhancing additive is a borate compound (e.g. 
alcium borate, magnesium borate, zinc borate, ammonium borate, tetramethylammonium 
orate, borate acid). Thus, complex components produced from agar with gel strength-
nhancing borate compounds exhibit high strength and deformation resistance. It is critical to 
ave adequate green part strength in order to handle components without damage after the 

njection moulding. (1, 6, 7, 13, 14, 16, 20) 

II.B.2. Feedstock: preparation and mixing 
he water-based feedstock system is available in a variety of stainless steel alloys such as 
16L and 410, as well as tungsten and nickel-based super alloys such as Hastelloy X 
tc…The particle size of the metal used is typically under 20 micrometers, and it is made by 
ater or gas atomisation.  
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 The metal powder is mixed with the water, the agar and a gel strength-enhancing agent, a 
liquid carrier (water for agaroids) and other additives to form feedstock pellets that can be 
easily fed into a conventional plastic injection moulding equipment.  The liquid carrier is 
normally added to the mixture (in an amount not more important than necessary: 10 to 40 
wt% of the mixture) to produce a homogeneous mixture with the viscosity necessary to make 
it amenable to being moulded by the desired moulding process. To obtain the desired 
viscosity, the mixture is pre-evaporated. To prevent the rust formation and have a good 
stability of the feedstock, sodium silicate (water soluble) is a rust inhibitor that is effective 
during 3 weeks. Combining sodium silicate with a borate compound (e.g. potassium 
tetraborate tetrahydrate) inhibits the rust formation during more than four months. By 
preventing oxidation, the corrosion inhibitor also prevents the concurrent generation of 
hydrogen gas and consumption of moisture essential to the binder composition. This 
improves the stability of the feedstock moulding parameters and thus promotes uniformity in 
moulded forms from the feedstock composition. Other optional additives coating the powder 
can include coupling agents, lubricants (e.g. zinc strearate, aluminium stearate, magnesium 
stearate, glycerine), antioxidants, wetting agents or surfactants (e.g. polyethylene glycol 
alkylether, to ensure a more homogeneous mixture), dispersants (e.g. Darvan C), elasticising 
agents, plasticizers and compatibilizers, biocides (to inhibit the bacterial growth in the 
moulding compositions, in particular for a long storage time) .  
 
The solid loading of the feedstock is near 92-wt% (61vol%), the balance consisting of water. 
The binder/water system still maintaining its gelling characteristics even with this important 
powder loading. Compounding into feedstock is done by a twin-screw extrusion at rates of 
90-454Kg/h. An alternate method of feedstock production is by feeding the mixture 
composition in a sigma blender, and then shredding the blended mixture into pellets. There 
are two reasons for cutting the feedstock into small pieces. The first one is that the material 
will be typically to wet by a few weight percent for immediate use as a feedstock. In order to 
dry it then in a uniform and efficient way, it is necessary to have it in the form of small pieces. 
Secondly, small pieces are required for feeding into the injection moulding machine screw, 
where they need to “melt” uniformly for good moulding behaviour. 
 
A feedstock with a uniform composition of high solid loading is desirable in the production of 
injection-moulded parts. The higher solids loading in the feedstock produces lower shrinkage 
when the moulded parts are dried and fried, facilitating dimensional control and reducing 
tendency for cracking to occur during sintering. This, in turn, gives higher yields of an 
acceptable product with lower scrap rates.  
 
For some materials, the feedstock must be dried to remove some of the excess water (1-
10%, typically). This should be done in a controlled way, with the water content monitored on 
a regular basis until the desired solids loading is achieved. 
 
With most materials, the system is very stable at room temperature, and so the feedstock 
can be stored several months before use. In order to improve its stability, the feedstock can 
also be stored in a preserving parcel with an oxygen absorbent composition. The parcel is 
formed by packing an oxygen absorbent composition with a gas permeable packing material, 
the oxygen absorbent composition containing a linear hydrocarbon polymer having one or 
more unsaturated groups, or a mixture of the polymer with an unsaturated fatty acid 
compound, an oxidation promoter, a basic substance and an absorption substance . (1, 6, 7, 
13, 14, 16, 20) 
 

II.B.3. Moulding 
The feedstock is injection moulded to the desired shape; typically at around 85°C 
(temperature above the gel point) with a moulding pressure in the range of 1,04 MPa to 
about 0,55MPa. At an injection moulding temperature of 85°C, the feedstock is relatively fluid 
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with the consistency of toothpaste and is easily injection moulded into a net shape mould in a 
manner similar to plastic injection moulding. Compared to plastic injection moulding, water-
based agar systems are moulded at a lower melt temperature and injection pressure.  
 
Once the feedstock temperature has cooled in the mould to near room temperature, the 
green part can be ejected from the mould as the moulded feedstock drops below its gelation 
temperature. The green body is then self-supporting. A typical injection moulding cycle time 
is in the order of 30 seconds depending on the part size. Due to relatively low moulding 
pressure and temperature required for water-based agar binders, soft tooling may be 
employed in place of hardened tools, especially for production runs of less than 10,000 parts. 
Because of its water-base, the binder corrodes the screws and barrels. Then the materials of 
the injection-moulding machine must be chosen for their corrosion resistance to avoid this 
phenomenon.   
 
Because of the gelation of the binder system, the moulded parts are solid and stiff enough for 
handling, right out of the mould. However, the parts still contain up to 50 vol% water, and 
thus need to be dried before firing. Drying is typically performed right on the bench top, in the 
regular environment for approximately one hour. The humidity control is not usually 
necessary, unless the humidity is exceptionally high (in which case the parts will take 
prohibitively long time to dry). The final drying stage, when the particles are all in contact and 
there is no more drying shrinkage, can be performed in a furnace to accelerate the process. 
When drying is finished, there is still water in the part: it is tied up in the gel by the binder, 
and is responsible for the green strength of the part. (14, 16, 20) 
 

II.B.4. Debinding-Sintering 
Traditional MIM binders are based on wax or polymeric systems that require the binder to be 
removed in a separate debind step, often taking many tens of hours. This debind step often 
requires acids or other noxious chemicals, which present an environmental penalty and add 
significant process time. 
 
For water-based feedstock, the debinding step is incorporated into the first one-hour cycle of 
the sintering process. During the sintering, the small amount of binder that remains after 
drying (about 3% of the total mass of the part) pyrolyses in the sintering furnace quickly and 
easily allowing carbon to be removed (cf. figure 20). It is typically performed in a hydrogen 
medium for metal alloys for carbon control. The carbon level can be tightly controlled due to 
the low level of binder in a water-based agar feedstock, as well as its relative ease in 
removal during this step of the process. Sintering temperatures in the range of 1300°C-
1400°C are typically employed to sinter stainless steel alloys. With the bulk of the water gone 
from the part, the binder can easily escape through the porosity of the matrix, no matter the 
wall thickness of the part. Thus, there is no real thickness limitation on the part (as long as it 
is completely dried before firing). Batch or continuous sintering furnaces can be employed for 
 32 
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is included as part of the overall sintering profile, and does not require a separate firing.
(20) 
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debinding/sintering based on production volume requirements. 
Total debinding/sintering time is of the order of 14 hours using a large commercial batch 
furnace.  
 
Parts moulded using the water based agar system show an approximate 2%shrinkage during 
drying and 17% shrinkage during sintering process. This shrinkage is repeatable, resulting in 
control in dimensional tolerances down to about 0,5% to a 3-sigma production yield. A tighter 
tolerance can be obtained for critical dimensions using setters during the sintering operation 
or by secondary operations such as light machining. In many cases, the economic advantage 
compared with a conventional cast or a wrought processing is still maintained. The products 
can be very dense, net or near net-shape products. (14, 16) 
 

II.B.5. Conclusions 
The process removes some of the part size and shape limitations. The combination of a 
water-based, environmentally friendly binder system with low temperature and pressure 
injection moulding and the elimination of the binder burnout step makes this a very attractive 
method for producing large and complex parts. 
 
Other advantages of this system are clean and rapid debinding and the ability to mould into 
soft tooling. As a result, savings are achieved not only by eliminating machining and other 
steps, but also by reduced development and inventory costs. Due to the relatively low 
moulding pressure and temperature required for water-based agar binder, soft tooling for 
production runs less than 10,000 parts. 
 
As said before, the injection moulding process with aqueous binder system does not include 
a debinding step separate from the sintering one as it is usually done. The following schema 
represents the different steps included in this agar-based injection moulding process. 

 

Figure 21: Schematic of MIM process using an aqueous based agar binder. (14) 

 
As a results of its advantages, the aqueous based agar binder system is dramatically 
expanding the application of MIM to automotive, industrial, consumer, and aerospace 
components by moving MIM into parts traditionally manufactured by investment casting or 
wrought plus machining. (14, 16, 20) 
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II.C. Comparison of the different systems 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Property Water/Gel Acid/Debind Water/Debind Wax

Molding Good Good Good Good

Green strength Poor Good Good Fair

Solvent None Acid Water Solvent

Debind time hrs 4-24 6-24 6-24 24-48

Heavy metals None ? Yes Yes

Cost 2 1,5 1 1
 
  
 
 
 A comparison 
with other tradi

Limitations o
PIM

Binder content 
Debinding time

Extra steps - sp
(Powder pack/solv

Part thickness 
(For fine powder y

Brittle as mould
Typical toleran
Environmental 
(Explosive, toxic o
requiring disposal)

Table 3: 

 
On the base of
loading of 60 v
 
 
 
 
 
 
 
 

 

Table 2: Commercially available feedstocks comparison (19)
of the properties and performance of the aqueous based agar binder system 
tional MIM system are summarised in the table 3.  

f today's wax-based  
 systems 

Benefits of Honeywell's water-based  
moulding system 

- 10-20wt% Binder content - 2-3wt% 
s - many hours  No separate debinding step required  

(Thick parts may require use of 400°C/1hr hold as part of  
sintering cycle) 

ecial operations  
ent extraction/burnout) 

Water is the fluidising agent - 18wt%  
(Evaporates after moulding leaving intergranular pores open) 

< 0,65 cm  
ielding strong products) 

No part thickness limitations  
(Determines drying time) 

ed part Stiff but elastic as-moulded part 
ce control to +/- 0,3% Typical tolerance control to +/- 0,3% 
concerns  
utgas products or solvent  
 

No environmental concerns 

Comparison of the water-based moulding system with wax-based systems (14) 

 samples with a section thickness of 10 mm, a particle size of 5 µm and a solid 
ol%, the different debinding techniques and times are compared in table 4. 
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Binder system Debinding technique Conditions Time 

Wax-polypropylene Oxidation Slow heat 150°C, hold, 
heat to 600°C in air 60h 

Wax-polyethylene Wicking 
Slow heat to 250°C, 
hold, heat to 750°C in 
hydrogen 4h 

Wax-polymer Supercritical 
Heat in freon vapour at 
10°C/min to 600°C 
under 10MPa pressure 

6h 

Wax-polyethylene Vacuum extraction 

Slow heat while 
passing low pressure 
gas over compacts, 
heats to sintering 
temperature 36h 

Water-gel Vacuum sublime or freeze dry 
Hold in vacuum to 
extract water vapour 
from ice 8h 

Oil-polymer Solvent immersion Hold in ethylene 
dichloride at 50°C 6h 

Water-gel Air drying Hold at 60°C 10h 

Polyacetal-polyethylene Catalytic debinding Heat in nitric acid 
vapour 150°C 6h 

 
Table 4:  Comparison of debinding techniques and times from samples with a section 

thickness of 10 mm, a particle size of 5 µm, and a solid loading of 60 vol%. (9) 

 
 
Table 5 provides a summary of the key aspects of each process involving wax-based 
feedstocks.

 35 



Debinding technique Key features Advantages Disadvantages 

Solvent immersion 
Place component in solvent to select 
extract major binder phase via 
dissolution 

Component remains rigid without  
chemical reactions, opens pore  
channels for subsequent easy  
degradation of binder 

Solvent hazard, chemical handling and 
environmental concerns, drying required prior to  
heating or sintering 

Supercritical extraction Heat and pressurize fluid above critical  
point to dissolve binder into fluid 

No phase change and minimized 
defect  
formation 

Requires precise temperature and pressure control, 
slow rates 

Solvent vapour  
condensation 

Hold compact in heated vapour of 
solvent  
and allow condensation to absorb major  
binder phase, dripping off to replenish  
surface solvent 

Low component temperature 
minimizes  
defects and distortion, with 
replenished  
surface solvent aiding rapid debinding 

Chemical, environmental, and health concerns with 
solvent vapour, condensation and recovery, drying  
required prior to heating 

Catalytic  
depolymerisation 

Heat compact in atmosphere containing  
catalyst to continually depolymerise and  
sweep away polymer 

Rapid process that works on both 
thick  
and thin sections with excellent shape  
retention and high automation 

Hot mould, possible hazards with a special acid  
catalysts and decomposition products 

Diffusion controlled  
thermal debinding 

Slowly heat compact in a low pressure  
system with continual sweep gas to  
remove molten and vapour products 

One step process eliminates handling  
between debinding and sintering 

Soft binder allows warpage, expensive equipment,  
slow extraction rates, possible contamination of  
parts and furnace 

Permeation controlled  
thermal debinding 

Pass process gas over compact as it is  
slowly heated to give progressive  
degradation of binder 

Low cost installation, widely used  
process, no solid or liquid waste 

Poor dimensional control and relatively slow 
process  
with possibility of contamination during heating 

Wicking 

Heat component in packed powder bed 
or  
on porous substrate that absorbs molten  
binder 

Fast initial rates, applicable to wide  
range of binders, easy to master 

Distortion possible due to multiple handling steps,  
binder disposal problems, separation of parts from  
wick 

Table 5: Comparison of debinding approaches (9)
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III. Experimental methods 
 

III.A. Feedstocks preparation 
The mixing procedure varies depending on the system prepared. 
 

III.A.1. Preparation of wax-based feedstocks  
The procedure to prepare powder-binder mixture based on wax and polymer is the following: 

1. Weigh the metal powder  
2. Pour the metal powder into the pre-heated mixing barrel (e.g. at 140°C for a 

feedstock containing paraffin wax and polyethylene) 
3. Weigh the binder components during the heating of the powder, 
4. Add them in the barrel and wait until they are melted 
5. Mix all the components until the mixture is homogeneous and has the appearance of 

a paste 
6. Pour the heated mixture on a piece of paper or aluminium foil and cut it in small 

pieces while the feedstock obtained is cooling down 
 
 

III.A.2. Preparation of agar-based feedstocks  
To prepare powder-binder mixture based on agar and water, the procedure is the following: 

1. Weigh the metal powder  
2. Pour the metal powder in the pre-heated barrel at 75-80°C  
3. During the heating of the powder, prepare the binder components required: agar and 

water 
4. Add the agar in the barrel and mix it with the powder 
5. While mixing all the components, add the water little by little until the mixture is 

homogeneous and has the appearance of a paste.  
6. Pour the heated mixture on a aluminium foil and cut it in small pieces while the 

feedstock obtained is cooling down 
 
For both types of systems, when a surfactant, the stearic acid for example, is added, this is 
done while heating the metal powder. The surfactant is allowed to melt and form a coating on 
the metal powder as it is mixed with it. The binder constituents are then added as above. 
 

III.B. Rheological measurement 
 
Rheology is the study of flow in terms of stress, strain and time. 
The most important in rheology is the viscosity, which relates the shear stress to the shear 
strain. The second property is the elasticity, which is the ability of a material to return to its 
original shape and size after deformation. An elastic material subjected to stresses below the 
yield strength has a shape memory such it returns to its original shape once the stress is 
released. Stress and strain are proportional for a perfectly elastic material. Injection moulding 
feedstock exhibits both viscous and elastic characteristics and is termed viscoelastic. At 
elevated temperatures, a MIM feedstock has a viscous character. At room temperature, it is 
elastic. 
 
The concept of viscosity was introduced through Newton’s postulate, in which the shear 
stress σ was related to the velocity gradient, or shear rate γ’, through the equation: 
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ηγσ =  
where η is the shear viscosity. η is sometimes called the coefficient of viscosity but it is now 
more commonly referred to simply as the viscosity. For most liquids, η is in fact a function of 
the shear rate γ’. The function η(γ’) is defined as the “shear viscosity” or simply viscosity, 
although it is often referred to as the “apparent viscosity” or sometimes as the shear-
dependent viscosity. The instrument designed to measure the viscosity is called a 
“viscometer”. It is a special type of “rheometer” (defined as an instrument for measuring 
rheological properties) that is limited to the measurement of viscosity. 
The current SI unity is Pascal-second that is abbreviated to Pa.s. 
Viscous materials flow by shearing. Consider two parallel plates separated by a small 
distance, as in figure 22. A shear stress is required to move one plate past the other when 

there is a liquid between the plates. 
The relative displacement of the plates 
divided by the initial separation is a 
dimensionless parameter called the 
shear strain. Shear stress τ is the 
force per unit area that causes MIM 
feedstock to flow over a surface, such 
as a die surface. The shear strain rate 
dγ/dt, better known as the shear rate, 
is the change in strain divided by time. 
Fluid resistance to shearing is termed 
viscosity η, defined as  

m

dt
d







=
γ

ητ  

where m is the exponent used to 
characterize the fluid. For low-
molecular weight liquids like water, the 
viscosity depends on the temperature 
and the pressure but not on the shear 
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Figure 22: Two plates separated by a space filled
with polymer shows the basis for calculation of
the viscosity. As the upper plate moves with
respect to the lower plate, the binder resists the
motion. Viscosity is a measure of the stress
required to attain a velocity difference between
the plates for a given separation. (9) 
rate. Such liquids are termed 
ewtonian. Most of the MIM feedstocks exhibit more complex behaviour, producing a 
iscosity that depends on the shear rate as well as on the pressure and the temperature, 
enerally decreasing at higher shear rates due to shear thinning. 

n MIM, the particles affect the mixture behaviour. The above formula is widely used to 
xpress the viscosity dependence on shear rate and stress, where m is the exponent used to 
haracterize the fluid. Water is a Newtonian fluid with m equal to unity and a viscosity at 
0°C of 0.001 Pa.s. Olive oil is also Newtonian and has a viscosity of 0.084 Pa.s, so it takes 
4 times the stress to shear at the same rate. 
he viscosity of a pure binder usually varies exponentially with temperature T as follows: 

















−=

O
OB TTR

E 11expηη  

here ηB is the binder viscosity, ηO is the viscosity at a reference temperature TO, E is a 
aterial specific constant, and R is the gas constant. The term E is the activation energy for 
 viscous flow and large values show a high sensitivity to the temperature. Waxes have low 
ctivation energy in comparison with polymers. A feedstock with a high sensitivity to the 
emperature is also sensitive to the pressure.  
he viscosity can be measured by a variety of techniques. For MIM, a simple measurement 

s the melt flow index, which is the mass in grams of feedstock extruded from a cylindrical die 
nder a prescribed pressure during a period of ten minutes. The details of the test depend on 

he viscosity range and material. As the solids loading approaches the critical level, the 
ixture fails to flow. 
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Most MIM mixtures exhibit pseudoplastic behaviour. Accordingly, a simple melt flow index is 
inappropriate and the viscosity 
must be measured over a 
range of conditions that reflect 
those expected in the forming 
operation. A relevant technique 
is the capillary rheometry, 
essentially a plunger-extruder 
with a small diameter outlet 
tube (cf. figure 23). It measures 
the pressure drop associated 
with a forced flow rate through 
a small capillary tube. It is very 
useful in characterizing MIM 
feedstock since the viscosity 
range in this measure 
corresponds well to those used 
in MIM; although usually the 
peak moulding shear rates 
exceed the range obtainable 
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Figure 23: Schematic view of a capillary rheometer and
the type of output it provides.  
ith a rheometer.  
nce the feedstock is heated to the desired temperature, the plunger drives the melt through 
 capillary with a known diameter, d, and length, L, at a specific rate, Q, such that the 
aterial is extruded at a specific shear rate. The pressure is measured in the melt and 
ssumed to be zero at the outlet of the capillary. 
he apparent shear rate is calculated as: 

3

32'
d
Q

a π
γ =  

here Q is the flow rate and d is the diameter of the capillary. 
he wall shear stress is calculated as: 

L
pd

w 4
∆

=τ  

here ∆p is the pressure drop across he capillary die, d is the diameter of the die, and L is 
he length of the die. (9) 

he measurements have been realised with a capillary of which the dimensions are: 
- a capillary diameter of 1 mm 
- a capillary length of 20 mm 

nd a piston with a diameter of 20 mm. 
he test temperatures were in a range between 85°C and 120°C for feedstocks based on 
ax and polyethylene, the upper limit depending on the feedstock. Polypropylene/wax 

eedstocks were tested between 120-150°C. For water-based systems, the temperature 
ange was between 70°C and 90°C. 

III.C. Thermogravimetric Analysis (TGA) (10) 

III.C.1. Introduction 
hermogravimetric (TG) analysis measures the mass change of a sample as a function of 

emperature (scanning mode) or as a function of time (isothermal mode). It is a method used 
or the characterization of the decomposition and the thermal stability of materials under a 
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variety of conditions and to examine kinetics of the physicochemical process occurring in the 
sample. 
The events causing a mass change can be for example: desorption, absorption, sublimation, 
vaporization, oxidation, reduction and decomposition. 
The mass change characteristics are strongly dependent on the experimental conditions: 
sample mass, volume and physical form, shape and nature of sample holder, nature and 

pressure of the atmosphere in the sample 
chamber and the scanning rate. 
The TG curves are normally plotted with mass 
change (∆m) expressed as a percentage on the 
axis of ordinates and temperature (T) or time (t) 
on the axis of abscissas. 
A schematic representation of a one-stage 
reaction process is represented in figure 24. The 
reaction is characterized by two procedural 
temperatures: 
- Ti: decomposition temperature, lowest 
temperature at which the onset of a mass 
change can be detected for a given set of 
experimental conditions. 
- Tf: final temperature, lowest temperature by 
which the process responsible for the mass 
Figure 24: Schematic single-stage TG 
curve (10) 
change has been completed. 
Ti and Tf have no absolute significance and no definitive vale because they depend on the 
experimental conditions. 
 

III.C.2. Thermobalance 
TG curves are recorded using a thermobalance. Its principal elements are an electronic 
thermobalance, a furnace, a temperature programmer, and an instrument for simultaneously 

recording the outputs from the devices (cf. figure 
25). The sample studied is placed in the sample 
holder or crucible (typically in platinum, aluminium, 
quartz or alumina and transferring the heat as 
uniformly as possible), which is mounted on or 
suspended from the weighing arm of the 
microbalance.  
The furnace has a hot zone with uniform 
temperature, which is large enough to 
accommodate the sample and the crucible. The 
temperature of this zone generally corresponds to 
the recorded furnace temperature. The operation 
of the furnace is controlled by the temperature 
programmer, which ensures a linear heating 
profile over a range of heating rates. 
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Figure 25: Block diagram of a
thermobalance (10) 
The standard operation conditions are: dry 
itrogen atmosphere at 105 Pa and heating rate of 10K/min. 
utputs of the microbalance, the furnace or the temperature programmer are recorded using 
ither a chart recorder or a microcomputer. Typical recording intervals range from a minimum 
f 0,1 to 1000s depending on the software and the experimental conditions. 

III.C.3. Sample 
he sample mass, volume and form greatly affect the characteristics of a TG curve. 
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It is recommended to use as little sample (in quantity and in volume) as possible within the 
limits of resolution of the microbalance.  The homogeneity of the sample as well as the 
packing density can be limiting factors. Powdered sample of small particle size have ideal 
form for TG curves.  
 

III.C.4. Atmosphere 
The analysis is performed under a variety of atmospheric conditions including: 

- high P (up to 300MPa) 
- vacuum (down to 10-3 Pa) 
- atmospheric pressure in presence of inert, corrosive, oxidizing or reducing 

gases. 
The atmospheres can be classified into two categories: 

- a non-interactive atmosphere: used to standardize conditions for the 
experiment without affecting the sample (e.g. helium gas) 

- an interactive atmosphere: playing a direct role in the reaction processes 
taking place in the sample (e.g. oxygen gas) 
The gases used are generally: air, Ar, Cl2, H2, HCN, H2O, He, N2, O2, and SO2. 
 

III.C.5. Heating rate 
The heating rate has a strong influence on the shape of the TG curve, especially of the 
procedural decomposition temperatures Ti and Tf. For one endothermic decomposition 
reaction: 

(Tf)h > (Tf)l 
(Ti)h > (Ti)l 
(Tf-Ti)h > (Tf-Ti)l 
with h: for high heating rate 
         I: for low heating rate 

 
The sample decomposes when the vapour pressure of gaseous products exceed the 
ambient partial pressure. When the temperature is reached at which this condition is 
satisfied, the decomposition will occur if the produced gases can freely diffuse from the 
sample. 
At low heating rate, the sample temperature is more uniform and the diffusion of the 
produced gases can occur within the sample, lowering the decompositional temperature. 
Because the sample is decomposing in a more constant atmosphere, the decomposition 
reaction will be completed within a narrower temperature interval.  
The sample can also be observed under isothermal conditions where the mass change is 
recorded as a function of time at a predetermined temperature. 
Another method is the jump method. The sample is held at a fixed temperature for a period 
of time until the temperature is discontinuously changed (or jumped) where again the mass 
change is observed as a function of time. 
More complex systems of temperature and atmosphere control are used in the study of the 
decomposition rates: quasi-isothermal and quasi-isobaric thermogravimetry to make the 
shape of the TG curve independent of the effects due to the experimental conditions and 
therefore more amenable to kinetics analysis. 
 

III.C.6. Classification of TG curves 
Figure 26 illustrates some common curves encountered in thermogravimetric measurements 
that are described as: 
 ∙ Type A: no mass change over the investigated temperature range. The only 
information gleaned from the curve is: the decomposition temperature of the material is 
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greater then the maximum temperature under experimental conditions. Other techniques like 
DSC can be used to investigate whether non-mass-changing 
processes have occurred. 
 ∙ Type B: large initial mass loss followed by a 
mass plateau. The evaporation of volatile components used 
during polymerisation, drying, and desorption processes give 
rise to such curves. Where a non-interactive atmosphere is 
present, a second run of a curve B will result in a curve A. 
 ∙ Type C: a single-stage decomposition 
reaction. The decomposition temperatures (Ti and Tf) are 
used to characterize the curve. 
 ∙ Type D: multi-stage decomposition 

rocesses w e

∙ Type E:

p her  the different reaction steps are clearly 
resolved. 
  multi-stage decomposition 

rocesses w ep her  the individual reaction steps are not well 
resolved. In this case, a DTG is often preferred as the 
characteristic temperatures may be determined more 
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Figure 26: Classification
scheme for TG curves (10) 
∙ Type F:
accurately. 

 the mass of the sample increases due to a reaction with the 
tmosphere. Oxidation is the most common form of this behaviour. 

∙ Type G: not frequently encountered. It could be caused by, for example, 

III.C.7. Derivate thermogravimetry (DTG)

urface oxidation followed by decomposition of the reaction products. 

 
n DTG, the mass change with respect to temperature (dm/dT) is plotted against temperature 

f inflection in the mass change step becomes a minimum in the derivative curve and 

III.C.8. Experimental procedure

r time. 
 point o

or an interval of constant mass dm/dT is zero. A peak occurs when the rate of mass change 
s a maximum. DTG peaks are characterized by a peak maximum temperature (Tmax) and the 
eak onset temperature (Te). The area under a DTG curve is proportional to the mass 
hange at that temperature. 

 
he dif ucts wer mal conditions applied during 

III.D. Differential scanning calorimetry (DSC) (10)

ferent prod e tested in a N2 atmosphere. The ther
he measurements were a ramp of temperatures up to 700°C with a heating rate of 10°C/min.  

 

he differential scanning calorimetry is a thermal analysis technique in which the difference 
n the energy inputs (enthalpy) into a substance and a reference material is measured as a 
unction of temperature whilst the substance and reference material are subjected to a 
ontrolled temperature program. Two modes, power-compensation DSC and heat-flux DSC, 
an be distinguished, depending on the method of measurement used. Usually, for the 
ower-compensation DSC curves, the heat flow rate should be plotted on the ordinate with 

he endothermic reactions upwards, and for the heat-flux DSC curve with endothermic 
eactions downwards. The graphical representation of the data collected is the differential 
nergy supplied plotted as a function of the temperature (scanning mode) or the time 
isothermal mode). 
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III.D.1. Heat-flux DSC 
The heat-flux DSC is a method widely used by manufacturers to describe commercial 
quantitative differential thermal analysis instruments. 
The sample holder unit is placed at the centre of the furnace. The sample is sealed in a 
sample pan and placed in one side of the holder, and an inert reference material (exhibiting 
no phase change over the entire temperature range of the experiment) is likewise inserted in 
the other side of the holder. The temperature difference between the sample and the 
reference is measured by thermocouples, attached to the base of each side of the holder, as 
a function of the furnace temperature. A second series of thermocouples measures the 
temperature of the furnace and the heat-sensitive plate. 
Heating the furnace at a fixed rate raises the temperature of the sample and the reference. 
When the sample undergoes a phase transformation, energy is absorbed or liberated, 
altering the heat flux through the heat-sensitive plate and causing a temperature difference 
between the sample and the reference. 
 

III.D.2. Power compensation DSC 
The base of the holder assembly is in direct contact with a cooling medium. The sample and 
reference holders are equipped with a resistance sensor, which measures the temperature of 
the base of the holder, and a resistance heater. If a temperature difference is detected 
between the sample and the reference, due to a phase change in the sample, energy is 
supplied until the temperature difference is less than a threshold value, typically <0,01K. The 
energy input per unit time is recorded as a function of temperature or time. A simplified 
consideration of the thermal properties of this configuration shows that the energy input is 
proportional to the heat capacity of the sample. The maximum sensitivity of the instrument is 
35µW. The temperature and the energy calibration are carried out using standard reference 
material. 
The temperature range of a power compensation DSC system is between 110 and 1000K 
depending on the sample holder assembly chosen. Isothermal experiments, annealing 
(single and multiple step) and heat capacity measurements can be performed more readily 
using power compensation type instruments.  
 
 

III.D.3. Determination of the melting point 
From the endothermic peak of melting of DSC curves, the transition temperature can be 
determined. The peak temperature of melting is taken as the temperature of the peak on the 
melting curve.  
 

III.D.4. Experimental procedure 
The different tests have been realised between 5°C and 200°C with a heating rate of 
5°C/min.
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IV. Results and discussion 
IV.A. Viscosity measurement 

IV.A.1. Wax-based systems 
During moulding, the shear rate usually ranges between 102 and 105 s-1. In this range, the 
maximum useful viscosity for the mixture is 103 Pa.s at the moulding temperature. Powder 
additions to the binder raise the viscosity by 10 to 10,000 times. Because of this limitation, 
binders based on waxes or other small molecules that have very low viscosities are used in 
practice. 
The evaluation of a potential powder-binder system for MIM processing requires information 
on several factors. The viscosity must be evaluated over the range of temperatures and 
shear rates expected during moulding. Goals of rheological evaluations of such mixtures are 
to isolate conditions leading to flow instabilities, whether these are due to the binder, 
moulding temperature, solids loading, etc… 
 

1. The temperature 
 The temperature makes the viscosity of the feedstock vary. Consider, for example, a 
feedstock composed of 87,5 wt% of powder and 12,5 wt% of binder composed of 70 wt% of 
paraffin wax and 30 wt% of polyethylene. In figure 27, for the feedstock containing ASC300 
powder, the viscosity increases, as the measurement temperature decreases. The same 
phenomenon can be observed for the other feedstocks containing 5µm carbonyl iron powder 
(cf. figure 28) or 8µm carbonyl iron powder (cf. figure 29).  
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Figure 27: Influence of the temperature on the viscosity of a feedstock with the composition:
87,5 wt% ASC300 powder, 12,5 wt% binder (made of 70 wt% paraffin wax and 30 wt%
polyethylene) 
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Figure 28: Influence of the temperature on the 
viscosity of a feedstock with the composition: 
87,5 wt% 5 µm Carbonyl Iron powder and 12, 5 
wt% binder (made of 70 wt% paraffin wax and 
30 wt% polyethylene),  
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Figure 29: Influence of the temperature on the 
viscosity of a feedstock with the composition:  
87,5 wt% 8µm Carbonyl Iron powder and 12,5 
wt% binder (made of 70 wt% paraffin wax and 
30 wt% polyethylene). 

 
Considering the binder constituents, the polyethylene and the paraffin wax decrease their 
viscosity with the increase of the temperature. Theoretically, plastics are made of long 
chains. In a molten state, their backbone chains are generally made of carbon atoms held 
together by strong covalent bonds. Separate chains are held by relatively weak Van der 
Waals forces. When the heat increases, both types of bonds are weakened and their lengths 
are increased, the covalent bonds allowing an increase of the freedom of movement. It 
permits also the reduction of the interactions between the molecules due to the Van der 
Waals forces, the reduction of the restriction to flow and then the reduction the viscosity. It is 
also inked to the dilatation of the polymers with the increase of the temperature. In fact, when 
the heat increases, the polymer mixture sees its volume proportion increasing as if there is 
more binder in the mixture. This amount of “extra” binder behaves as a lubricant making the 
viscosity of the feedstock decreasing.  
The polymers control the viscosity of the powder-binder mix. The powder allows only a better 
heat diffusion in the feedstock making it melting in an easier manner. 

 
2. The powder size and shape 

As written before, the ideal powder has a small particle size and a regular round shape. 
These two things have some influences on the feedstock properties in general. If the powder 
shape or size changes, the feedstocks produced may not have the same rheological 
behaviour. Compare the behaviour of three different feedstocks. They all have the same 
powder content, the same binder content, and the same binder composition. The only 
variation is on the kind of powder used: ASC300, 8µm carbonyl iron powder and 5µm 
carbonyl iron powder. As it is shown on the figure 30, the powder used has an influence on 
the viscosity.  The ASC300-containg feedstock shows a higher viscosity than the carbonyl 
iron powders. As it is possible to see on the SEM pictures (figure 31, 32, 33), the three 
powders don’t have the same shape and size. The ASC300 powder exhibits a bigger and 
more irregular shape than the others do.  In theory, when the particles get smaller, the 
viscosity increases. However, in the same time, the viscosity decreases, as the particles are 
being more regular shaped. The viscosity-controlling parameter is then the particle shape 
giving to the ASC300-containing mixture a higher viscosity than to the two other powders. 
Concerning the carbonyl iron powders, there is not much difference in their rheological 
behaviour because their particle sizes and shapes are not so different. 
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Figure 30: Influence of the powder used on the viscosity of a feedstock with the
composition: 87,5 wt% metal powder and 12,5 wt% binder (made of 70 wt% Paraffin Wax
and 30 wt% Polyethylene) measured at 110°C. 
 

Figure 31: SEM picture 
of the ASC300 powder 
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Figure 32: SEM picture 
of the 8µm Carbonyl 

Iron powder 

 
 

 

Figure 33: SEM picture 
of the 5 µm Carbonyl 

Iron Powder  

 
 
 

3. The presence of stearic acid 
The addition of a surfactant in the feedstock is said to help decreasing the viscosity. The 
surfactant, as it forms a layer on the powder particles helps the powder to slide and then 
greatly reduces the viscosity. This is observable in figure 34 showing the viscosity of a 
feedstock containing different amounts of stearic acid. The more there is stearic acid; the 
lower is the viscosity. 
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Figure 34: Influence of the surfactant added on the viscosity of a feedstock with the
composition: 87,5 wt% ASC300 powder and 12,5 wt% binder (made of 70 wt% Paraffin Wax
and 30 wt% Polyethylene or 65wt% Paraffin Wax, 30 wt% Polyethylene and 5 wt% Stearic
Acid) measured at 85°C. 
s it is possible to see on the infrared spectra (cf. appendix 3), the carboxylic acid group       
-COOH) peak appearing at 1700 cm-1 for the mixtures containing stearic acid is the peak 
haracterizing the presence of this acid. This peak is not deviated from its place when added 

n a mixture compared to the pure product. This means that the stearic acid and the powder 
o not interact on one another. There is no formation of a chemical bond between the 
hemical and the metal powder providing the formation of an iron stearate for example. 

4. The binder content and stearic acid content  
n the literature, it is said that the feedstock viscosity increases with the addition of powder 
ntil a critical solids loading point where the mixture is too stiff to be tested properly. 

n the case of the ASC300 powder, it has been possible to decrease the binder content down 
o 10wt% in binder composed of 70 wt% of paraffin wax and 30 wt% of polyethylene to have 
 good looking feedstock. However, when it has been rheologically tested, the only 
emperature possible was 110° C. Below this temperature, the separation of the binder and 
he powder was observable. However, by adding 1 wt% of stearic acid, it was again possible 
o measure the viscosity without separation of the binder and the powder. By reducing the 
inder content to 9 wt% and keeping 1 wt% of stearic acid, the critical solids loading point, 

he maximum loading point before the feedstock gets too stiff to be injection moulded without 
eparation problems, was reached as the feedstock separated already at 120°C and 110°C. 
oncerning the 8µm carbonyl iron powder, it has been possible to decrease the binder 
ontent down to 9 wt% with a binder composition of (65 wt% paraffin wax + 30 wt% 
olyethylene + 5 wt% of stearic acid) or a binder composition of (70 wt% paraffin wax + 30 
t% polyethylene) and 1 wt% in stearic acid in the feedstock composition. However, it may 
e possible to increase the powder content. 
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For the 5µm carbonyl iron powder, the lower binder (65 wt% paraffin wax + 30 wt% 
polyethylene + 5 wt% of stearic acid) content tested was of 8 wt%. It may also be possible to 
decrease the binder content.  
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Figure 35: Influence of the binder content coupled with the surfactant added on the
viscosity of a feedstock with the composition ASC300 powder, 12,5 wt% binder (made of
70 wt% of Paraffin Wax and 30 wt% of Polyethylene) and 1 wt% Stearic Acid measured at
85°C. 

Figure 35 shows that the viscosity increases with the decrease of binder content, which was 
postulated before. One can also see that the addition of stearic acid helps to reach a higher 
solids loading critical point. This is because the stearic acid helps the metal powder and the 
binder to have a better cohesion and to separate in less easily than without stearic acid, by 
increasing the wetting of the binder on the powder. 

 
5. The powder composition and mixing 

Mixing powders of different size can decrease the viscosity. Feedstocks containing mixes of 
ASC300 and carbonyl iron powders in different proportions have been tested (cf. figure 36) 
with the powder with bigger particles as the main component in these powder mixes. When 
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the quantity of the smaller powder is increased, the viscosity is going down. 
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Figure 36: Influence of the powder composition on the viscosity of a feedstock with the 
composition: 87,5 wt% metal powder (mixes in different proportions of ASC300 powder and 8 
µm Carbonyl Iron), 12,5 wt% binder (made of 70 wt% paraffin wax and 30 wt% polyethylene) 
measured at 85°C. 
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Figure 37: Influence of the powder composition on the viscosity of a feedstock with the 
composition: 87,5 wt% 8 µm Carbonyl Iron Powder, or 5 µCarbonyl Iron Powder or mixes of 
these two in a 50:50 proportion and 12,5 wt% binder (made of 70 wt% paraffin wax and 30 wt% 
polyethylene) measured at 100°C. 

 
This is linked to the packing-density of the feedstocks. In fact, the smaller particles can come 
in the free space between bigger ones, increasing the packing-density. Then, less binder is 
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necessary for the cohesion of the powder-binder mixture and the “excess” of binder can play 
the role of lubricant. This increase of lubricant decreases the viscosity. This is also the case 
for the feedstock made with a mix of the two carbonyl iron powders in a 50:50 proportion 
even if the two powders have neighbouring particle sizes (cf. figure 37). 
It is important to realise that the critical solid loading is increased, and that it is then possible 
to increase the powder content without problems of binder separation. 

 
6. The binder composition 

It has been shown that the stearic acid content effects the feedstock behaviour. However, by 
changing the amount of the binder constituents, it is also possible to change the viscosity of 
the mixture. The tests realised consisted in varying the proportions of paraffin wax and 
polyethylene by reducing the quantity of the backbone polymer in the binder. Figure 38 
shows that with the decrease of the polyethylene content, the viscosity decreases. This may 
be linked to the viscosity of the paraffin wax and the polyethylene. The paraffin wax has a 
low viscosity in the test temperatures range whereas the polyethylene has a higher one in 
the same conditions. Then as the paraffin wax content increases, the proportion of the low 

C

viscosity material increases and the viscosity decreases. 
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Figure 38: Influence of the binder composition on the viscosity of a feedstock with the
composition: 87,5 wt% ASC300 and 12,5 wt% binder (made of different proportions of
Paraffin Wax and Polyethylene measured at 110°C. 
hanging the amount of binder constituents influences the critical solid loading point. In fact, 
t appears that with the same powder, the same powder content, the same binder content but 
ifferent binder composition, it is possible to reach this point. This is what happened for the 
ixture prepared with 87,5 wt% ASC300 powder, 12,5 wt% binder composed of 90 wt% of 
araffin wax and 10 wt% of polyethylene. It separates at temperatures below 110°C. 
hereas these proportions between powder and binder worked with a binder composition of 

0 wt% of paraffin wax and 30 wt% of polyethylene and one of 80 wt% of paraffin wax and 
0 wt% of polyethylene. Maybe the limit composition here would work if some stearic acid 
as added. This observation indicates that by increasing the polyethylene content and 
ecreasing the paraffin wax content, it could be possible to increase the powder content. 
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7. Remark 
Some tests on feedstocks containing Polypropylene instead of Polyethylene have been 

IV.A.2. Water-based systems

realised. Nevertheless, it was not possible to test them properly. Some separation of the 
binder from the powder occurred even with the presence of surfactant on the mixture. It may 
be due to a bad wetting of the powder, as the feedstock seemed dry even in feedstocks with 
some stearic acid. The phenomenon may be linked to the fact that the processing 
temperature of the polypropylene is higher than the preparation temperature used (about 
220-250°C against 170°C). Then special equipment or another wax may be required 
because in such range of temperatures, the wax used decomposes (cf. TGA curve in 
appendix 3). Another solution would be to mix the polypropylene and the paraffin wax with 
another polymer that could help to improve the wetting of the powder and then the cohesion 
of the mixture in the capillary rheometer.  
 

 
The fir sed syst C300 metal powder (69 wt%), of 

ame constituents as the first one but in other proportions: 81 wt% 

cid as one of the components. The proportions 

st water-ba em tested was composed of AS
agar (3 wt%) and water (28 wt%). It seemed to be as a sponge really wet, as a lot of water is 
required to obtain a paste while mixing. The rheological measurement of this feedstock was 
operated nearly two weeks after its fabrication. It seemed to have already rusted and dried. 
The measurement of its viscosity did not work. The agar-based systems are not stable as it 
is the case for the wax-based systems. Their rheological testing should be made in a “short” 
time after their fabrication. 
 The second one had the s
of ASC300 metal powder, 2 wt% of agar, and 17 wt% of water. The rheological testing 
(realised at 85°C and 90°C) resulted in segregation of the metal powder in the rheometer 
while some liquid was coming out of it. This must be because there is still a lot of water in the 
composition of the mixture. As the piston is pressing the feedstock, it behaves as if it was 
“squeezing a sponge” and drying it then.  
A third try was made including stearic a
obtained then can vary quite a lot concerning the water content. A first batch contained 87 
wt% of ASC300 metal powder, 2 wt% of agar, 1 wt% of stearic acid and 10 wt% of water. 
The presence of surfactant in this mixture helped to decrease the water content in the 
feedstock. But the realisation of a second batch containing stearic acid shows the contrary 
with a composition made of: 80 wt % of metal powder, 2wt% agar, 1 wt% stearic acid and 17 
wt% water which is the same water content as the mix made without stearic acid under the 
same preparation temperature. Therefore, the stearic acid seems not to have any influence 
on the water, but it has some concerning the cohesion of the metal powder and the binder, 
and then the ability for the feedstock to be tested rheologically. In fact, the viscosity under a 
temperature of 70, 75, 85 and 90°C was possible to be measured for the feedstocks 
containing stearic acid whereas it was not the case for the ones without surfactant. Figure 39 
shows that the viscosity does not differ much with the temperature. The water content in the 
feedstock does not really influence it either. The tests at 70 and 75°C were realised on the 
first batch and the two other tests on the second batch.  The fact that the system tested at 
90°C has a little higher viscosity can be because the water evaporates faster at 90 than at 
85°C. Then the system tested had lower water content. Maybe with more water in it, the 
feedstock is less stable. 
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Figure 39: Influence of the temperature and the water content of the feedstock on the viscosity. 

Remark: It appeared then that the system was not stable during the measurement or after. 
When the same feedstock was tested a second time, it appeared not to be homogeneous 
anymore. 
 
 

IV.B. DSC and TGA measurements 
Paraffin wax, polyethylene, stearic acid, polypropylene, and two feedstocks based on a wax-
polyethylene binder (one without stearic acid and one containing 1% stearic acid) have been 
tested with a thermogravimetric analysis and differential scanning calorimetry. The curves 
obtained are presented in the Appendix 4 and 5. 
The wax presents two different peaks on its DSC curve at 51°C and at 62°C. It may be 
because there are two different molecules or two different chain lengths of the wax 
molecules. However, this does not appear on the TGA curve corresponding to the wax. 
There is only level for its decomposition starting at 150°C and ending at 350°C, with a 
maximum decomposition rate at 285°C. These two different kinds of molecules decompose 
at the same time. 
As it is shown on its DSC curve, the polyethylene is melted at 104°C but a small part of it 
starts to melt before 60°C. Its TGA shows that it decomposes between 350 and 500°C with a 
maximum decomposition rate at 450°C. 
Concerning the stearic acid, it decomposes between 100 and 250°C with a maximum rate at 
240°C. 
The polypropylene starts to melt at about 60°C, but the main part of it melts at 161°C. 
Nevertheless, for this component, the non-reversible heat flow curve shows that there is 
another transition non-reversible at 150°C. The polypropylene decomposes between 300 and 
475°C with a maximum rate at 430°C. 
The first mix tested has the following composition: 87,5 wt% of 8µm Carbonyl Iron powder, 
8,75 wt% of paraffin wax and 3,75 wt% of polyethylene. Its TGA curve shows two steps in 
the decomposition process: 

- the first one between 200 and 400°C with a maximum rate at 325°C. During this step, 
8,6 wt% of the tested sample disappeared.  

- the second one between 400 and 500°C with a maximum rate at 475°C. Then, 3,9 
wt% of the sample disappeared. 
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The first step corresponds then with the decomposition of the wax and the second one with 
the decomposition of the polyethylene.  However, one can note that the decomposition 
process of the two components is influenced by the presence of the other component in the 
way that the temperature ranges and the maximum decomposition rate temperatures are 
modified from the pure products to the mix with a shift of 50°C towards higher temperatures 
for the wax and a shift of 25°C towards higher temperatures too for the polyethylene. 
The second mix tested is composed of 87,5 wt% of 8µm Carbonyl Iron powder, 8,05 wt% of 
paraffin wax, 3,45 wt% of polyethylene and 1 wt% of stearic acid. Its TGA curve shows two 
steps: 

- the first one between 135 and 400°C with a maximum decomposition rate at 310°C. 
During this step, 11 wt% of the feedstock tested decompose. 

- the second one between 400 and 500°C with a maximum rate at 475°C. During this 
step, 3 wt% disappear. 

As for the mix without stearic acid, the first step corresponds to the decomposition of the 
paraffin wax and the second one to the disappearance of the polyethylene. However, if one 
look at the DTG curves of the two feedstocks, it is possible to see that the first peak has 
different shapes. The mix with stearic acid starts to decompose earlier than the one without 
surfactant. If one take in consideration the quantity of product that disappear during this step 
and the quantity of stearic acid and paraffin wax present in the mix, it is then possible to say 
that during this step, the stearic acid decomposes also.  There are not two distinct steps then 
because they are too close. The decomposition of the polyethylene does not seem to be 
influenced by the presence of stearic acid in the feedstock. 
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Conclusion 
The processability of the metal injection moulding feedstocks depends on differents 
parameters such as their binder composition, the powder used, the method used for their 
fabrication, their thermal properties (melting point, thermal stability). 
The variation of the feedstocks viscosity with different feedstock and measurement 
conditions have been mainly realised. The feedstocks were based on three different powders 
(ASC 300, two Carbonyl Iron powders of two different particle sizes (8 µm and 5 µm)), 
different binders containing in different proportions some paraffin wax, some polymer 
(polyethylene or polypropylene) or some agar and water, and some stearic acid in different 
proportions. Depending on the composition or the temperature of measurement, the different 
systems tested did not have the same rheological behaviour. 
The viscosity increases with the increase in temperature for wax-based systems generally. 
This is linked with the viscosity of the polymers, which decreases with the temperature and 
the dilatation of the polymers increasing with the temperature. With the same binder 
composition, the particle size and shape play an important role: when the particle size 
decreases, the viscosity decreases also. The same observation is possible for feedstocks 
containing mixes of different powders: when the proportion of small powder increases the 
viscosity decreases. It can even happen that the viscosity decreases below the viscosity of 
feedstocks with only the powder with the small particle size because of the packing density of 
the feedstock. The small particles come to fill up the free space between bigger particles, 
increasing the packing- density, decreasing the needs in binder to ensure the cohesion of the 
mixture, making the excess in binder behave as a lubricant helping the feedstock to flow and 
decreasing its viscosity. The use of a surfactant in the binder-powder mixture helps to 
decrease the viscosity more or less depending on its quantity present in the feedstock. With 
the same quantity of binder, the feedstocks do not have the same rheological behaviour 
depending on the feedstock composition. When the quantity of wax increases and the 
quantity of polyethylene decrease, the viscosity decreases due to the lower viscosity of the 
wax. Then, the critical solid loading point changed also. When the polyethylene was replaced 
by some polypropylene, the behaviour of the feedstock was not the same at all: its viscosity 
was not measurable may be due to a bad wetting of the powder by the binder. By changing 
the binder composition and the powder size or mixing, it is possible to increase the critical 
solid loading of the feedstock. 
 
Concerning the water-based systems, the presence of stearic acid helps for the cohesion of 
the feedstock for their viscosity measurement. It has to be kept in mind that this system is not 
stable, as the water contained tends to evaporate and the powder tends to rust.  
 
The different components present in the wax-based systems do not present the same 
thermal stability. When they are mixed together, the paraffin and the polyethylene influence 
slightly each other by increasing the stability of the paraffin wax and decreasing the stability 
of the polyethylene. When some stearic acid is added, it does not influence the two other 
components. 
 
Today, the only binder system that can be used is the wax-polyethylene-based system. 
Nevertheless, it may be interesting to investigate more the other systems in order to be able 
to make them working too and to be able to compare them with the first one to see which one 
is better. Concerning the powder itself, it is important to keep in mind that even if the ASC300 
has big particles involving high binder content for MIM, it is possible to increase the powder 
content either by adding small particles to the big ones or by increasing the content of 
backbone polymer in the binder. 
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Appendices 
 
 

1- Chemical composition of the metal powders cited in the text 
2- Summaries of the debinding methods presented 
3- Infrared spectra 
4- TGA curves 
5- DSC curves 
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Appendix 1: Chemical composition of the alloys cited  
 

  C Mn P S Si Cr Ni Mo Others Fe 

SS 304L 0,03 2 0,045 0,03 1 19 10     Bal. 

SS 316 0,08 2 0,045 0,03 1 17 12 2,5   Bal. 

SS 316L 0,03 2 0,045 0,03 1 17 12 2,5   Bal. 

SS 410 0,15 1 0,4 0,03 1 12,5 - -   Bal. 

SS 410L 0,08 - 0,4 0,03 1 11,5-13,5 1 -   Bal. 

SS 420 0,15 1 0,04 0,03 1 13 - -   Bal. 

SS 440C 1 1 0,04 0,03 1 17 - -   Bal. 

SS 17-4 PH 0,07 1 0,045 0,035 1 16,5 5,5 - V: 3,00-
5,00. Al:0,4 Bal. 

TS M2 0,75-
1,05 0,2-0,4 0,3 0,3 0,2-0,4 0,75-4,5   4,5-5,5 V: 1,6-2,2. 

W: 5,5-6,7 Bal. 

TS M4 1,3         4,25   4,75 V: 4,1. W: 
5,85 Bal. 

TS D2 1,4-1,6 0,3-0,5 0,03 0,03 0,3-0,5 11,00-
13,00 0,75 0,7-1,2 V: 0,5-1,1 Bal. 

Hastelloy X 0,05-
0,15 1 0,04 0,03 1 20,5-

23,00 Bal. 8,00-
10,00 

Cu: 0,5. Al: 
1. Co: 0,5-
2,5. W: 0,2-
1. Ti: 0,2. 
B: 0,01 

17,00-
20,00 

 
SS: Stainless Steel 
TS: Tool Steel 
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Appendix 2: Summary of the debinding methods 
 
 

1. Solvent debinding 
 

2. Thermal debinding 
 

3. Catalytic debinding 
 

4. Supercritical debinding 
 

5. Water-based systems 
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Appendix 3: Infrared spectra 
 
Spectrum of feedstock containing some 8µm Carbonyl Iron Powder, some paraffin wax, 
some polyethylene, and different quantities of stearic acid. 
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Spectrum of a feedstock containing some 8µm Carbonyl Iron powder, some paraffin wax, 
some polyethylene and some stearic acid, and of the different pure components. 
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Appendix 4: TGA curves 
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Appendix 5: DSC curves 
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