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Preface.

This expert edition is part of a series on process 
application technology and know-how available 
from Linde Gas. It describes findings in development 
and research as well as extensive process 
knowledge gained through numerous customer 
installations around the world. The focus is on the 
use and control of furnace atmospheres; however a 
brief introduction is also provided for each process. 
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Passion for innovation.

With R&D centres in Europe, North America and China, Linde Gas is 
leading the way in the development of state-of-the-art application 
technologies. In these R&D centres, Linde's much valued experts 
are working closely together with great access to a broad spectrum 
of technology platforms in order to provide the next generation of 
atmosphere supply and control functionality for furnaces in heat 
treatment processes. As Linde is a trusted partner to many companies 
in the heat treatment industry, our research and development goals 
and activities are inspired by market and customer insights and industry 
trends and challenges. The expert editions on various heat treatment 
processes reflect the latest developments.

More Information? Contact Us!
Linde AG, Gases Division,  
Carl-von-Linde-Strasse 25, 85716 Unterschleissheim, Germany

heat-treatment@linde-gas.com, www.heattreatment.linde.com, 
www.linde.com, www.linde-gas.com

Linde Gas Research Centre Unterschleissheim, Germany
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In order to achieve specific properties and the desired surface quality 
after sintering of a steel object, numerous process parameters need to 
be controlled. The most critical parameters are the composition, function 
and control of the furnace atmosphere. In sintering processes, the 
function of the atmosphere is to ensure good bonding between powder 
particles during sintering with no defects such as oxides or decarburised 
or overcarburised areas. Therefore, it is important to ensure a reliable 
supply of required gases and process gas blends but also to integrate 
leading application technologies to enable precision control of furnace 
atmospheres and thus achieve the desired product specifications of 
steels.

The purpose of this expert edition is to deliver a technically 
comprehensive overview of sintering processes with critical influencing 
parameters in terms of the required equipment and furnace atmosphere. 
This expert edition should deliver valuable background information on 
a complex topic in a structured, single document in order to achieve a 
higher confidence level in the readers’ business decisions.

Each of the expert editions has a similar content structure. The first 
part focuses on the process, describing the basic principles in sintering 
and related powder metallurgy techniques. The next section focuses 
on the different types of furnaces and the required equipment in the 
process. The furnace atmosphere generation and required gas supply 
are explained in the fourth section; the interaction between furnace 
atmosphere and the steel powder part surface and how to control the 
atmosphere is described in the fifth section. As flammable, asphyxiating 
and toxic gases are used in sintering processes, safety issues need to be 
addressed in the last section; this is an important concern of Linde Gas.

1. Introduction.
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2.1 Powder metallurgy processing

Powder metallurgy (PM) techniques offer the possibility of near 
net-shape production of components with complicated geometries 
without subsequent machining. Almost 100% usage of the material is 
achieved, resulting in little or no scrap. As a consequence, the energy 
required per kg of finished parts is less than for other manufacturing 
processes. Another advantage of PM techniques is that it is possible to 
use alloy compositions that are not possible with conventional melting 
and casting. This is especially true of the hot isostatic pressing (HIP) 
processing route.

Using various production techniques, metal powders are compacted into 
parts or semi-finished products. Uniaxial pressing followed by sintering 
makes up more than 80% of PM part production. Other methods include 
metal injection moulding (MIM), additive layer manufacturing (rapid 
prototyping), HIP and powder forging. As illustrated in Figure 1, gases 
and controlled atmospheres are, in addition to their use in sintering, also 
used in several other steps in PM production, including reduction of iron 
oxides with hydrogen for iron powder production, inert gas atomisation 
when producing powder from liquid metal, annealing of water-atomised 
powders in hydrogen to reduce oxides, argon or nitrogen as pressure 
medium in hot isostatic pressing (HIP), and heat treatment and surface 
hardening of sintered parts.

The dominant application of controlled atmospheres in PM processes is 
for the sintering of ferrous parts and that is the focus of this booklet. 
It is estimated that 80 to 85% of all the gases used in PM processing 
are for the sintering process. In the following process descriptions, the 
focus is on sintering of steels, but metal injection moulding is also briefly 
described.

The base material for PM production is iron or steel powder produced 
along three alternative routes:

1. Reduction of iron oxides (ore concentrates) with coke

2. Inert gas atomising of molten steel

3. Water atomising of molten steel

Powders used in the traditional press-and-sinter process typically contain 
0.5 to 1% of an admixed lubricant with the function of reducing friction 
during pressing, thereby facilitating compaction and ejection of the 
compact from the die. Widely used lubricants include EBS (ethylene bis 
stearamide), stearic acid, synthetic waxes, zinc stearate, lithium stearate, 
and mixtures of these. The addition of a lubricant to a powder affects 
many of its engineering properties, including powder flow, apparent 
density, green strength and compressibility. Lubricants volatilise and 
decompose during heating to the sintering temperature.

Carbon and other alloying elements have to be added to iron powders 
to obtain the desired properties such as strength and ductility. Carbon 
is normally added to the iron powder in the form of graphite. Metallic 
alloying elements are included in two ways:

1. Water atomisation of the liquid alloy resulting in a homogenously 
alloyed powder

2. Mechanically blending plain iron powder with the required alloying 
element powder. The actual alloying takes place during the sintering 
process.

2. Process.

Melt

HIP

Ar, N₂
Ar, N₂, H₂, CO, CH₄, C₃H₈

H₂

H₂

Iron ore

Inert gas atomising

Water  atomising Annealing Sintering Heat  treatment

Annealing of 
sponge iron

Figure 1: An illustration of gas applications in different PM process steps. Ar=argon; N₂=nitrogen; H₂=hydrogen; CO=carbon monoxide; CH₄=methane; C₃H₈=propane.
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Sintering is a thermal treatment for bonding particles into a coherent, 
predominantly solid, structure via mass transport events that often occur 
on the atomic scale. The bonding leads to improved strength and lower 
system energy [2]. 

Before sintering, a preform is produced by cold pressing. For that, the 
metal powder is mixed with a lubricant and poured into a die with the 
form and dimensions close to that of the final sintered part. Shrinkage 
during sintering has to be taken into account when deciding the 
dimensions of the die. The cold pressed part, called a green body, has 
a limited strength, see Table 1, and care must be taken during handling 
and transportation before sintering in order not to break it.

For steels, the cold pressed green body is typically sintered for 20–30 
minutes at high temperature. The higher the sintering temperature, 
the shorter is the sintering time required. In most cases, the limitations 
of the furnace equipment restrict the sintering temperature to 1120–
1150°C (2050–2100°F) for the sintering of steels. Higher temperatures 
are used for stainless steels, for MIM green bodies and for liquid phase 
sintering.

When heated to a high enough temperature, the powder particles will 
bond to each other by mass transport primarily through volume and 
surface diffusion, but also by grain boundary diffusion, viscous or plastic 
flow and vapour transport. Diffusion mass transport is initiated at contact 
points between adjacent particles and, in the early stage of sintering, 
this leads to neck formations and growth as illustrated in Figure 2. In 
the later stage of sintering, pores, initially with a pyramidal shape, adopt 
a rounded form. Large pores increase in size by absorbing smaller ones 
and small pores disappear in the neighbourhood of grain boundaries.

Carbon steels and copper- and nickel-alloyed steels are usually in the 
mechanically blended powders group. Homogenously alloyed powders 
are often sinter-hardened or separately heat treated.

Properties of some common powders are presented in Table 1. The 
definitions of the different properties in the table are as follows:

•	 Apparent density is determined by pouring the powder through a 
standard funnel into a small cup, levelling off the surplus powder on 
top of the cup and dividing the weight of powder contained in the 
cup by the cup volume (g/cm³).

•	 Flow is defined as the time in seconds that 50 g of dry powder needs 
to pass through the aperture of a standard funnel.

•	 Green density is the density of a cold pressed (not sintered) body in 
g/cm³.

•	 Green strength is the bending strength of a cold pressed compacted 
(not sintered) rectangular test bar in MPa. 

2.2 Sintering

Sintering is a near net-shape forming technique that is increasingly used 
because of benefits such as efficient use of material and reduced need 
for machining. There is a steady drive for achieving improvement in 
strength and toughness and for reducing the scatter of these properties 
in sintered PM objects. Furnace atmosphere quality and control play a 
crucial role in this development. Linde Gas offers a number of ways to 
achieve these improvements.

Table 1. Properties of some Höganäs powders. Green density and green strength were determined after compaction with a pressure of 
600 MPa in a lubricated die (as an exception, the data for MH80.23 was determined after compaction with a pressure of 410 MPa) [1] 

 
 

Iron powders 
 
 
 
 

Distaloy 
powders 
 
 
 
 

Astaloy 
powders

Powder grade 
 

NC100.24
SC100.26
M80.23
ASC100.29
ASC100.30
PASC60
SA
SE
DC
DH
HP
AB
AE
A
Mo
85Mo
CrM

Apparent 
particle size 
[μm]
20–180
20–180
40–200
20–180
30–200

20–150
20–150
20–180
20–180
20–180

20
20

 

Apparent 
density  
[g/cm³]
2.44
2.66
2.30
2.96
3.02
3.15
2.83
2.82
2.28
3.41
3.37
3.05
3.05
3.30
3.28
3.1
2.95

Flow [s/50g] 
 

30
28
33
24
24
25
27
28
24
22
22
24
24
23
23
25
25

Carbon [%] 
 

 <0.01
 <0.01
 0.08
 0.002
 0.001
 0.03
 <0.01
 <0.01
 <0.01
 0.01
 0.01
 <0.01
 <0.01
 0.01
 0.01
 <0.01
 <0.01

Green density 
[g/cm³] 

7.02
7.12
6.29
7.21
7.27
7.10
7.09
7.11
7.16
7.13
7.07
7.18
7.18
7.01
7.14
7.18
6.97

Green strength 
[MPa] 

47
40
24
38
39
32
41
39
22
29
25
36
35
17
22
23
24
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The driving force for sintering is the minimisation of the free surface 
energy, i.e. a reduction of the pore surface area. Fine particle powders 
with large specific surface and high internal porosity will sinter 
faster than coarse powders (Figure 3). However, the use of very fine 
powders has the disadvantages that cold pressing is more difficult and 
that shrinkage during sintering increases. Shrinkage is a decrease in 
dimensions. The opposite, an increase in dimensions, or swelling, may 
occur under given sets of conditions.

D D Grain 
boundary

Initial point contact Early stage neck growth
(short time)

Late stage neck growth
(long time)

Terminal condition, fully 
coalesced spheres 
(infinite time)

Neck

1.26D

Figure 2: The growth of a neck between two spherical particles during sintering [2] 

Figure 3: A schematic representation of the temperature-dependent densification of a 
fine (1–10 μm) and a coarse (50–100 μm) powder mass. Sintering time and green 
density are constant. T=temperature, Tm=melting temperature [3]

Figure 4: Tensile strength (σuts), elongation (δ₅) and density of sintered iron as 
functions of sintering time at two temperatures [1]
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High temperature sintering, at temperatures up to 1350 °C (2460 °F), 
has the advantage of producing a more homogenous part with better 
mechanical properties (Table 2) and reduced oxygen concentration in the 
PM compact after sintering. High sintering temperatures also have the 
advantage that alloying elements with a high tendency to form oxides, 
such as manganese, chromium and vanadium, can be used without 
the formation of oxides. Despite these advantages, high temperature 
sintering of standard sintered steel parts has not gained any substantial 
market share mainly because of the higher demands put on furnaces 
during high temperature sintering. However, high temperature sintering 
is used for high-speed steel, stainless steel, neo-magnets and new 
ferrous alloys.

Sintering is a complex process in terms of control. Parameters include 
furnace temperature profile, conveyor belt speed, belt loading capacity, 
furnace door opening height, furnace cooling rate, furnace entry and 
exit curtain integrity, furnace atmosphere volume and composition, 
atmosphere inlet location and flow direction, PM part composition, and 
external influences such as draughts from door openings in the process 
shop. A good sintering process can be simply described as the one that 
produces good bonding between the metal particles with minimum 
oxide content, has tight carbon control, forms round pores between 
particles, has good dimensional control and produces consistent quality.

During sintering of mechanically blended powders, alloying will take 
place at locations where necks are formed between iron and alloy 
particles. Neck formation will depend on the diffusion rates of the alloy 
element and of iron in the various phases that will be formed at the 
neck. The alloying element will diffuse from the surface into the 
centre of the iron particles. This results in a homogenisation of alloy 
composition to a degree that will increase with temperature and time. 
Normal sintering times and temperatures are enough to yield an even 
carbon concentration, but not enough for a complete homogenisation of 
metallic alloy element concentration in the sintered part (Figure 5). 
The microstructure of sintered steel manufactured using mechanically 
blended powders is therefore generally heterogeneous.

During sintering of copper-alloyed powders, the copper will melt at 
normal sintering temperatures. The melt will form a continuous film 
adhering to the iron particles. With high solubility in the solid iron 
particle phase, the liquid copper film will eventually disappear, leaving 
behind large pores. As a result, the part swells.

A special kind of sintering with a transient liquid phase is referred to 
as activated sintering. Here a base powder is admixed with a small 
amount of metal or metal compound having a melting point above 
sintering temperature, but which forms a low-melting eutectic together 
with the base metal. This will enhance the formation of necks between 
adjacent particles of the base metal. Ferro-phosphorus added to iron 
powder serves as such an activator because a low-melting-point eutectic 
is formed at 1050 °C (1920 °F) between iron and iron phosphide. In 
addition to enhancing neck formation, the added phosphorus has a 
second advantage; it stabilises ferrite and destabilises austenite. The 
self-diffusion coefficient for iron in ferrite is approximately 300 times 
greater than in austenite. Consequently, a phosphorus addition will 
enhance the sintering process.

Figure 5: Homogenisation of nickel and carbon during sintering at 1120°C (2050°F) [1]
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2.3 Applications and properties of sintered steel components 

About 70% of all sintered steel parts are used in cars and other vehicles. 
A US car contains on average about 20 kg of sintered steel parts whereas 
a European car has about 9 kg and an Asian car 5 kg [5] (data from 
2006). The difference is due to the fact that US cars tend to be heavier 
and that they utilise automatic gear boxes. Such parts are more suitable 
for PM production than those used in a lighter, manual European car. 
Some examples of the use of sintered parts are:

•	 Lock parts require high strength, toughness, wear resistance and 
dimensional stability. A sintered part manufactured from diffusion 
alloyed powders can match these parameters, achieving a density 
between 6.8 and 7.0 g/cm³.

•	 Belt pulleys or chain sprockets can be found in every automobile. 
They are components ideally suited to the PM process as they permit 
an intricate weight-saving geometry. Sponge iron usually forms the 
base powder, ensuring ample green strength. Sintered density ranges 
from 6.5 to 6.8 g/cm³.

•	 Synchronising hubs for automobile gear boxes are mostly produced by 
the PM process route. High strength, fatigue resistance, wear 
resistance and dimensional stability are demanded for this application. 
Diffusion alloyed powders are the common choice of material to meet 
the demands. Densities are in the range 7.0–7.2 g/cm³.

•	 Sintered bearings are a well-established application. The porosity of 
sintered parts allows absorption of oil for lubrication. Normally, 
sintered density is less than 6.2 g/cm³ and powders containing Fe-Cu 
or Fe-C are often used.

•	 Power tool parts often utilise diffusion alloyed powders, achieving a 
sintered density of about 7.0 g/cm³. Subsequent heat treatment 
further increases wear resistance and strength. In some cases, warm 
compaction is used to further increase density and improve gear 
strength.

Examples of automotive sinter steel parts are given in Figure 6. Tensile 
and fatigue strength of sintered steels are approximately proportional 
to density (Figure 4), whereas impact strength increases exponentially 
with increasing density. High strength sinter steels with high relative 
densities, above 95%, often have the same strength as wrought steel. 
For a given cooling rate, strength also increases with the hardenability of 
the sintered alloy as more martensite is formed. Double pressing, double 
sintering and high temperature sintering are all methods of increasing 
density and strength. For economic reasons, sintering at temperatures 
below 1150 °C (2100 °F) and single pressing and sintering are preferred. 
Other ways to improve strength are heat treatment techniques such as 
carburising and nitriding (see Section 2.5). Diffusion alloyed powders 
give higher strength than pre-alloyed powders. However, in some 
applications, where a homogenous structure and alloy concentration are 
required, then pre-alloyed powders have to be used instead of diffusion 
alloyed powders. Höganäs Astaloy Mo is an example of a pre-alloyed 
powder that has been shown to yield very good mechanical properties 
after carburising.

Alloying elements have the same effect in sinter steels as in wrought 
steels, but the type and concentrations of alloying elements differ. 
Nickel (Ni) and molybdenum (Mo) have easily reducible oxides and 
are therefore commonly used in alloys as they sinter easily. The most 
common alloying element in sintered steels is copper (Cu) as it also 
has an oxide that is easy to reduce. It also increases strength by solid 
solution hardening. Phosphorus (P) is another common alloying element. 
It increases strength by solution hardening and facilitates sintering by 
stabilising ferrite.

Producers constantly strive to increase strength, in particular fatigue 
strength, and ductility of sintered steels. Sinter-hardening, which uses 
alloy powders with improved hardenability, in combination with furnace 
equipment that gives a sufficiently high cooling rate during cooling 

Table 2. Chemical analysis and mechanical properties after sintering in 90/10 N₂/H₂ atmosphere of Astaloy CrM at 1120 °C (2050 °F)  
and 1250 °C (2300 °F) [4]

Sintering 
temperature 

Chemical analysis Mechanical properties

 
°C (°F) 
1120 (2050)
1250 (2280)

 
C [wt%]
0.32
0.30

 
O [wt%]
0.12
0.01

Tensile 
strength [MPa]
860
1010

Yield stress,  
0.2% [MPa]
580
610

Hardness, 
[HV10]
240
250

Area 
contraction [%]
1.4
1.5

Impact energy 
[J]
19
28
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machine. Debinding and sintering are the last steps in the production of 
a MIM component.

MIM works best with powders with particle sizes up to approximately 
20	μm.	A	newer	development	is	the	use	of	very	fine	powders	(<5	μm),	
for production of, for example, micro-mechanical devices, medical 
devices and military and aircraft appliances. Common powders for MIM 
are stainless steel and ceramics including cemented carbides.

There are several different debinding methods, but here only thermal 
debinding will be described. The principles of debinding of cold pressed 
green parts also apply to MIM, but there are some matters specific 
to MIM to consider for the atmosphere control. The most important is 
related to the low green body density and associated very high binder 
content – of the order 40–60% – in the MIM part. The type of binder 
is also different from that for cold pressing and consists typically of a 
thermoplastic, a lubricant, a wax, a dispersant and/or a solute. The 
thermoplastic – commonly polystyrene, polypropylene or polyacetate – 
is the backbone of the binder, keeping the moulded shape intact until 
sintering. The lubricant is the same as for cold pressed parts – Acrawax 
or zinc stearate. Stearic acid is common as a dispersant. Due to the 

from sintering temperature to result in hardened parts with martensitic 
microstructure, is a development that produces such improved 
properties.

The accuracy of dimensional control is dependent on the direction of 
the dimension during cold pressing – axial or in the transverse. Close 
tolerances can be kept if a calibration (or re-pressing) step is included 
after sintering.

Specifications of standardised sinter steels can be found in the standard 
ISO 5755 (MPIF Standard: 35).

2.4 Metal injection moulding

Metal injection moulding (MIM) is a production method using the 
injection moulding process, which has been used by the polymer 
industry for a long time. Sometimes the term powder injection moulding 
(PIM) is used to include both MIM and ceramic injection moulding (CIM). 
MIM uses powders intermixed with a binder. The mixture forms a semi-
liquid slurry that is pressed into components in an injection moulding 

 a) b) c)

 d) e) f)

Figure 6: Examples of sintered parts: a) sinter-hardened gear and pinion for automotive application [courtesy of MG MiniGears], b) sinter-hardened synchroniser hub [courtesy of 
PMG Füssen GmbH], c) sintered camshaft gear [courtesy of AMES SA], d) planetary assembly [courtesy of AMES SA], e) synchronising assembly [courtesy of Höganäs AB], f) 
planetary carrier [courtesy of Höganäs AB]
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high binder content and to its chemistry, the debinding stage for a MIM 
compact is more critical than for cold pressed PM compacts. 

A consequence of the high binder content is that the debinding step 
before sintering requires a longer time than debinding of cold pressed 
PM parts. Two temperature steps may be required for debinding, one at 
low temperature typically in the range from 150–200 °C (300–390 °F) 
with the aim of removing water vapour and low molecule weight 
species, and a second at higher temperature, 450–700 °C (840–1290 °F) 
– in the same range as for debinding for cold pressed steel parts. 
Debinding is often carried out as a separate step in a separate furnace. 
In this way, the debinding can be optimised without the problem of 
contaminating the atmosphere for the sintering step. After debinding, 
the part is called a “brown body”.

As for debinding of cold pressed parts, it has been found that either 
oxidising or highly reducing 100% hydrogen atmospheres yields the 
most efficient removal of binder [6].

MIM is mostly applied to the mass production of very small parts. A 
consequence is that loads are small, making batch furnace the best 
option in many cases. When debinding and sintering are carried out in 
a continuous furnace, the risk of contamination of the sintering zone 
atmosphere is greater than for sintering of cold pressed parts due to the 
high amount of binder vapours that have to leave through the furnace 
entry. The high degree of shrinkage, typically 20%, during sintering – 
because of the low brown body density – has to be taken into account 
when dimensioning the MIM green body.

Much of the MIM production is in stainless steel, e.g. gears for electric 
tooth brushes, and advanced alloys such as titanium for hip joints, but 
MIM parts in steel are increasing. 

2.5 Heat treatment of sintered parts

Sintered parts can be heat treated with the same processes, in the same 
type of furnaces and with the same atmospheres as those used for 
solid wrought steel parts. However, the porosity of sintered steel parts 
affects the heat treatment result mainly in two ways. First, it influences 
the heat conductivity and therefore cooling rates upon hardening. 
Second, it influences the transport of gases in thermochemical surface 
hardening processes such as carburising, carbonitriding, nitriding and 
nitrocarburising.

2.5.1 Carburising and carbonitriding
In all atmospheric thermochemical surface hardening methods, there will 
be gas transport through open porosity. This will lead to mass transfer 
of carbon and/or nitrogen not only at the surface, but also within the 
PM compact. The total surface area in contact with the carburising or 
nitriding atmosphere will be much greater than for fully dense steel. The 
mass transfer of carbon will accordingly be much greater. Carburising 
and nitriding depths will, for a given temperature/time process cycle, 
be greater than for wrought fully dense steels. For densities below 6.65 
g/cm³, this leads to a large scatter in carburising depth. However, the 
depth will be about the same as for dense steels for densities above 
7.2 g/cm³ where there is mainly closed porosity. Figure 7 illustrates the 
effect of density on the case depth after carbonitriding. Alloying with 
sulfur is found to decrease the open porosity, thereby decreasing the 
carburising depth [7].

The pore size also has an effect on the carburising depth. It has been 
found that a well-defined case depth is obtained if the majority of pores 
have diameters less than 1 mm [8].
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Figure 7: Effect of density on case depth for a carbonitrided PM steel; carbonitriding at 
870°C (1596°F) for 30 minutes, oil quenched [7]
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2.5.3 Steam treatment
A	black	Fe₃O₄	iron	oxide	coating	with	typical	thickness	5	μm	can	be	
produced by performing a heat treatment at 450–590 °C (840–1094 °F) 
for about an hour in a water vapour atmosphere according to the 
following reaction:

3Fe+4H₂O	→	Fe₃O₄+4H₂

with the equilibrium constant:

K=P⁴H₂/P⁴H₂O

The	ratio	K=P⁴H₂/P⁴H₂O has to be adjusted correctly in order for the desired 
oxide to form as illustrated in Figure 8.

The oxide helps to close open surface porosity and gives an improved 
atmospheric corrosion resistance. The process is normally carried out 
as a separate treatment after sintering in batch or continuous furnaces. 
However, efforts have been made to incorporate the oxidation step into 
a sintering furnace by designing a separate oxidation zone supplied with 
humidified nitrogen after a first cool-down zone [12].

The density may vary from one point to another in one single part 
depending on part geometry, cold pressing and sintering conditions. This 
can lead to varying carburising depths around the part.

Lubricant or cleaning water vapours coming out through an open pore 
system can degrade the carburising atmosphere composition. It is 
recommended that enriching propane or natural gas for carbon potential 
control is first supplied only when the atmosphere reaches a stable 
composition. Sintered parts should be thoroughly cleaned before heat 
treatment.

Vacuum carburising avoids the contaminating effect of lubricant vapours. 
As for atmospheric carburising, the degree of open porosity has a strong 
effect on carburising depths. At densities above 7.3 g/cm³, the results 
are close to those obtained on wrought steels. The sensitivity to open 
porosity is higher when acetylene is used as carburising agent compared 
to when propane is used [9].

2.5.2 Nitriding and nitrocarburising
Nitriding depth is dependent on density in a similar way to carburising. 
With plasma nitriding, the effect caused by open porosity is reduced. 
Surface nitriding depth decreases with decreasing porosity. As for 
carburising, sulfur addition to the PM alloy reduces the interconnected 
porosity, resulting in thinner nitrided layers [10].

Thorough cleaning is especially important before nitriding or 
nitrocarburising because surface contaminations will stop diffusion, 
leading to uneven nitriding/nitrocarburising results.
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2.6 HIP – hot isostatic pressing

(The following description is to a major extent taken from the HIP 
chapter in the book Steel and its Heat Treatment [13].) In hot isostatic 
pressing, simultaneous high pressure and high temperature is used for 
the production of parts from metal powders. The method is also used 
in other applications that can take advantage of high pressure and 
temperature, for example, the sealing of castings and the production of 
composite materials. 

In addition to the production of conventional steels of a higher standard 
than casting enables, the technology is used to produce alloys that 
cannot be produced using normal melting metallurgy. Metal matrix 
composites, where the strengthening phase is provided by various 
ceramic materials, is an example of this. HIP technology is used in both 
the manufacture of semi-finished products, such as bars and tubes, and 
of end products with final shape as well as in heat treatment and coating 
processes for the improvement of properties in products manufactured 
by more conventional technology. 

The equipment, see Figure 9, comprises a furnace chamber enclosed in a 
pressure vessel adapted to withstand extremely high pressure and which 
can also be fully evacuated to vacuum levels.

The processes are applied at different pressures and temperatures 
depending on the materials involved. HIP equipment is available with 
operational pressures up to 200 MPa and temperatures up to 2000 °C 
(3632 °F). Figure 10 shows a possible process cycle for pressure and 
temperature.

Figure 10: Process cycle for pressure and temperature including images of the 
structures formed at each point, showing the density-intensifying process from grains 
of powder to totally compact material 
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There are typically four zones in a continuous mesh belt furnace:

•	 Preheating/delubrication
•	 Sintering
•	 Fast cooling (especially important in sinter-hardening)
•	 Cooling 

As shown in Figure 11, there may be a fifth zone for carbon restoration/
control.

For higher temperatures, ceramic mesh belt, pusher or walking beam 
furnaces are required (Figure 13). Pusher and walking beam furnaces 
have the advantage that the different furnace zones can be separated 
with doors. Interaction of the atmosphere between zones with different 
atmosphere compositions can then be limited.

3.1 Furnaces

There are both batch and continuous sintering furnaces. The advantages 
and disadvantages of each type are shown in Table 3. Batch furnaces 
are flexible with regard to sintering cycles, but are used only for small 
production quantities. Continuous mesh belt furnaces are the work-
horses for sintering at temperatures from 1120 °C up to 1150 °C (2050–
2100°F). The maximum temperature limitation is set by the strength of 
the mesh belt in relation to the stress caused by the load on the belt. 
Figure 11 is an illustration of the functions of the different zones in a 
mesh belt furnace and Figure 12 shows such a furnace. With ceramic 
movable beams that support the mesh belt, it is possible to reduce the 
stress in the belt, thereby enabling sintering temperatures up to 1200 °C 
(2200 °F) [14]. A furnace with a carbon/carbon composite mesh belt can 
work up to 1250 °C (2280 °F) [15]. 

3. Furnaces and equipment.

Figure 11: The zones in a continuous mesh belt sintering furnace (courtesy of Cremer Thermoprozessanlagen GmbH)

Delubrication Sintering Carbon
restoration

Rapid
cooling

Cooling

Table 3. Advantages and disadvantages of different furnace types

Atmosphere furnaces 
 
 
 
 

Vacuum furnaces

Batch type furnaces 
 

Continuous furnaces 
 

Batch type furnaces

Advantage
Delubrication and sintering can be done and  
optimised separately without interference  
between atmospheres for the different steps.
High productivity. 
 

Delubrication and sintering can be done and  
optimised separately without interference  
between atmospheres for the different steps. 
Gas quenching for sinter hardening.

Disadvantage
Lower productivity than continuous. 
 

Openings between zones for delubrication, 
 sintering and cooling cause problems in 
atmosphere optimisation.
Investment high.



Sintering of steels 17

Furnaces should have proper systems for temperature, time and 
atmosphere control. The cooling zone may or may not have forced 
cooling.

Silicon carbide heating elements can be operated up to 1350 °C 
(2460 °F). For special purposes at even higher temperatures, 
molybdenum heating elements are used. Particular problems arise 
here, notably the readiness with which molybdenum forms a volatile 
oxide. Molybdenum furnaces therefore must operate in a pure hydrogen 
atmosphere.

The maintenance of sintering furnaces and especially the control 
equipment (temperature, gas flow and gas composition sensors) is 
crucial for maintaining consistent sintering output quality.

The use of batch vacuum sintering furnaces is increasing. They can be 
designed for different process steps including delubrication, vacuum 
sintering, and high pressure gas cooling (Figure 14).

MIM furnaces are mostly of the batch type, quite small and often of 
a bell-type design as shown in Figure 15. The small size is due to the 
small loads that are typical of MIM production. Continuous furnaces 
are of the pusher or walking beam types that can withstand the high 
sintering temperature, over 1300 °C (2370 °F), commonly used in MIM 
applications. A continuous line with separate walking beam furnaces 
running in parallel for debinding and sintering has been shown to yield 
high productivity and stable quality [16].

Figure 12: A continuous mesh belt sintering furnace (courtesy of Abbot Furnace 
Company)

Figure 13: Pusher sintering furnace with molybdenum heating elements for 
temperatures up to 1600 °C (2910 °F) (courtesy of Abbot Furnace Company)

Figure 14: (left) Dewaxing and vacuum sintering furnace (courtesy of Seco Warwick), 
(right) Line of vacuum furnaces for dewaxing, sintering and high pressure sintering 
(courtesy of ALD Vacuum Technologies GmbH)

Figure 15: Bell-type box furnace for MIM sintering (courtesy of CM Furnaces Inc.)
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3.2.2 Methanol equipment
Although not so common, methanol may be used as the source 
for creating carbon-containing atmospheres also for sintering. The 
equipment required is the same as for carburising atmospheres and 
includes specially designed methanol injectors and methanol pumps. 
See reference [18] for details.

3.2 Atmosphere equipment

Equipment for flow control includes:

•	 Humidifier for nitrogen
•	 Flowtrain
•	 Conventional flow meters or mass flow meters
•	 Flow control valves
•	 Solenoid valves for safety shut-off of flammable gases and normally-

open for nitrogen purge 

3.2.1 High-speed gas injection for improved gas homogeneity
Gas stirring inside the muffle with the gas injection lance (based on the 
CARBOJET® technology [17]) will significantly improve the stirring and 
homogeneity of the furnace atmosphere and thereby the quality of the 
sintered parts. The gas inlet for the lance mounted on a roller hearth 
furnace is seen in the foreground to the left in Figure 16.

Figure 17a shows flow modelling calculations that illustrate how the 
use of the CARBOJET® injection lance increases flow velocities. It also 
improves the homogeneity in the gas composition. This is illustrated for 
the concentration of propane in Figure 17b. A radical improvement in 
gas flow velocities and circulation will be achieved up to a distance of 
approximately one metre from the point of lance installation.

The improved gas circulation obtained with the CARBOJET® lance leads to 
significant improvements in sintered parts quality, especially with regard 
to carbon control.

Figure 16: Installation of CARBOJET® effective atmosphere stirring without a fan
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Figure 17: CFD (computational fluid dynamics) calculations illustrating the effect from the SINTERFLEX™ lance in increasing and improving flow velocities and homogeneity of the 
atmosphere inside a sintering furnace. The gas injection point is at the border of the sintering/cooling zone, 50 mm into the sintering zone.

a) Flow pattern and gas 
velocities when gas is 
injected via a ½" pipe, 
upper graph, and via 
CARBOJET® lance, lower 
graph. Furnace inlet is 
to the left. 

b) Propane concentration 
by mass fraction in a 
furnace cross section 
105 mm downstream of 
injection point. Via a ½" 
pipe, upper graph, and 
via CARBOJET® lance, 
lower graph.
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In order to make a good atmosphere, it is usually necessary to combine 
at	least	two	different	gases.	N₂/H₂	atmospheres	are	produced	by	
feeding nitrogen and hydrogen through separate flow meters to the 
furnace. It can also be supplied by thermally cracking ammonia in an 
external ammonia cracker that yields a 75% hydrogen/25% nitrogen 
atmosphere. The cracked ammonia can be diluted with an extra supply 
of	nitrogen.	N₂/CO/H₂	atmospheres	may	be	obtained	from	separate	
supply of the three gases or from methanol, which dissociates to carbon 
monoxide and hydrogen in the furnace and is diluted with nitrogen to 
the	correct	composition.	N₂/CO/H₂	atmospheres	can,	alternatively,	be	
produced from nitrogen-diluted endothermically generated gas. 

An atmosphere supply system consists of three major parts: storage, 
mixing and inlet to the furnace.

4.1 Nitrogen, argon and hydrogen supply

There are five major forms of supply for nitrogen:

1. Gaseous nitrogen in cylinders
2. Liquid nitrogen supplied by truck to the customer container
3. Nitrogen produced on-site with cryogenic technology (CRYOSS®)
4. Nitrogen from pressure swing adsorption (PSA) units installed on-site at 

the facility (ADSOSS®)
5. Nitrogen from on-site membrane units installed on-site at the facility 

(MEMOSS®)

Furnace atmospheres are supplied to a furnace in two basic ways. The 
first, referred to here as in-situ generation, is by supplying gases, such 
as nitrogen, hydrogen and argon, directly to the furnace where they 
are mixed to create the correct composition. The second is to react 
components (typically a fuel and air) in an external generator to produce 
the furnace atmosphere. These two methods can be combined.

External gas generators for endothermic and exothermic gas, monogas 
and cracked (dissociated) ammonia produce a fixed atmosphere 
composition. The output flow rate can be varied only within certain 
limits.

In-situ methods can create widely varying atmosphere compositions 
and the flow can also be adapted to needs at any time. The gases and 
methanol	(that	can	be	thermally	cracked	to	form	a	CO/H₂	mixture)	
are supplied from separate sources and are piped separately to the 
furnace in which the gases are mixed, reacted and synthesised. Specific 
advantages related to the use of synthetic atmospheres are:

•	 Flow rate can be adapted and minimised to the true need of the 
furnace and the process.

•	 Gas mixture can be adapted to any ratio according to the need of the 
alloy and the process.

•	 Short start-up and conditioning.
•	 Maintenance and supervision are minimised.
•	 Gas production reliability is improved compared to the use of 

generators.
•	 Quality and productivity can be improved by using the flexibility of 

mixing and flow rate control.
•	 Increased safety.

Figure 18: Storage tank and vaporiser for liquid nitrogen Figure 19: PSA (pressure swing adsorption); ADSOSS®. 

4. Atmosphere generation, gas supply. 
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Figure 20: Cryogenic nitrogen production with CRYOSS® Figure 21: Different supply forms for hydrogen: a) cylinder bundle, b) hydrogen tube trailer,  
c) hydrogen on-site steam reformer, d) liquid hydrogen truck

Nitrogen supplied in the liquid form has a high purity, with typical 
contamination	levels	of	O₂	+	H₂O	at	5	ppm.	Liquid	supply	is	common	for	
flows from 10 to 100 and up to 200 m³/h. The liquid nitrogen is supplied 
by truck to the liquid nitrogen storage tank at the manufacturing plant 
(Figure 18). The liquid nitrogen form of supply has the advantage that 
the amount of nitrogen supplied to the furnaces can be varied within 
wide limits. The user consumes only the amount needed at any given 
time.

ECOVAR® is a family of on-site production units supplied by Linde Gas. 
Nitrogen produced using the PSA (pressure swing adsorption) technique, 
Figure 19, has a purity of 99 to 99.99%. Flow rates from 10 to 1500–
2000 m³/h can be accommodated. Nitrogen produced at the customer 
site using the membrane technique, Figure 19, has a purity of 90–99%. 
Flow rates from 5 to 1000 m³/h can be accommodated.

Cryogenic on-site production (see Figure 20) yields high-purity nitrogen, 
typically with 5 ppm oxygen and moisture content. It is available for total 
flow rates from 250 to 1500–2000 m³/h.

On-site production equipment is normally combined with a liquid 
nitrogen tank supply. This extra supply is for back-up purposes and to 
meet peaks in demand that cannot be met with gas from the on-site 
unit.

Argon is supplied either as gas in cylinders or as liquid in a tank similar 
to the nitrogen tank shown in Figure 18. Purities are the same as for the 
corresponding	nitrogen	supply	methods;	5	ppm	of	O₂	+	H₂O	for	liquid	
supply.

a) b)

c) d)

Hydrogen can be supplied by:

1. Gaseous delivery from cylinders or cylinder bundles
2. Tube trailer
3. On-site production by electrolysis of water, steam reformation of 

natural gas, ammonia dissociation or methanol dissociation
4. Liquid hydrogen supply 

Examples of different supply methods for hydrogen are shown in 
Figure 21.

4.2 Endothermic gas, methanol, ammonia and enriching 
gases

Endothermic	gas	has	been	extensively	used	as	the	source	of	a	CO/H₂ 
atmosphere. The shortcomings of endothermically generated gas with 
respect to carbon control are explained in Section 5.1.4. By diluting 
endothermic gas with nitrogen, these shortcomings can be limited. 
There is an alternative generation technique that will also limit 
the shortcomings. A stream of membrane nitrogen with an oxygen 
concentration in the range 1–5 vol% is reacted with hydrocarbons over 
a catalyst in a reaction chamber similar to that used for endothermic gas 
generators. The oxygen reacts with the hydrocarbon and forms carbon 
monoxide and hydrogen, but in limited amounts. The remainder of the 
atmosphere is nitrogen.

A	CO/H₂	atmosphere	can	also	be	produced	by	in-situ	cracking	of	
methanol according to the reaction:

CH₃OH	→	CO	+	2H₂
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Acetylene used in vacuum carburising is supplied in special cylinders 
that ensure safe handling.

Safety instructions with respect to handling, storage, supply and use 
must be followed for all gases. Appropriate safety data sheets can be 
obtained from Linde Gas.

4.3 Examples of supply solutions

Figure 22 shows two different options for nitrogen/hydrogen 
installations, the first with separate individual mixing panels for each 
furnace and the second with the same premix of nitrogen/hydrogen 
supplied to several furnaces. Hydrocarbons may be added for carbon 
potential control.

Figure 23 shows an example cylinder supply for both carbon monoxide 
and hydrogen. Dissociated methanol and endogas are alternative 
sources	for	CO/H₂	supply.	As	for	the	nitrogen/hydrogen	installation,	
hydrocarbons may be added for carbon potential control.

4.4 Atmosphere flow rate and flow configuration

The amount of gas supplied to the sintering furnace should be sufficient 
to create a gas flow rate that limits the ingress of oxygen (air) at furnace 
entry and exit. This critical flow rate increases with:

•	 Increased belt loading
•	 Increased entry and exit opening areas
•	 Increased sintering temperature
•	 Draughts created by open doors, windows, fans, etc.
•	 Increased exhaust draught

By mixing cracked methanol with nitrogen, it is possible to produce 
a	wide	range	of	N₂/CO/H₂	compositions	such	as	those	obtained	by	
endothermic gas, exothermic gas or monogas generators. Methanol 
should be introduced into the furnace at a place where the temperature 
exceeds 800 °C (1472 °F). At lower temperatures, other cracking 
reactions	may	produce	unwanted	by-products	–	CH₄,	CO₂,	H₂O	and	soot.	
The cracking of methanol can be improved by disintegrating the liquid 
methanol stream into droplets by the use of a special atomising spray 
nozzle or by the use of a methanol vaporiser. Methanol is supplied in 
liquid form and stored in steel tanks.

Enriching gas for carbon potential control may be natural gas or propane. 
Natural gas, when available, is supplied directly via a natural gas 
pipeline network. Propane is delivered in cylinders or cylinder bundles 
for small or moderate requirements, and in tanks for large consumers.

Propane liquefies at relatively low pressure, which means that the gas is 
mainly in liquid form in the cylinders or the tanks.

Ammonia	may	be	used	for	production	of	a	25%	N₂/75%	H₂	atmosphere	
by thermal cracking over a catalyst according to the reaction:

2NH₃	→	N₂+3H₂

This atmosphere is normally diluted with nitrogen to a hydrogen 
concentration of the order 5 to 15 vol%. Ammonia is also used as the 
nitrogen source for carbonitriding, nitriding and nitrocarburising.

Ammonia is, as for propane, delivered in cylinders or cylinder bundles 
for small or moderate needs, and in bulk for large consumers. Ammonia 
also liquefies at relatively low pressure with the same consequences as 
for propane.

a)

b)

Figure 22: Nitrogen/hydrogen installations with a) gas mixing at each furnace and  
b) a premixed gas for all furnaces

Figure 23: Gas installation with nitrogen, hydrogen and carbon monoxide
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the CARBOJET® lance (see Section 3.2) this problem is counteracted, 
improving gas circulation and mixing.

The volume of gases that leave at the entry and exit, and possibly 
through the exhaust duct and leaks, is determined by the pressure 
differential between the front and rear of the furnace. Figure 25 
shows this for a typical continuous sintering furnace. In order to avoid 
atmosphere degradation from air entering the furnace, it is important 
to ensure that there are no draughts e.g. from doors into the workshop 
close to the furnaces.

The amount of gas required for sintering is approximately 0.3–0.5 m³/kg 
 of sintered steel. This means that the gas flow rate required is of the 
order of 25 to 100 m³/hour for typical furnaces and furnace loads.

When starting up a new furnace or when changing atmosphere 
composition, it is essential to allow sufficient furnace volumes of gas 
and sufficient time for proper conditioning. For a new furnace or a 
furnace that has been on standby for a long time, humidity trapped 
in the furnace ceramics has to be dried out. This drying procedure can 
be shortened if there are valves along the furnace that allow efficient 
atmosphere purging.

Gas analysis profiling along a sintering furnace is a way to evaluate the 
flow configuration and to ensure that it is correct. Figures 26a and 26b 
show examples of analysis profiles. Good and bad atmosphere conditions 
for sintering of Astaloy CrL and CrM are shown. Flow modelling is another 
tool that can help optimise gas inlet design and the amount of gas used 
at the different inlet positions. Some examples of such simulations are 
given in Section 3.2.

Figure 24 shows where atmosphere leakage can occur around a furnace 
door.

It is recommended that the atmosphere flow used is slightly more than 
the minimum flow required to maintain stable atmosphere conditions. 
When using physical curtains in order to reduce the amount of oxygen 
ingress, they should be placed as close as possible to muffle openings. 
Curtains placed at the exit end will limit air inflow and assist in directing 
flows towards the entry.

Not only the flow rate itself, but also the flow configuration is of 
importance. The main atmosphere supply is normally made at the 
interface between the hot sintering zone and the cold cooling zone. 
In this way, the risk of delubrication gaseous products from the 
preheating zone degrading the sintering zone atmosphere is minimised. 
Hydrocarbons diluted by nitrogen must be injected directly in the 
sintering zone. Proper atmosphere flow direction is very important in 
order to avoid penetration of the hydrocarbons into the cooling zone 
where it could form soot or cause oxidation. If an oxidising atmosphere, 
e.g. humidified nitrogen, is used, it should be supplied directly into the 
delubrication zone. Extra nitrogen may be supplied into the cooling 
zone to ensure that the oxygen concentration is low enough to avoid 
oxidation.

With proper atmosphere inlet locations and injector design, it is possible, 
to some extent, to create an atmosphere profile suitable for the different 
steps (delubrication, sintering and cooling).

In a normal sintering furnace, there are no atmosphere circulation fans 
that help to create an even atmosphere composition. So there is a risk 
that the atmosphere composition will vary between different positions, 
for instance, between the top and the bottom of part loads. By installing 

Figure 24: Schematic illustration of areas of atmosphere leakage at furnace door [19] Figure 25: Flow out of the entry as a function of the pressure difference between front 
and rear of the furnace [19]
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Figure 26: CO and dew point profiles along a sintering furnace showing a) good and b) poor conditions. Dew point requirements were –28 °C (–18 °F) for Astaloy CrL and –32 °C 
(–26 °F) for Astaloy CrM in N/H₂ atmospheres with 3.7 and 2.7 vol% H₂ respectively at the sintering temperature 1120 °C (2050 °F). Please observe the different scales for dew 
point [20]
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In continuous mesh belt furnaces, there is inter-zonal atmosphere flow 
and intermixing between the different zones. It may be understood, 
therefore, that fulfilling the requirements of the different sintering 
steps will require a compromise solution prioritising critical functions. 
In furnaces with doors between zones, e.g. in pusher furnaces or in 
vacuum batch furnaces, it is easier to adapt the atmosphere solution 
to the different steps. Proper atmosphere control will lead to sintered 
parts having the right mechanical properties, dimensional accuracy and 
surface appearance.

5.1 Theory and principles

5.1.1 The delubrication – preheating step
The green body entering the sintering furnace typically contains 
0.5–1.5 wt% lubricants, the most widely used being zinc stearate and 
ethylene bis stearamide (EBS), the latter commonly known by the trade 
name Acrawax. When added to the powder, the lubricant particles 
are	spherical	with	a	typical	mean	diameter	of	10–30	μm	[21].	During	
pressing, a fluid lubricant film is formed between powder particles which 
then sets again on ejection from the die. This lubricant film has to be 
eliminated during the heat-up in the first zone of the sintering furnace. If 
not removed, the lubricant will decompose and leave carbon in the form 
of soot inside the sintered body, thus detrimentally affecting strength 
and toughness.

The sequence of events leading to lubricant removal is as follows: 
melting, vapour formation, vapour transport by convection and diffusion 
through the pores, pyrolysis, possibly oxidation or hydrogenation of 
vapour species, and finally transport of the vapours out of the furnace 
with the help of the atmosphere flow in the furnace.

The basic requirements of sintering atmospheres with respect to oxygen 
and carbon control are the same as those for controlled atmospheres for 
heat treatment. These requirements and principles are explained in other 
Linde Gas Expert Editions [18, 26, 71, 81] and will therefore only be 
summarised here. The special requirements for sintering atmospheres, 
partly illustrated in Figure 27, are:

•	 Efficient delubrication/dewaxing during preheating
•	 Oxide reduction at the sintering temperature
•	 Prevention of oxidation during cooling
•	 Control of carbon content at sintering temperature as well as during 

cooling 

Sometimes there is a separate zone for carbon restoration to compensate 
for decarburisation in the high temperature sintering zone as indicated 
in Figure 27. However, that is, in a way, a compensation for inefficient 
carbon control during the sintering step and should preferably be 
eliminated by proper carbon control in the sintering zone step (see 
Section 5.7).

For efficient lubricant removal during heating, the atmosphere must 
vaporise the lubricant and transform the lubricant vapours into species 
that can easily be purged out of the furnace. In the high temperature 
sintering zone, the atmosphere should be reducing with respect to 
the surface oxides that may cover the powder particles. This will 
improve diffusion bonding between the particles. In the cooling 
step, the atmosphere should ensure that no re-oxidation occurs and 
help to transfer heat in order to achieve the required cooling rate. 
At temperatures below 800 °C (1472 °F), the risk of soot formation 
according	to	the	Boudouard	reaction,	2CO	→	C	(soot)	+	CO₂,	must	be	
avoided.

5. Atmosphere control.

Figure 27: The atmosphere functions in a sintering furnace
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during heating shows that the peak concentrations of the different 
vapours are moved to higher temperatures with increased heating rate. 
A heating rate that is too high can lead to the lubricant vapours flowing 
out from the pores of the green compact to decompose and deposit 
carbon as soot, graphite or polymeric carbon residues on the surfaces 
of the parts. The pore system would then become plugged, leading to 
a pressure increase from contained vapour. In the worst case, this can 
cause cracks, blisters or deformation of the PM body. This risk increases 
with increased green density of the compact because the fraction of 
pores that are filled with lubricants will be higher.

The fraction of pores filled with lubricant is nearly saturated for green 
densities in the range 7.4 to 7.5 g/cm³ [21]. Rapid heating of such 
saturated pore structures may cause volcanic eruptions, as vapour is 
formed beneath the porous surface. An open pore system will favour 
successful delubrication. The delubrication must therefore be completed 
before actual sintering starts as the degree of open porosity will 
otherwise decrease and retard delubrication.

There are conflicting reports as to whether the most efficient 
delubrication is obtained in oxidising, humidified atmospheres, or in 
reducing, dry hydrogen atmospheres. First, some results supporting 
the reducing atmosphere approach are presented followed by some 
supporting the oxidising atmosphere approach.

Figure 29 shows thermo-gravimetric measurements for the weight loss 
during delubrication of a stainless steel green PM body in different 
atmospheres. It shows that air is effective up to about 500 °C (930 °F), 
but above that temperature there is a weight increase caused by 
oxidation of the PM compact. Delubrication in neutral nitrogen is, 
according to the thermo-gravimetric data, less effective than air up to 
500 °C (930 °F), but more effective above that temperature because 
oxidation and resultant weight increase is inhibited. A weight increase 

For proper removal to occur, the following requirements need to be 
fulfilled:

•	 A slow heating rate in the temperature range 400–600 °C  
(750–1110 °F)

•	 An atmosphere composition chosen so that lubricant vapour species 
are reacted into species that are volatile and can be purged out of the 
furnace

•	 An atmosphere flow direction set so that lubricant vapour products 
are effectively removed from the furnace at the entry

•	 An atmosphere flow velocity towards the entry that is high enough to 
efficiently transport vapours away and to avoid any stagnant vapour 
layer forming at the part surfaces 

In a statistical study, it was found that the major factor influencing 
delubrication was the heating rate. Atmosphere composition (humidity, 
hydrogen content) was found to be the second most important factor, 
and gas flow rate the least important [22-23].

Figure 28 shows that the major pyrolysis products of an EBS lubricant 
during	heating	in	dry	95%	N₂/5%	H₂	atmosphere	are	carbon	dioxide	and	
hydrocarbons	with	strong	H-C	bonds	(CH₂,	CH₃3).	Minor	products	are	CO,	
NH₃,	CH₄	and	C₂H₂.	The	maximum	vapour	concentrations	occur	at	about	
450 °C (840 °F). Higher temperatures, in the range 700–850 °C (1290–
1560 °F), are required to completely vaporise zinc stearate.

The carbon-containing lubricant vapours are stable up to about 600 °C 
(1110 °F). Above that temperature, the vapours will decompose into 
carbon that may deposit as soot on parts and/or on furnace interior 
surfaces. It is therefore essential that the heating rate is moderate in 
order to completely vaporise the lubricant before the temperature at 
which soot is deposited is reached. There must also be long enough time 
for vaporisation to be completed. Analysis of the vapour concentrations 

Figure 28: Pyrolysis products during heating of EBS lubricant in 95% N₂/5% H₂ [24]
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delubrication	both	in	dry	and	humidified	95N₂/5H₂	atmospheres	and	
found, contrary to the findings of Phillips, that there was no appreciable 
effect on the delubrication. However, they found that the carbon 
monoxide maximum appearing at a temperature of about 800 °C 
(1470 °F), as shown in Figure 30, doubles in magnitude in the presence 
of water and is shifted to a slightly higher temperature. This carbon 
monoxide maximum is the result of oxidation of carbon in the presence 
of water vapour and shows that water vapour plays a role in reactions 
with the lubricant vapours. Baum et al also tested delubrication in pure 
nitrogen and found a big difference compared to delubrication in a 
hydrogen-containing atmosphere. The second carbon monoxide peak 
(Figure 30) appeared for nitrogen at about 725 °C (1340 °F) compared to 
850 °C (1560 °F) for nitrogen/hydrogen and reached a level one order 
of magnitude higher than for nitrogen/hydrogen.

Despite these findings, it is a common practice to use oxidising 
atmospheres in the delubrication step. Amongst others Nayar [29], 
Madsac [30] and Saha [22-23] claim that humidified oxidising 
atmospheres, produced, for instance, by bubbling a nitrogen stream 
through a heated water bath, result in efficient delubrication. The 
oxidising delubrication atmosphere will oxidise the carbon in the 
lubricant	hydrocarbons	into	carbon	dioxide	(CO₂)	and	carbon	monoxide	
(CO)	and	the	hydrogen	(H₂)	into	water	vapour	(H₂O).	Air	or	oxygen	
gives less good delubrication results partly due to the risk of excessive 
oxidation of the powder. The lubricant vapour will, together with the 
oxidising atmosphere, where oxygen is in air or water vapour or carbon 
dioxide, combust with a resulting temperature increase.

The oxidising approach has been applied by several furnace 
manufacturers who have developed systems that inject a fuel gas and 
air into special burners located in the delubrication zone. The combustion 
both generates heat and produces an oxidising atmosphere. Lubricant 
vapours as well as the reducing atmosphere components, hydrogen and 

is registered above approximately 900 °C (1650 °F). This is caused by 
nitrogen pick-up in the stainless steel. By using inert argon, that nitrogen 
pick-up is avoided, but the delubrication effect in argon is inferior to 
that in nitrogen at temperatures below that where nitriding occurs in 
nitrogen. For regular steels, the nitrogen pick-up will not occur. 

According to the thermo-gravimetric data, the use of pure hydrogen 
produces the best delubrication effect. (This is analogous to experience 
in lubricant removal from the surface of steel strip coils during annealing 
[26].) That reducing hydrogen atmospheres give the best delubrication 
is supported by results from studies by, amongst others, Phillips and 
Renowden [25, 27, 28]. Comparing two lubricants, Phillips found that 
less hydrogen was required for complete delubrication of Acrawax than 
for	delubrication	of	zinc	stearate,	15%	H₂	compared	to	50%	H₂,	and	lower	
temperature, 550 °C (1020 °F) compared to 850 °C (1560 °F) [25].

Suggested reasons for the beneficial effect from hydrogen are:

•	 Its small molecule can easily enter small pores and hydrogenate the 
C-H bonds in the lubricants, thereby improving volatilisation and 
removal of the binder.

•	 Its thermal conductivity is the highest of all gases and this leads to 
faster heat transfer at the surface/atmosphere interface and 
improved heat conductivity within the PM body. This explanation is 
supported by the fact that helium, with similar physical properties to 
hydrogen, yields about the same delubrication at low temperatures 
[25]. 

Phillips reported that in delubrication tests of Acrawax with nitrogen/
hydrogen atmospheres, humidity had a negative effect [25]. It was 
found that for an addition of 1% water vapour, a hydrogen concentration 
of 30% was required, whereas for a dry atmosphere only 15% hydrogen 
was required for efficient lubricant removal. Baum et al [24] tested 

Figure 29: Weight changes during heating in different atmospheres for a stainless 
steel PM body containing an organic lubricant [25]

Figure 30:Product emission profiles of pyrolysis products between 200 °C (390 °F) and 
850 °C (1560 °F) in a dry 95% N₂/5% H₂ atmosphere [24]
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It is recommended that 90% of the gas flow should exit at the furnace 
entry with the remaining 10% flowing out of the exit from the cooling 
zone [32]. The point in the preheat zone where lubricant removal is 
complete changes with loading, size of parts, belt speed, part geometry, 
lubricant type, lubricant amount and green density. Although not 
industrially applied, it would be possible to develop a system that 
monitors the delubrication sequence. It could be incorporated into a 
closed loop atmosphere control system that would respond to variations 
in delubrication caused by the different influencing factors. Oxygen 
probe and carbon dioxide analysis has been shown to precisely monitor 
the delubrication process as shown in Figure 32. The oxygen analysis 
results shown in Figure 32 were found using a heated oxygen probe 
positioned in an external heated cabinet. The drastic drop in oxygen 
concentration at about 300 °C (570 °F) is caused by the reaction 
between hydrocarbon vapours from delubrication and oxygen in the 
oxygen probe cabinet. One possible such reaction is: 

2CH₄	+4O₂	→	2CO₂	+4H₂O

The oxygen profile in Figure 32 is therefore the inverse of the profiles 
of the carbon- and hydrocarbon-containing species, especially of 
hydrocarbons. This is in agreement with the carbon dioxide profile in 
Figure 30 and with other suggestions for controlling the delubrication 
step	by	analysis	of	alternatively	H₂	and	CO,	of	CH₄,	or	of	CO₂	combined	
with CO and C-H analysis [24, 33].

carbon monoxide, flowing out of the sintering zone will be heated and 
oxidised. The combustion creates an intense gas circulation which helps 
to purge the lubricant vapours out of the furnace, and the temperature 
increases to approximately 600 °C (1110 °F). This technique is called 
“rapid burn off” (RBO) and is claimed to have the advantage that the 
length of the delubrication furnace zone can be reduced. One such 
system contained in a separate module connected to the furnace entry is 
the ADS system manufactured by Gasbarre Products Inc. shown in Figure 
31. QDP, Quality Delube Process, or LBT, Lubricant Burner Technology, 
and CAT-Dewax, a system with an in-situ catalytic combustion chamber, 
are similar systems marketed by Abbot Furnace Company and Cremer 
Furnaces respectively. It is claimed that all the oxygen will be bound 
as carbon monoxide, carbon dioxide and water vapour, thus no free 
oxygen is present and therefore oxidation of the PM part will be limited 
[29, 31]. The RBO technique was developed for sintering in endothermic 
or exothermic generator-based atmospheres but is also applied for 
nitrogen/hydrogen atmospheres.

In practice, a disadvantage with the RBO technique is that some 
oxidation of the PM part will occur. This is less detrimental for steels 
having alloying elements forming oxides that are fairly easily reduced in 
the later sintering stage. A second drawback with the RBO technique is 
that there is a risk that the atmosphere composition in the sintering zone 
will be degraded by mixing between the delubrication and sintering 
atmospheres. This will negatively affect carbon control, especially 
for lean nitrogen/hydrogen sintering atmospheres that have limited 
buffering capacity.

In many, probably most, sintering installations, there is no special, 
separately controlled, atmosphere composition in the delubrication 
zone, but one with essentially the same composition as the one in the 
sintering zone.

Figure 31: Sintering line with the integrated ADS – Accelerated Delube Station, seen as the second left module in the picture (courtesy of Gasbarre Products Inc.)
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5.1.2 The sintering – hot zone step
After leaving the delubrication/preheating zone, the PM parts enter the 
sintering/hot zone. Here a strongly reducing atmosphere is required that 
removes oxides and facilitates the bonding of powder metal particles. 
Hydrogen is the most powerful reducing gas, but carbon monoxide (CO) 
is also a reducing gas. Carbon control is an important requirement in the 
sintering step in order to reach quality requirements regarding strength, 
ductility and dimensions. These requirements of the atmosphere are 
quite different from those for the delubrication step.

Table 4. Atmosphere constituents and their action

Reactive gases Neutral or 
inert gases

Reducing 

H₂
CO

Oxidising 

H₂O
CO₂
O₂

Carburising 

CO
CnHm

Decarbur-
ising
H₂O
CO₂
O₂

 
N₂
Ar
He

The control of atmospheres for heat treatment, such as annealing, 
hardening and carburising, is based on thermochemical equilibrium with 
respect to carbon and oxygen activities and does not generally take 
the kinetic reaction rates between gaseous components into account. 
In sintering, there are a number of conditions that make the use of the 
equilibrium approach difficult:

1. The varying temperature profile throughout the furnace results in 
varying carbon activities and oxygen potentials in the atmosphere 
along the furnace.

2. Vaporisation and oxidation of lubricants in the delubrication zone will 
create gases that may degrade the atmosphere composition in the 
sintering zone.

3. Admixed graphite reacts with the atmosphere.

4. The local gas composition within a pore of the compact differs from the 
composition out in the free atmosphere (partly as a result of reactions 
according to point 3).

5. Sintering furnaces normally have no forced gas circulation as may be 
found in, for instance, carburising furnaces. This means that there are 
local variations in gas composition at different points inside the furnace 
due to incomplete gas mixing.

Because of these factors, it is common to use low-reactive atmospheres 
for sintering (see Table 4). Low-reactive means an atmosphere with such 
a low content of reactive components, such as carbon monoxide, carbon 
dioxide and hydrogen, that reaction rates for carburising/decarburising 
and oxidation/reduction are limited. An example is the carburising 
reaction:

CO	+	H₂	→	C	+	H₂O

Here the reaction rate is proportional to the product of the partial 
pressures of hydrogen and carbon monoxide. Decarburising, according 
to the reverse reaction, is, in the same way, proportional to the 
amount of water vapour. By keeping low atmosphere concentrations of 
carbon monoxide and hydrogen, it is therefore possible to reduce the 
carburising rate. By the same principle, the decarburising rate can be 
minimised by minimising the water concentration in the atmosphere.

Figure 32: Oxygen and carbon dioxide profiles during delubrication in a dry nitrogen 
atmosphere

Figure 33: A schematic illustration of the atmosphere composition at the surface and 
inside a PM body consisting of iron (blue circles) and graphite (black circles)
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A disadvantage with atmospheres with low concentration of reactive gas 
is a poor buffering capacity. This means that imbalances caused by air 
or lubricant vapour ingress into the furnace atmosphere are not levelled 
out as well as they would be in an atmosphere with large amounts of 
reactive gas.

The delubricated body entering the hot sintering zone of the furnace is 
not chemically homogenous. For mechanically alloyed powders, the alloy 
composition varies and will change during sintering (Figure 5). Carbon, 
initially present as discrete particles of admixed graphite, will fairly 
quickly be evenly dissolved in the iron powder particles (Figure 5).

There is atmosphere interaction both at the surface of the PM body 
and locally between pore atmosphere and powder particle surfaces. As 
illustrated in Figure 33, at the beginning of the sintering step there will 
be a difference between local pore and the global outside atmosphere 
before the graphite has been consumed and adhered oxygen and 
metal oxides have been reduced. Later, during the sintering stage, this 
composition difference will diminish due to mixing by convection and by 
gaseous diffusion, so long as there is open porosity.

Open porosity means that the pores are connected by open channels 
through which gas can migrate within the PM body. The opposite, closed 
porosity, means that the pores are closed with no connections between 
them. The degree of closed porosity increases with increased density. 
Open porosity is evident below a density of about 7.2 g/cm³ (relative 
density 92%), see Figure 34. During the sintering process, the degree of 
closed porosity will increase and open porosity will decrease accordingly.

5.1.3 Oxidation control
By removing the surface oxides on the powder particles, the mass 
transport by diffusion across particle contact areas is facilitated, 
leading to faster and more efficient sintering. The general principles 
of atmosphere oxidation control are covered in other Linde Gas Expert 
Editions [18, 26, 72]. Here, the focus will be on the special requirements 
in sintering.

Reduction of oxides can take place in the presence of hydrogen or via 
reactions with carbon or carbon monoxide according to the reactions:

MeO	+	H₂	→	Me	+	H₂O	 1

MeO	+	C	→	Me+CO	 2

MeO	+	CO	→	Me+CO₂	 3

MeO and Me denote the metal oxide and metal respectively in question. 
The equilibrium condition for reaction 1 is expressed by the equilibrium 
constant for that reaction:

K1 = aMe/aMeO	•	PH₂O/PH₂

where “a” denotes the activities of the metal, Me, and the metal 
oxide,	MeO,	and	“P”	is	the	partial	pressures	of	water	vapour,	H₂O,	and	
hydrogen,	H₂,	respectively.	(At	atmospheric	pressure,	P	is	obtained	from	
the atmosphere concentration expressed in vol% divided by 100.) For 
pure metals and metal oxides, the activities aMe and aMeO can be set 
approximated to unity (=1).

Accordingly, the expression for K1 is simplified to:

K1 =PH₂O/PH₂

Figure 34: Open and closed porosity as a function of density [35]
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All the results obtained either by computer program or from the 
Ellingham diagram should be treated with caution, particularly at low 
temperatures, as they are equilibrium data and do not take reaction 
kinetics into consideration.

Alternative diagrams showing the relationship between temperature 
and equilibrium oxygen partial pressure and the corresponding PH₂O/
PH₂ ratio are shown in Figure 36. Note that the equilibrium metal/metal 
oxide oxygen potential and corresponding ratios, PH₂O/PH₂, PCO₂/PCO, are 
lowered with lowered temperature. Thus, from the chemical equilibrium 
perspective, the hydrogen concentration has to be increased (PH₂O/PH₂ 
ratio is decreased) for oxide reduction to occur.

The reducing power of the atmosphere is increased with lowered PH₂O/PH₂ 
ratio. This ratio is related to the so-called atmosphere oxygen potential 
through the reaction:

H₂	+	½O₂	=	H₂O	 4

with the equilibrium constant:

K4=PH₂O/PO₂
1/2

Consequently, PO₂ can be expressed as:

PO₂=PH₂O/PO₂
1/2

PO₂= 
1
K₄

² 
× (PH₂O/PH₂)²

Similarly, the oxygen potential can be related to the PCO₂/PCO ratio using 
the equilibrium:

CO	+	½O₂	=	CO₂	 5

with the equilibrium constant:

K5=PCO₂/PCO₂×PO₂
1/2

giving: 

PO₂= 
1
K₄

² 
× (

PCO₂

PCO
)²

The equilibrium constants K1, K2, etc. are temperature-dependent (for 
quantitative expressions see the Appendix in reference [25]. Oxygen 
equilibrium partial pressure, PO₂, as well as the corresponding ratios, 
PH₂O/PH₂, PCO₂/PCO, are therefore also functions of the temperature. Today, 
computer programs are increasingly used to determine these ratios 
instead of the Ellingham (or Richardson) diagram used earlier. However, 
to enhance understanding, a description of the use of the Ellingham 
diagram is given in Figure 35.

The Ellingham diagram has a line for each metal/metal oxide. For 
points above that line, the atmosphere is oxidising and would result in 
metal oxidation. For points below the line, the atmosphere is reducing 
and the metal stays oxide-free and/or oxides are reduced. The Fe/
FeO equilibrium at 800 °C (1470 °F) (indicated by the vertical dotted 
line) is used as an example. The oxygen partial pressure for the Fe/FeO 
equilibrium is determined by drawing a line from the point marked O 
(for oxygen) at the upper left corner of the diagram through the Fe/FeO 
line at 800 °C (1470 °F). The oxygen partial pressure PO₂ is determined 
to be about 10–18 atm at the intersection of this line with the axis to the 
far	right	in	the	diagram.	In	a	similar	way,	the	H₂/H₂O	ratio	is	determined	
by drawing a line from the point H (for hydrogen) to the left in the 
diagram	to	its	intersection	with	its	line	and	for	determining	the	CO/CO₂	
ratio from the point C (for carbon) to the intersection with the respective 
line to the right. The ratio determined for the Fe/FeO equilibrium at 
800	°C	(1470	°F)	is	about	equal	to	1.0	for	both	the	H₂/H₂O	and	the	CO/
CO₂	ratios.

Δ

Figure 35: Ellingham diagram showing metal oxide equilibrium as function of 
temperature and of 1) oxygen partial pressure, PO₂, and the ratios 2) H₂/H₂O and 
3) CO/CO₂ respectively [36]
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0.07 wt% oxygen is found to be bound in this way for Astaloy CrM 
powder [39].

Additional	oxygen	is	bound	in	higher,	more	stable	oxides	like	Cr₂O₃	and	
MnO. The morphology and thickness of these oxides depend on the alloy 
composition and how the powder was produced. For water-atomised 
powders, the thickness of the oxide layer increases with increased 
particle size. This is because cooling rate from atomising temperature is 
lowered with increased particle size. 

Figure 37 shows experimental determinations of water vapour 
concentrations during heating of a PM steel specimen in a hydrogen 
atmosphere. With increased hydrogen concentration, the water vapour 
concentration increases as the degree of oxide reduction increases with 
increasing hydrogen concentration according to the reaction:

MeO+H₂	→	Me+H₂O

In order to avoid oxidation, the atmosphere oxygen partial pressure must 
be adjusted depending upon the alloy contents in the powder. Figure 36 
shows that copper, a fairly noble metal with high resistance to oxidation, 
oxidises at rather high oxygen partial pressures. Nickel is somewhat 
more resistant to oxidation than iron. Chromium and manganese 
oxidise at extremely low oxygen partial pressures. The demands on the 
atmosphere with respect to reducing power are therefore increasing in 
the	order:	copper	→	nickel	→	iron	→	chromium	→	manganese.

The	oxygen	partial	pressure,	PO₂,	can	be	measured	with	an	oxygen	
probe that produces an electric voltage that is directly related to the 
partial pressure. Alternatively, it can, as described earlier, be determined 
from the PH₂O/PH₂ or the PCO₂/PCO ratios, in the first case by using a dew 
point analyser for measuring PH₂O and a hydrogen analyser for PH₂, in the 
second case using infrared analysers for measuring PCO₂ and PCO.

PM steel powders contain higher oxygen concentrations than wrought 
steels. The oxygen is present both in surface oxides on the powder 
surfaces and as internal oxides within the powder particles. Typical 
total oxygen concentrations are of the order 0.10–0.15 weight percent. 
Most of that oxygen is typically bound as surface oxides, as an example 

Figure 36: Relationship between a) oxygen partial pressure (atm) and temperature for metal/metal oxide equilibrium for selected metals calculated with Thermo-Calc [37] and 
b) the PH₂O/PH₂ ratio as a function of PO₂ calculated with the help of the FERRONOVA® homepage [38]
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The relative amount of reducing gas determines the buffering capacity 
of the atmosphere. Buffering is the ability of the atmosphere to even 
out the negative effect of oxygen on the atmosphere oxygen potential. 
Higher concentrations of reducing gas lead to a higher buffering 
capacity. In Table 5 this is illustrated by a few examples of maximum 
permitted oxygen concentrations for avoiding formation of oxides in 
atmospheres with different hydrogen concentrations. In practice, the 
dew points indicated in Table 5 for copper can be achieved at both high 
and low hydrogen concentrations. However, the dew point required for 
chromium at the low hydrogen concentration is not possible to achieve 
and even the dew point required for 100% hydrogen is difficult to reach 
in practice.

It is commonly quoted that a given dew point is required to avoid 
oxidation, but, as illustrated in Table 5, there is a critical dew point 
for every hydrogen concentration. As an illustration, consider a 100% 
hydrogen atmosphere with a dew point of –40 °C (–40 °F). This 
atmosphere is reducing to chromium oxide at around 900 °C (1650 °F), 
but to manganese oxide not until about 1200 °C (2190 °F). The reducing 
power of that atmosphere can be expressed by the ratio PH₂/PH₂O where 
PH₂	in this case is about equal to one and PH₂O is, from a dew point table, 
found	to	be	1.25•10-4, thus giving:

PH₂/PH₂O	=	1/(1.25	•	10
–4) = 8000

If that atmosphere is diluted with 99 vol% nitrogen, the reducing power 
will be reduced to:

PH₂/PH₂O	=	(1	–	0.99)/1.25	•	10
–4 = 80

This means that the reducing power is reduced by a factor of 100 and 
the diluted atmosphere cannot be used for sintering of alloys containing 
chromium, manganese, etc.

The importance of the dew point/hydrogen relationship is further 
illustrated by the four diagrams in Figure 38. The diagrams show 
oxidation of different elements in 1, 5, 25 and 100% hydrogen. 
Oxidation will occur for combinations of temperature and dew point that 
lie above each curve in the diagram. As examples, lines are drawn for 
the dew point –50 °C (–60 °F) and temperature 1000 °C (1830 °F). If 
the	oxidation	of	Cr	to	Cr₂O₃	is	considered,	it	can	be	seen	that	only	the	
100%	hydrogen	atmosphere	will	be	significantly	reducing	to	Cr₂O₃	(the	
two	lines	cross	each	other	below	the	Cr₂O₃	curve).	The	25%	hydrogen	
atmosphere is borderline to being reducing (on the curve). 5% and 
1% hydrogen atmospheres will be oxidising (the lines cross each other 
above	the	Cr₂O₃	curve).

Figure 39 illustrates the dew point requirements for reducing conditions 
when sintering steels with three different chromium concentrations in 
nitrogen/hydrogen blends with different hydrogen content.

Graphite admixed to powders helps to reduce oxides as described by 
reactions 2 and 3. As graphite will be consumed in the reduction, the 
amount of graphite added must be greater than is needed simply to 
achieve the correct carbon content in the final sintered part. The surplus 
of graphite needed typically amounts to what would correspond to 

Table 5. Maximum permissible oxygen concentrations and 
corresponding dew points (in parenthesis) in the furnace atmosphere 
in order to avoid copper and chromium oxide formation at 850 °C 
(1560 °F) and 1120 °C (2050 °F) for two hydrogen concentrations. 
The dew point was determined assuming that all oxygen is bound in 
water vapour.

Hydrogen content, vol%
1% 100%

Oxide 

Cu₂O 
 
 

Cr₂O₃

at 850 °C, 
1560 °F
≈0.5	vol%	
O₂	(+7	°C,	
45 °F) 

0.16 ppm 
O₂	(–83	°C,	
–117 °F)

at 1120 °C, 
2050 °F
≈0.5	vol%	
O₂	(+7	°C,	
45 °F) 

2.3 ppm 
O₂	(–66	°C,	
–87 °F)

at 850 °C, 
1560 °F
≈0.5	
vol%	O₂	
(+100 °C, 
212 °F)
16	ppm	O₂	 
(-51 °C, -60 
°F)

at 1120 °C, 
2050 °F
≈0.5	
vol%	O₂	
(+100 °C, 
212 °F)
230	ppm	O₂	 
(–28 °C, 
–18 °F)

The oxide reduction temperatures in a hydrogen atmosphere depend on 
the type of oxide [40-44]:

 → Reduction	of	Fe₂O₃	starts	at	about	250°C	(480°F).
 → Above	700	°C	(1290	°F)	reduction	of	Fe₃O₄	as	well	as	of	(Fe-Cr)₃O₄	

mixed oxide is initiated.
 → Above 800 °C (1470 °F) reduction of FeO is initiated.
 → Above	1060	°C	(1940	°F)	reduction	of	Cr₂O₃	is	initiated. 

The reduction start-temperature increases with increased heating rate 
and, as shown in Figure 37, with decreased hydrogen concentration. 
Highly reducing atmospheres are required in order to reduce oxides in 
alloys containing chromium, molybdenum and elements like silicon and 
manganese with very low metal/metal oxide equilibrium pressures.

Figure 37: Water vapour concentration in the atmosphere during a sintering cycle for 
iron powder as a function of hydrogen concentrations in the atmosphere [40]
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Figure 38: Metal/metal oxide equilibrium as a function of temperature and the atmosphere moisture content expressed as dew point for different hydrogen concentrations 
(Calculated by Thermo-Calc [37])

Figure 39: Maximum allowed dew point of N₂/H₂ atmospheres when sintering chromium-containing materials at a) 1120 °C (2050 °F) and b) 1250 °C (2280 °F). Please observe 
the different scales for dew point [4, 20] 

–150

–100

–50

0

50

100

0 500 1000 1500 2000

–200

–150

–100

–50

0

50

100

150

200
500 1000 1500 2000 2500 3000 3500

De
w

 p
oi

nt
, °

C

De
w

 p
oi

nt
, °

F

Temperature, °C

Temperature, °F

–150

–100

–50

0

50

100

0 500 1000 1500 2000

–200

–150

–100

–50

0

50

100

150

200
500 1000 1500 2000 2500 3000 3500

De
w

 p
oi

nt
, °

C

De
w

 p
oi

nt
, °

F

Temperature, °C

Temperature, °F

–150

–100

–50

0

50

100

0 500 1000 1500 2000

–200

–150

–100

–50

0

50

100

150

200
500 1000 1500 2000 2500 3000 3500

De
w

 p
oi

nt
, °

C

De
w

 p
oi

nt
, °

F

Temperature, °C

Temperature, °F

–150

–100

–50

0

50

100

0 500 1000 1500 2000

–200

–150

–100

–50

0

50

100

150

200
500 1000 1500 2000 2500 3000 3500

De
w

 p
oi

nt
, °

C

De
w

 p
oi

nt
, °

F

Temperature, °C

Temperature, °F

CuO

SnO

TiO

MnO
ZnO

Fe2O3

Al2O3

SiO2

Cr2O3

Fe3O4

FeO

CuO

SnO

TiO

MnO

MgO

ZnO

Fe2O3

Al2O3SiO2

Cr2O3

Fe3O4

FeO

CuO SnO

TiO

MnO

MgO

ZnO

Fe2O3

Al2O3SiO2

Cr2O3

Fe3O4

FeO

CuO
SnO

TiO

MnOZnO

Fe2O3

Al2O3

SiO2

Cr2O3

Fe3O4

FeO

a) 1% hydrogen b) 5% hydrogen

c) 25% hydrogen d) 100% hydrogen

–70
–60
–50
–40
–30
–20
–10

0
10
20

–90
–70
–50
–30
–10
10
30
50
70

0 20 40 60 80 100

De
w

 p
oi

nt
 

°F °C 

% H2 in N2/H2 mix

Fe – 1.5Cr
Fe – 3Cr
316L

a) 1120 °C (2050 °F)

–50
–40
–30
–20
–10

0
10
20
30

–60

–40

–20

0

20

40

60

80

0 20 40 60 80 100

De
w

 p
oi

nt
 

°F °C 

% H2 in N2/H2 mix

Fe – 1.5Cr
Fe – 3Cr
316L

b) 1250 °C (2280 °F)



Sintering of steels36

0.15% C in the final sintered body. Reduction of oxides via reaction 
with carbon or carbon monoxide according to Reactions 2 and 3 are 
initiated at higher temperature than reduction with hydrogen. Iron oxide 
reduction with carbon monoxide is initiated at about 700 °C (1290 °F). 
Reduction of more stable chromium oxides is initiated at about 900 °C 
(1650 °F) with reduction maxima at 1000–1050 °C (1830–1920 °F) and 
1200–1250 °C (2190–2280 °F) respectively [45].

The reduction probably takes place via gas phase reactions such as:

C+H₂O	→	CO+H₂

CO+FeO	→	Fe+CO₂

Figure 40 illustrates oxidation reaction products during heating of PM 
compacts	in	90%	N₂/10%	H₂	atmosphere.	The	water	vapour	peak	at	
about 370 °C (700 °F) is caused by reduction of surface oxide with 
hydrogen, possibly also reduction of adhered oxygen. The carbon 
monoxide and carbon dioxide peaks at higher temperature are the result 
of reduction of metal oxides with carbon admixed into the powder. This 
indicates that a given amount of the admixed carbon is lost and will not 
be dissolved in the iron powder.

PM powder alloys often contain nickel and copper as major alloying 
elements as their oxides can be easily reduced. For cost reasons, 
chromium has been introduced as an alloying element to replace the 
costlier copper and nickel. By increasing the sintering temperature, the 
required oxygen partial pressure for reduction of the oxide is increased. 
Hence it is easier to create a reducing atmosphere at higher temperature. 
Figure 41 shows the calculated equilibrium oxygen pressure for 
oxidation of the chromium-alloyed Astaloy CrM powder. The graph also 
shows the equilibrium oxygen partial pressure for two atmospheres. 
Both atmospheres will be oxidising below, and reducing above, the 

temperature where the powder and the atmosphere curves cross, at 
approximately 1000 °C (1830 °F).

Silicon and manganese are two other cost competitive alloying elements 
that are also very sensitive to oxidation. For manganese, the sintering 
atmosphere oxygen partial pressure has to be even lower than for 
chromium	to	avoid	oxidation.	For	a	90%	N₂/10%	H₂	atmosphere,	a	dew	
point lower than –63 °C (–81 °F) is required at a sintering temperature of 
1120 °C (2050 °F) and lower than –58 °C (–72 °F) at 1200°C (2190 °F) 
[48].

In order to reach the very low oxygen potentials required to avoid 
oxidation of chromium, manganese and silicon, the atmosphere must 
consist	either	of	N₂/H₂	blends	with	low	dew	point	or	N₂/CO/(H₂)	blends	
with low carbon monoxide concentrations. It should be noted that 
the low ratios that are required to avoid oxidation of chromium and 
manganese, corresponding to oxygen partial pressures of approximately 
5•10–18	and	5•10–22	respectively	at	1120	°C	(2050	°F)	or	1•10–15 and 
2•10–19 respectively at 1250 °C (2280 °F), cannot be met with industrial 
quality endogas. It is therefore not possible to sinter chromium- or 
manganese-alloyed powders in endogas without causing oxidation.

Pre-alloyed powders with homogenous alloy concentration are less 
sensitive to oxidation than mixed powders with inhomogenous alloy 
concentrations [49].

A negative effect that can sometimes affect parts sintered in a high 
reducing power atmosphere is excessive shrinkage (see Table 6). 
Shrinkage will increase with increased hydrogen concentration in the 
atmosphere [4].

Metal powder that has been stored in a humid atmosphere will 
negatively affect the reducing potential of the atmosphere. More 
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Figure 40: Gas analysis in oxide reduction trials on specimens of Astaloy CrM+0.5% C 
upon slow heating in 90% N₂/10% H₂ atmosphere [46]

Figure 41: Variation of the equilibrium oxygen partial pressure of two atmospheres 
and of the reduction limit of Astaloy CrM with temperature [47]
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reducing gas, hydrogen and/or carbon monoxide, will be required in 
order to maintain the required reducing oxygen potential.

If the atmosphere is too reducing, it may reduce protective oxides on the 
belt material surface and belt links may weld together. Insulating brick 
oxide may also be reduced, resulting in a shortened service life.

5.1.4 Carbon control
Strength, ductility and properties such as shrinkage and machinability 
are to a great extent determined by the carbon content of the finished 
PM parts. It is not uncommon to have a ±0.3% C scatter in surface 
carbon concentration after sintering, which implies a wide variation in 
these properties. As a comparison, a scatter one order of magnitude 
lower, thus ±0.03% C, is typical for carburising of case hardened steels. 
Improved carbon control is therefore a major challenge for improving 
sinter steel properties and for increasing the usage of sintered 
components.

The graphite admixed with iron powders is the major source of carbon 
that will yield the final correct concentration. As stated above, the 
amount of graphite added is normally greater than that required just for 
the carbon control because the graphite contributes to the reduction of 
the oxygen content in the powder. A proper mixing ratio is a prerequisite 
for good results. The carbon transfer from graphite to the iron powder 
particles occurs partly by solid state diffusion initiated by the surface 
reaction at the contact points between graphite and iron particles.

Cgraphite	→	C(in austenite)

The number of graphite/iron particle contact points is limited, which 
limits the rate of the solid state transfer of carbon from graphite to the 
iron powder particles. It has been shown that the major mechanism 
for carbon transfer is gaseous transport by carbonaceous gases formed 

between graphite and atmosphere [50]. After transfer from the gas 
to the particle surfaces, the carbon diffuses into the particles to yield 
a homogenous carbon concentration. Possible reaction steps for the 
carbon transfer are:

Cgraphite	+	H₂O	→	CO+H₂

CO+H₂	→	C(in austenite)	+	H₂O

During heating, the iron powder is ferritic up to the temperature where 
ferrite transforms to the austenite phase. Ferrite has a very low solubility 
for carbon, which means that added graphite will be consumed by 
dissolution in ferrite only to a limited degree. Instead, the graphite is 
available to react with the atmosphere. When the ferrite to austenite 
transformation temperature is reached, the high solubility of carbon 
in austenite will, on the other hand, result in fast graphite dissolution. 
This is illustrated by Figure 42, which shows the profiles of carbon 
monoxide	(CO)	and	methane	(CH₄)	during	heating	of	Astaloy	CrM-0.45C	
in hydrogen atmosphere. Up to about 835 °C (1535 °F), the temperature 
for ferrite to austenite transformation, both concentrations increase, but 
above that temperature there is a drastic decrease.

The diffusion rate of carbon in austenite at a typical sintering 
temperature, 1120 °C (2050 °F), is so high that carbon gradients within 
the PM compact are almost levelled out to a carbon concentration 
corresponding to the carbon activity of the atmosphere. The extent to 
which equilibrium carbon concentration is approached by this diffusion 
will depend, among other things, on the dimensions of the PM compact. 
For larger objects, the time at sintering temperature may not be 
sufficient for diffusion to level out carbon concentration gradients.

However, during heating and cooling, carbon concentration gradients 
will be created because the carbon activity of the atmosphere will vary 

Table 6. Mechanical properties and dimensional change after sintering in 100% hydrogen for varying times and oxygen potentials [39]

Sintering temp.,  
°C (°F)
1130 (2070)
1130 (2070)
1130 (2070)
1165 (2130)
1165 (2130)

Time at sintering 
temp., min.
30
60
60
30
180

Atmosphere oxygen  
potential, PO₂, atm
3•10–25

5•10–25

1•10–24

8•10–25

1•10–24

Dimensional change, 
%
–17
–21
–30
–22
–34

Tensile strength, MPa 

329
329
355
332
351

Elongation, % 

10.5
10.7
13.4
9.6
14.4
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with temperature and the diffusion rate for carbon will not be high 
enough to level out concentration gradients at lower temperatures. 
Therefore, it is not surprising that, in a statistical modelling test, the 
cooling rate was found to be one of the two most important parameters 
affecting carbon concentration when sintering in a nitrogen/hydrogen 
atmosphere (Figure 43). The second most important parameter was 
found to be the atmosphere dew point.

The general principles for atmosphere carbon control are based on the 
assumption of equilibrium between the gas phase and the sinter steel 
body. These principles are covered in other Linde Gas Expert Editions [18, 
26], but a short summary is given below.

There are three possible carburising/decarburising equilibrium reactions:

CH₄	←→	C+2H₂	 I

2CO	←→	C+CO₂	 II

CO+H₂	←→	C+H₂O	 III

The fastest carburising reaction has been determined to be the forward 
reaction of equilibrium III and the fastest decarburising reaction to be 
the backward reaction of equilibrium III. The atmosphere carbon activity, 
aC, can be calculated from the equilibrium constant for reaction III in the 
same way as was used for calculating oxygen partial pressure from the 
equilibrium constant for oxidation. Thus:

aC=KIII × (PCO × 
PH₂

PH₂O
)

Accordingly, the atmosphere carbon activity can be determined by 
analysing the atmospheric concentrations of carbon monoxide, hydrogen 
and water. However, in practice, the atmosphere carbon activity is best 
controlled with an oxygen probe or with carbon dioxide infrared gas 
analysis. This is based on the assumption of equilibrium in the water gas 
reaction:

CO+H₂	=	CO₂+H₂

and on the assumption that carbon control can be carried out as if 
equilibrium also exists for the carburising reaction:

2CO	=	C+CO₂		 II

with the equilibrium constant:

KII=aC × PCO₂/P²CO

and the reaction:

CO	=	C+½O₂		 IV

with the equilibrium constant:

KIV=ac × PO₂
1/2/PCO

It is therefore possible to calculate the atmosphere carbon activity from 
the	atmospheric	concentrations	of	the	coupled	species	CO	+	CO₂,	CO	+	
H₂	+	H₂O	or	CO	+	O₂.	This	corresponds	to	well-known	atmosphere	control	
systems using carbon dioxide, dew point or oxygen probe analysis.
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Figure 42: Gas analysis profiles during heating of Astaloy CrM-0.45C in hydrogen 
atmosphere. The heating rate was 2 °C/min (3.6 °F/min) up to 1300 °C (2370 °F).  
The time at 1300°C (2370°F) was 10 minutes [42].

Figure 43: Surface carbon content as a function of the atmosphere dew point and the 
cooling rate from the sintering temperature. Sintering was carried out at 1120 °C 
(2050 °F) for 30 minutes in an N₂/H₂ atmosphere with addition of 0.5% methane [51].

Figure 44: Relationship between carbon activity and carbon potential (=carbon 
content in pure iron) as functions of temperature
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The value of the equilibrium constant is, as for oxidation/reduction, a 
function of the temperature [25].

Industrial heat treaters prefer to use the term “carbon potential” to 
signify the atmosphere carbon concentration instead of carbon activity. 
The atmosphere carbon potential is defined as the carbon concentration, 
expressed in weight percent, that a pure iron foil will have after being 
equilibrated with the atmosphere. A graphical presentation of the 
relationship between carbon activity and carbon potential is shown in 
Figure 44 [17]. 

By using the expressions for the equilibrium constants combined with 
the expressions for carbon potential, it is possible to determine the 
carbon potential for any carbon monoxide/hydrogen atmosphere 
with knowledge of the temperature and the concentrations of carbon 
monoxide, hydrogen and carbon dioxide, dew point, or a millivolt 
output from an oxygen probe. Figure 45 is an illustration of the 
relationship between carbon potential and carbon dioxide concentration 
or millivolt signal respectively. Note the great difference between 
atmospheres with 20% or 2% CO. At high temperature and low carbon 
monoxide concentration, the very low carbon dioxide values required 

make the use of carbon dioxide analysis for carbon potential control 
inaccurate [17]. (A calculation tool for this type of analysis is available 
on the FERRONOVA® homepage [38].) For neutral conditions, i.e. neither 
decarburising nor carburising, the atmosphere carbon activity should be 
controlled to be equal to that given by the nominal carbon concentration 
in the surface of the PM part.

Thermochemically speaking, the atmosphere carbon potential is not 
equal to the carbon concentration of the steel PM compact unless it 
is a simple binary iron-carbon alloy. The carbon activity, however, is 
the same for the atmosphere and the steel at equilibrium. Therefore, 
the correct procedure when choosing a neutral atmosphere is to 
calculate the carbon activity of the steel first. That carbon activity and 
the corresponding carbon potential should then be adjusted to be the 
same for the atmosphere. For low alloy steels, simplified formulas can 
be used to calculate the neutral atmosphere carbon potential, but for 
high alloy steels such as tool and high-speed steels, a more rigorous 
equilibrium calculation must be carried out. An example of such a 
calculation for Astaloy CrM+0.6% C is shown in Figure 46. It can be seen 
from the diagram that the carbon activity, aC, is lowered with increased 
temperature. The numerical value for aC is about equal to the carbon 

Figure 45: Relationship between carbon potential, temperature and a9 the atmosphere CO₂ concentration or b) oxygen potential expressed as the mV reading from an oxygen 
probe. The values are valid for atmospheres with 20 and 2 vol% CO.
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The SINTERFLEX™ system described in Sections 5.1.7 and 5.7 has 
inherent capabilities for limiting the negative effect of these conditions.

Copper-infiltrated Fe-C powder components show limited decarburisation 
as the melted copper layer surrounding Fe-C particles will retard 
decarburisation. An addition of the order of 0.2% Cu seems to be enough 
to establish this effect [52]. There are a number of base atmosphere 
compositions used in sintering. The two most common base composition 
alternatives are:

1. N₂/H₂ with addition of hydrocarbons, as alternative enriching gases for 
carbon potential control 

2. N₂/H₂/CO with addition of hydrocarbons, as alternative enriching gases 
for carbon potential control 

The principles of carbon control for each of these alternatives as well 
as a third – nitrogen/carbon monoxide – are described in the following 
three subsections.

5.1.4.1 Carbon control in N₂/H₂/CH₄ atmospheres
A pure nitrogen/hydrogen atmosphere containing no water vapour 
would be neither carburising nor decarburising. This is the principle 
behind carbon control with non-reactive gas. By using the non-reactive 
gas principle, it would, for a really dry atmosphere, be possible to 
successfully sinter parts with different carbon levels in parallel without 
any decarburising [53]. However, in practice, the required very dry 
atmospheres are not usually possible to produce.

concentration, 0.6% C, in the PM alloy at about 750 °C (1380 °F). In 
Figure	46,	a	curve	for	the	carbon	activity	of	a	CO/H₂/N₂	atmosphere	is	
also shown. That curve intersects with the activity curve for the alloy at 
about 1150 °C (2100 °F), implying that the atmosphere is carburising 
below and decarburising above that temperature.

Although the equilibrium principles are basic for carbon control of 
sintering atmospheres, there are, for several reasons, great difficulties in 
industrial practice in achieving good carbon control:

•	 The varying temperature through a sintering furnace means that, for 
a constant gas composition, the atmosphere will be decarburising at 
high temperature and carburising at lower temperatures (Figure 46). 
This is a major cause of problems.

•	 The atmosphere equilibrium carbon activity is not reached locally as 
both PM alloy composition and atmosphere will vary during the 
process.

•	 The reaction products of lubricants cause problems for the carbon 
control.

•	 Competing gas/powder versus graphite/powder carburising and 
decarburising reactions.

•	 Oxides and humidity present in the green compact will be reduced in 
gaseous reactions leading to a change in atmosphere composition.

•	 Restricted gas circulation can cause uneven atmosphere composition 
and related uneven carbon potential in different positions of the 
charge/furnace. 
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As a result of reaction between hydrogen and oxygen – from air 
leakage or being present in the powder – there will always be some 
water	vapour	(H₂O)	in	the	atmosphere.	In	such	an	atmosphere,	both	
carburising, a, and decarburising reactions, b and c, are possible 
according to the following reactions:

CH₄		→	C	+	2H₂	 a

H₂O	+	C	→	CO	+	H₂	 b

2H₂		+	C	→	CH₄	 c

If no water vapour is present, carburising will occur according to Reaction 
a and decarburising according to Reaction c. In the presence of water 
vapour, which is typically the case in practice, decarburising will occur 
by Reaction b as well. A steady state balance between carburising by 
Reaction a and decarburising by Reaction b will develop. This balance, 
written as aSS (corresponding to a certain carbon potential) in the 
illustration in Figure 47, is reached when the rate of carburising from 
Reaction a and the rate of decarburising from Reaction b are equal. 
Rate expressions for both carburising and decarburising as functions of 
atmosphere composition have been determined by Grabke [54]. From 
these expressions and connected quantitative values for reaction rates 
and equilibrium constants, it is possible to determine aSS by analysis 
of hydrogen, methane and carbon monoxide. This would not be a 
straight equilibrium-based control as explored in the preceding section, 
but a control based on kinetics. However, this approach has not been 
practically applied. One reason is that the rate of kinetic reactions 
involving methane is influenced by catalytic effects from the load and 
the furnace interior surfaces. Therefore, the reaction rates will vary in the 
load, which makes the use of kinetic data problematic to apply.

Williams [55] showed that aSS	in	a	CH₄/H₂/H₂O	mixture	at	920	°C	
(1690 °F) was almost independent of the water vapour concentrations 
for concentrations below 25 ppm (dew point < –50 °C, (< –58 °F)), 
but for higher concentrations, there was a drastic decrease in the 
value of aSS. Sintering tests at higher temperature have indicated that 
decarburising increases at parabolic rate with increased water vapour 
content (Figure 48). If the atmosphere dew point is lower than –30 °C 
(–22	°F)	(corresponding	to	approximately	40	ppm	H₂O),	the	decarburising	
rate has been found to be negligible for a hydrogen concentration of 
10% in the atmosphere.

If the water vapour concentration exceeds a certain value determined 
from practical experience, methane can be added to increase the steady 
state carbon potential to the required level. Practical experience is 
that additions of methane should be limited to a few percent because 
excessive methane additions will create soot on parts and on the furnace 
interior according to the reaction:

CH₄	→	C(soot)+2H₂

Increased hydrogen concentration in the atmosphere will lead to water 
vapour formation from reduction of metal oxides (1) and reaction with 
oxygen (2):

1)	H₂	+	MeO	→	H₂O+Me	

2)	H₂	+	½O₂	→	H₂O
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Figure 48: Relationship between the atmosphere water vapour concentration (dew 
points indicated) and the thickness of decarburised layer. Sintering atmosphere 
90% N₂/10% H₂ [56]
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Figure 50 that 0.4% C at 900 °C (1650 °F) – a temperature where 
the carburising rate is still so high that a close-to-equilibrium carbon 
concentration would be expected – corresponds to a carbon potential 
close to zero at the sintering temperature. If the atmosphere carbon 
potential is controlled to 0.4% C at 900 °C (1650 °F), decarburising 
would then occur at the sintering temperature. This, of course, is one 
reason for the difficulty of carbon potential control during sintering.

With increased amounts of carbon monoxide and hydrogen, there 
is a kinetic effect on the carburising as well as on the decarburising 
reaction. Theoretically, the carbon transfer expressed as mass transfer 
per time unit (dm/dt) from the atmosphere to the iron powder surface is 
proportional not only to the difference between the atmosphere carbon 
potential and the surface carbon concentration, (ccg – ccs), but also to a 
kinetic factor k’. This is expressed by the following equation:

dm/dt	=	k’	•	(ccg  – ccs)

The kinetic factor k’ is about proportional to the product of carbon 
monoxide and hydrogen concentrations. The carburising rate will 
therefore decrease with reduced amounts of carbon monoxide and 
hydrogen. This as well as the temperature effect is illustrated in Figure 
51. All carbon concentration gradients in the graphic are calculated for 
the same carbon potential, but for atmospheres with different amounts 
of	CO+H₂.	As	can	be	seen,	there	is	a	large	carburising	effect	in	endogas,	
but	a	more	limited	one	in	a	5%	CO/10%	H₂	blend	and	almost	none	in	
the	2%	CO/0.1%	H₂	blend.	A	way	to	limit	the	negative	effect	of	the	
varying carbon potential shown in Figure 50 is therefore to keep carbon 
monoxide and hydrogen concentrations low.

Also the decarburising rate increases with an increased amount of 
carbon monoxide and hydrogen or more specifically with the amount of 
water vapour in the atmosphere. (For a constant carbon potential, the 

The water vapour produced in these reactions will cause decarburisation. 
A guideline determined by experiment is that the use of less than 5% 
H₂	in	the	atmosphere	limits	both	carburising	and	decarburising	rates	
[56–57] (see Figure 49). Keeping the decarburisation very low by the 
use of low hydrogen concentrations in the atmosphere will have the 
disadvantage that the oxide reduction power and the atmosphere buffer 
capacity will be reduced and consequently the sintered part properties 
may be compromised.

In	a	humid	N₂/H₂/CH₄	atmosphere,	carbon	monoxide	will	be	formed	from	
the reaction between methane and water according to the reaction:

CH₄+H₂O	→	CO+3H₂

Therefore, it is theoretically possible to base the carbon potential control 
upon analysis of carbon monoxide and oxygen partial pressures. This 
has proved to be possible in practice with the use of natural gas as the 
enriching gas for carbon potential control [49].

5.1.4.2 Carbon control in N₂/CO/H₂ atmospheres
The	carbon	potential	profile	along	a	sintering	furnace	with	a	CO/H₂	
atmosphere will vary due to the strong temperature effect on the carbon 
potential at fixed atmosphere composition. Figure 50 shows the carbon 
potential at equilibrium conditions for atmospheres with the same CO/
H₂	ratio	with	four	different	carbon	potentials	corresponding	to	four	dew	
points, carbon dioxide concentrations or mV readings. The variation in 
carbon	potential	is	the	same	for	fixed	CO/H₂	ratios	irrespective	of	the	
absolute values of carbon monoxide and hydrogen. For example, 25% 
CO/50%	H₂	will	give	the	same	ratio	as	0.5%	CO/1%	H₂.	The	data	shows	
how an atmosphere with a low carbon potential at sintering temperature 
– even as low as 0.05% C – will give as high a carbon potential, over 
1.5% C, at 900 °C (1650 °F). If, for example, 0.4% C is required in the 
final compact (assuming pure iron and carbon) it can be seen from 
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Figure 50: Carbon potential as a function of temperature for CO/H₂ atmospheres with 
ratio CO/H₂ = 1/2. Four carbon potentials with values 0.4, 0.2, 0.1 and 0.05% C at the 
highest temperature were selected as the base for the calculation.
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amount of water vapour increases with an increased amount of carbon 
monoxide and hydrogen.)

Consequently, it will be realised that endogas can produce strong 
carburising at temperatures around 900 °C (1650 °F) and decarburising 
at the sintering temperature for the same atmosphere composition. This 
will lead to variable carbon concentration within the PM part as well 
as variations between parts within the load. Parts sintered in endogas 
therefore typically show a scatter in carbon concentration of the order 
±0.2–0.3%. In high temperature sintering, say at 1280 °C (2340 °F), it will 
not be possible to establish an endogas atmosphere that is carbon neutral 
for normal PM steel carbon contents. Depending on the temperature at 
which the atmosphere carbon potential would be neutral, either a strong 
decarburising risk would occur at the sintering temperature or a strong 
carburising one would occur at lower temperature.

For	leaner	CO+H₂	concentration	atmospheres,	the	carburising	and	
decarburising effects are less pronounced. The highest accuracy carbon 
control	is	therefore	achieved	by	using	a	low	CO+H₂	concentration	
atmosphere and by regulating the carbon potential at the sintering 
temperature to the value that corresponds to the desired final surface 
carbon concentration in the PM compact. During cooling, this will lead 
to a moderate carburising effect as shown in Figure 51. The faster the 
cooling, the less the degree of carburising that will have time to occur 
– compare with Figure 43. In many cases, a moderate carburising effect 
is an advantage for the PM compact properties, because hardness is 
increased and compressive residual stresses are created in the surface. 
This principle is used in the SINTERFLEX™ atmosphere control system 
(see Section 5.7).

5.1.4.3 Carbon control in N₂/CO atmospheres
In	an	N₂/CO	atmosphere,	carbon	monoxide	will	be	the	only	carburising/
reducing species and carbon dioxide the only decarburising/oxidising 

species. The carbon potential in such an atmosphere will be proportional 
to the ratio P²CO/PCO₂. An advantage of this hydrogen-free atmosphere is 
that the decarburising rate as well as the carburising rate is lower than in 
N₂/CO/H₂	atmospheres.	By	keeping	the	carbon	monoxide	concentration	
at just a few volume percent, the oxygen potential corresponding to a 
required carbon potential will be lower than for high volume percent 
carbon monoxide atmospheres. This is a prerequisite for avoiding 
oxidation of alloys containing elements like chromium, manganese and 
silicon.

5.1.5 Nitrogen control
In practice, nitrogen gas may be considered inert to iron although some 
limited nitriding effect takes place. Tests with Fe-C powder compacts 
sintered at 1120 °C (2050 °F) showed that the degree of nitriding was 
proportional to the square root of the nitrogen partial pressure with a 
nitrogen concentration of approximately 0.015 wt% N when using an 
atmosphere consisting of 100% nitrogen at a pressure of 1 atm [58]. For 
Fe-1.5Mn-1.5Cr-0.25Mo alloy powder, a nitrogen concentration of 0.044 
wt% N has been found after sintering in a semi-closed stainless steel 
container at the same temperature, 1120 °C (2050 °F) [59].

However, for PM alloys containing high chromium concentrations, 
especially stainless steels, it is essential to take into account the nitriding 
effect from nitrogen. This is because of the high affinity of chromium for 
nitrogen that eventually results in chromium nitride formation. Nitrogen 
uptake in stainless and high speed steels is examined in Section 5.2.

Also, for PM alloys with lower amounts of nitride-forming elements 
such as Fe-1.5Cr and Fe-3Cr, there may be a noticeable nitriding effect 
especially when the cooling rate after sintering is low. This is because 
the atmosphere nitrogen activity, for a fixed nitrogen atmosphere 
content, increases with lowered temperature in the same way as the 
carbon potential variation with temperature. The nitrogen uptake will 

Figure 51: Calculated carbon concentration gradients after carburising 
of iron with carbon content 0.4% C at 900 °C (1650 °F), 1100 °C 
(2010 °F) and 1200 °C (2190 °F) for 30 minutes in atmospheres with a 
carbon potential of 1.5% C, in endogas (20% CO + 40% H₂), in 5% CO + 
10% H₂, and in 2% CO + 0.1% H₂
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By forced cooling, it is possible to obtain high enough cooling rates to 
harden the sintered parts – so called sinter-hardening. 

Heat conductivity falls with increasing porosity. One would therefore also 
expect the cooling rate to fall with increasing porosity. However, it has 
been shown that the cooling rate for a water quenched Jominy test bar 
is slightly higher for a sintered test bar as compared to a fully dense bar 
[62]. For gas cooling, the cooling rate has been found to be about the 
same as for fully dense steels [63]. There is still some debate about the 
mechanism for the water quenching effect [64]. Possible explanations 
are that the lowered heat conductivity is compensated for by the lower 
mass due to porosity and/or that water or water vapour penetrates 
the pores, thereby increasing the surface area for heat transfer by 
convection.

Cooling rate will, of course, decrease with increased dimensions of the 
sintered parts.

Advantages of faster cooling:

•	 Increased production (if cooling is the “bottleneck”)
•	 Improved properties
•	 Matched properties and less alloyed powders used (lower powder 

cost)
•	 Higher compressibility with lower alloyed powders (higher density)
•	 Production cost savings as compared to secondary heat treating
•	 Smaller furnace footprint (saving floor space) 

5.1.7 Carbon control theory in the MIM sintering process 
Carbon control is a challenging task in the MIM sintering process, one 
which, in almost all of the companies operating a continuous MIM 
furnace, is currently done just by fixed flow settings of the input gases 
based on empirical experience. Carbon control is done by microstructure 

consequently increase with decreased cooling rate and with increased 
chromium content as illustrated in Figure 52.

5.1.6 Cooling after sintering
During cooling, oxidation must be avoided and a reducing atmosphere is 
therefore required, especially in the pre-cooling zone where the sintered 
components are still at a very high temperature. Keeping the atmosphere 
oxygen concentration below a certain limit is required in the cooler part 
of the cooling zone.

As discussed above, the atmosphere carbon potential increases with 
falling temperature. Therefore, there is a risk that carburising will occur 
if the cooling rate is too low. In principle, the risk of carburising is lower 
at a higher cooling rate in the same way as for nitriding (illustrated in 
Figure 52).

A cooling rate in the range 1–3 °C/s (~2–5 °F/s) is typical in belt 
furnaces. With specially developed forced cooling equipment installed, 
cooling rates up to 9 °C/s (~16 °F/s) have been achieved [14].

Decreased gas temperature, increased gas velocity and turbulence will 
increase heat transfer. Increased cooling rates can also be achieved by 
increasing the proportion of hydrogen in the cooling zone. Hydrogen 
has the best heat transfer and heat conductivity properties of all gases. 
Increasing the hydrogen concentration up to 90% from 5% has shown to 
more than double the cooling rate as illustrated in Figure 53.

Increasing the hydrogen percentage from 5% to 92% can allow a leaner-
alloyed base powder with less admixed copper to match the mechanical 
properties of a higher-alloy powder with more copper as shown in Figure 
54. The cost of the additional hydrogen can be offset by the savings due 
to the lower cost of the leaner-alloyed base powder.
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Figure 52: Nitrogen content in Fe-1.5Cr and Fe-3Cr alloys after sintering in 90N₂/10H₂ 
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Figure 53: Cooling rate in the temperature range 550 °C (1022 °F) to 350 °C (662 °F) 
as a function of hydrogen concentration in the atmosphere [61]
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and or bulk component destructive carbon tests on ready-sintered parts, 
which means that unacceptable results cannot be corrected; the parts 
either pass the requirements or are rejected, leading to high scrap rates. 
A 20 to 25% scrap rate at a typical MIM shop is not uncommon. 

Figure 55 shows a graph demonstrating the current practice in “green” 
versus an operation handled by the SINTERFLEX™ total carbon control 
system in “red”. 

a. Existing practice: Predictive decarburisation 
A SEM analysis was done on a BASF CATAMOLD FN02 material after 
catalytic de-binding (brown parts). It was found that in many of the 

locations, the carbon content was well over the 3% carbon content 
range. Figure 56 and Table 7 below show the analysing points and 
their content of carbon under SEM analysis. Another destructive bulk 
part carbon analysis was done on a bulk brown part where the carbon 
content was found to be approximately 4.8 percent. 

Figure 54: Apparent hardness as a function of the atmosphere hydrogen concentration 
and amount of admixed copper in the base powder [61]
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b. A new concept: Total atmosphere control with SINTERFLEX™ in  
MIM sintering
The SINTERFLEX™ system, however, does not rely on the availability of 
the binders (hydrocarbon) as the source of carbon in the high heat zone. 
The sintering in the Press and Sinter process requires the lubricant to be 
removed before the high heat zone is entered and the same principle 
applies for the MIM sintering process. The SINTERFLEX™ system starts 
with completely removing the binders in the preheat (de-binding) zone 
of the furnace (as shown in the red line). The system creates a very 
decarburising atmosphere to make sure the binder is removed in this 
zone. Therefore, the brown body no longer contains any binders when 
entering the high heat sintering zone. The second process step section 
using the SINTERFLEX™ system starts to create a neutral atmosphere as 
in most of the industrial hardening furnaces, regardless of the final part 
requirement, to make sure the carbon in the matrix left after de-binding 
is protected in a neutral atmosphere. The parts then enter the cooling 
zone where there is still a slight carbon-containing atmosphere present. 
This will allow final protection of the carbon from the surface. 

Therefore, the parts are expected to leave the furnace with the final 
carbon content requirement and within the specifications and with the 
lowest possible variation across parts.  

5.2 Sintering atmospheres for stainless steel and high speed steel
Stainless steels are typically sintered at high temperature – up to 
1250 °C (2280 °F). Sintering of stainless steel requires highly reducing 
atmospheres to avoid formation of chromium oxides. If sintering is 
performed at lower temperature, for example, 1140 °C (2084 °F), the 
atmosphere oxygen potential will – for typical hydrogen or hydrogen/
nitrogen atmospheres – be too high for reduction of chromium oxides 
[65]. Even if the atmosphere is reducing with respect to chromium oxide 
at the sintering temperature, oxidation may occur during cooling if the 

Table 7. Carbon content of spots

Spectrum
Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4
Spectrum 5
Spectrum 6
Spectrum 7
Spectrum 8
Spectrum 9
Spectrum 10

Max.
Min.

C
7.28
5.12
2.92
6.64
4.39
2.04
1.55
1.20
3.25
1.77

7.28
1.20

Fe
74.48
94.88
96.27
93.36
95.61
97.96
98.45
98.80
96.75
97.34

98.80
74.48

Existing practice is illustrated in Figure 55 with the green line. The brown 
part starts with 4.8% carbon when entering the thermal de-binding 
zone where the binder is supposed to be removed from the MIM mass. 
However, the carbon will be carried to the high heat zone probably 
in the outer sections of the parts, causing a source for carbon in the 
atmosphere and hence providing protection for decarburising. However, 
the measurements show that the atmosphere is extremely decarburising 
also in the sintering, high-temperature zone. Therefore, the de-binding 
continues until the sintering finishes where the parts reach their final 
carbon results. Because of this uncontrolled decarburisation, it is 
with the existing practice always difficult to predict the final carbon 
concentration of sintered parts as well as the variation of the carbon 
concentration from one batch to other batch due to the unstable furnace 
atmosphere.

Figure 56: Analysing points under SEM of CATAMOLD FN02 material

Figure 57: Solubility of nitrogen in austenitic 8% Ni steel with varying chromium 
concentration. PN₂= nitrogen partial pressure (=volume % nitrogen/100) [67]
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cooling rate is too low. Oxidation will lead to lower corrosion resistance, 
strength and ductility.

The risk of forming nitrides also has to be considered. The atmosphere 
nitrogen activity that causes nitride formation decreases with decreased 
temperature. This is illustrated in Figure 57. For combinations of 
nitrogen activities and temperatures corresponding to points below the 
equilibrium lines, all nitrogen is dissolved in the face-centred cubic (FCC) 
austenite, whereas for points above the lines, close-packed hexagonal 
(HCP)	chromium	nitride	(Cr₂N)	is	formed.	The	maximum	nitrogen	
solubility in austenite decreases with decreasing temperature in a 
similar way to the oxygen potential for oxidation. This means that even 
if nitrogen pick-up is avoided during high temperature sintering, there is 
the risk of nitriding and chromium nitride formation during cooling. It has 
been found that a cooling rate in the range 200–450 °C/min (3–7.5 °C/s 
(5.4–13.5 °F/s)) is required to avoid chromium nitride formation during 
cooling when sintering is carried out in a cracked ammonia atmosphere 
at about 1250 °C (2280 °F) [66]. As can be seen in Figure 57, the 
tendency to form nitrides increases with increasing chromium content in 
the stainless steel.

Chromium has high affinity for carbon as well as nitrogen. Examples 
of the possible consequences are shown in Table 8. It tabulates the 
carbon concentration in stainless steel when sintering was carried out 
in a hydrogen atmosphere in a graphite furnace. In this case, hydrogen 
has reacted with the graphite to form methane that carburises the steel. 
An important conclusion of this study was that sintering in a graphite 
furnace under vacuum with argon as backfill gas – thus avoiding 
formation of methane – gave the same sintering result with regard to 
strength and ductility as sintering in a molybdenum furnace under a 
hydrogen atmosphere.

Table 8. Properties of type 316L stainless steel after sintering at 
1350 °C (2460 °F) in various atmospheres

Furnace 
 

 Molybdenum 
 

Graphite

Atmosphere 
 

Hydrogen
Argon
Nitrogen
Argon
Nitrogen
95%N₂/5%H₂

Sinter 
density,  
g/cm³
7.92
7.75
7.13
7.74
7.22
7.25

wt% N 
 

0.001
0.002
0.383
0.002
0.381
0.367

wt% O 
 

0.015
0.02
0.05
0.06
0.06
0.01

wt% C 
 

0.0038
0.0037
0.0059
0.0061
0.0036
0.0864

Nitrogen and carbon pick-up are usually deleterious to both corrosion 
resistance and ductility, although strength is increased. Therefore, for 
high temperature sintering of stainless steels, pure hydrogen or argon/
hydrogen blends are preferred both with respect to oxide reduction and 
avoidance of nitrides or carbides.

Nitrogen uptake also takes place during sintering of high speed steels 
(HSS) in nitrogen atmospheres, but, contrary to stainless steels, the 
nitriding effect is mostly positive. The effect of nitriding is an increased 
hardness that is beneficial in HSS applications. By the formation of fine 
carbonitrides, instead of coarser carbides, grain growth is retarded 

[68-69]. The sintering temperature for HSS is normally about 1250 °C 
(2280 °F), close to the solidus temperature. However, it has been shown 
that sintering in a nitrogen/hydrogen atmosphere can yield good results 
at temperatures as low as 1135 °C (2075 °F) [68].

5.3 Sintering atmospheres for non-ferrous metals
The proper sintering atmosphere selection for non-ferrous metals should 
be made with regard to 1) risk of oxidation, 2) risk of nitrogen or carbon 
pick-up (chromium, titanium and zirconium) and hydrogen pick-up 
(titanium). Table 9 gives some general guidelines for the proper choice.

Table 9. Typical atmospheres for sintering of non-ferrous alloys

Base alloy 
 

Aluminium 

Copper (brass, bronze) 
 

Nickel 

Titanium 

Tungsten,  
molybdenum
Cemented carbides

Sintering 
 temperature,  
°C (°F)
600–620 °C  
(1110–1150 °F)
850–900 °C  
(1560–1650 °F) 

950–1000 °C  
(1740–1830 °F)
1000–1260 °C  
(1830–2300 °F)
1200–1430 °C  
(2190–2610 °F)
1350–1460 °C  
(2460–2660 °F)

Atmosphere 
 

100%	N₂ 

N₂/5–10%	H₂ 
N₂/5–20%	endogas 
N₂/5–20%	methanol
N₂/5–10%	H₂ 

Ar/H₂	vacuum 

100%	H₂ 

100%	H₂	vacuum

Copper and nickel are fairly noble metals that oxidise at rather high 
oxygen potentials. Nitrogen/hydrogen atmospheres, with only a few 
percent of hydrogen, are therefore normally enough for avoiding 
oxidation. However, for alloys such as brass and bronzes that contain 
elements more prone to be oxidised, like zinc and tin, a much higher 
reducing power is required of the atmosphere, necessitating the use of 
hydrogen concentrations up to 100%.

Aluminium is one of the metals most sensitive to oxidation and, from 
a thermochemical equilibrium point of view, it would, in practice, be 
impossible to reach the very low oxygen potential required to avoid 
oxidation. Nevertheless, pure nitrogen is the preferred atmosphere for 
sintering of aluminium PM compacts and has given better results than 
vacuum, argon, nitrogen/hydrogen or argon/hydrogen atmospheres [70].

Titanium is very reactive both with regard to oxidation and nitrogen/
carbon pick-up. Argon or argon/hydrogen atmospheres are therefore 
required.
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elements with lower vapour pressure such as tungsten and molybdenum. 
This effect has been observed to cause carbide enrichment at the 
surface after vacuum sintering of high speed steel [72]. For stainless 
steel vacuum sintering, the risk of vaporisation of chromium should 
be considered. The way to counteract vaporisation is to use a backfill 
pressure that is higher than the respective vapour pressures of these 
alloying elements. At high enough temperature and low enough 
pressure, oxide removal by dissociation is possible. However, reduction 
by reaction between the metal oxide and admixed carbon leading to 
carbon monoxide formation is the dominant oxide reduction mechanism 
during vacuum sintering. The carbon addition to the powder compact 
must therefore be adjusted to compensate for the loss of carbon in the 
oxide reduction process.

Sintering in vacuum has the advantage that settings of temperature-
pressure-atmosphere can easily be adjusted to the different process 
steps (delubrication, sintering and cooling).

A typical delubrication/debinding-sintering cycle is shown in Figure 58. 
The parts are first heated to the lubricant/binder vaporisation 
temperature. The temperature is held at this level until outgassing 

5.4 Sintering atmospheres for permanent magnets
Permanent magnets made by sintering of Nd-Fe-B powders have far 
better permanent magnetic properties than traditional magnets. These 
magnets are key functional materials in modern advanced applications 
such as hybrid vehicle motors, consumer electronics (e.g. mobile 
phones), medical appliances, military equipment, etc.

Sintering is carried out in argon atmospheres or in vacuum at 
temperatures up to 1160 °C (2120 °F).

5.5 Vacuum sintering
In vacuum, there is not sufficient gas present to cause detrimental 
oxidation or other reactions. Surface residues on parts heated in vacuum 
will be removed by vaporising, and the vapours can be pumped out of 
the furnace.

Alloying elements will vaporise if the pressure is below the vapour 
pressures of the respective metal. Manganese, chromium and copper are 
examples of elements with fairly high vapour pressures that can lead 
to vaporisation [71]. For high speed steels, this can lead to depletion 
of these elements at the surface and concurrently an enrichment of 
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is complete. The partial gas pressure in this step is below that of the 
lubricant/binder vapour pressure, but above that of the other elements 
in the PM alloy. Vaporising of lubricants or binders occurs at sub-
atmospheric pressure at a somewhat lower temperature and is more 
complete than debinding at atmospheric pressure [73].

In the second step, the temperature is increased up to the sintering 
temperature of the base alloy and held for a sufficiently long time to 
ensure that solid state diffusion and sintering occur. The furnace and 
parts are then cooled by gas cooling, possibly forced gas cooling for 
sinter-hardening.

One problem is the risk of contamination of the vacuum furnace by 
deposits from condensed lubricant vapours, especially during the 
debinding step. This can occur in the vacuum pumps and on furnace 
interior walls. To solve this problem during debinding, it is essential to 
keep the temperature of all furnace interior parts below the temperature 
at which vapours will crack or dissociate into solid, carbon-containing 
deposits. Furthermore, it is necessary to eliminate cold spots or walls 
in the furnace onto which vapours may condense to give solid or liquid 
deposits. A solution to these problems is the system shown in Figure 59 

with pipelines out of the furnace having a sufficiently high temperature 
to keep binders in vapour form until they reach a point where controlled 
condensation can occur. The furnace shown in Figure 60 has two vacuum 
pumping lines. The first pumping line removes binders and carries them 
out through the bottom of the furnace. A water cooled trap in front of the 
vacuum booster collects residual lubricant/binder materials. A second 
vacuum pumping line is connected to the high vacuum diffusion pump 
that produces the high vacuum level required for the sintering processes.

Vacuum furnaces may also be used for overpressure sintering, which is 
primarily used for sintering of cemented carbides [75].

One possibility with vacuum sintering is to add a gaseous carbon 
source,	primarily	acetylene	(C₂H₂),	that	will	give	the	correct	final	carbon	
concentration in the sintered part instead of using admixed graphite for 
this purpose.

Figure 59: Vacuum furnace with equipment for controlled collection of vapour 
condensate [74]

Figure 60: Debinding and sintering furnaces with two bar argon cooling  
(courtesy of Ipsen)
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5.6 Atmosphere analysis

Atmosphere analysis is the basis for atmosphere control, often just as 
a check for supervision, but, in the advanced cases, as the basis of 
online closed-loop atmosphere control. Atmosphere analysis is also an 
important method of establishing furnace data as well as a method of 
solving possible problems. Figure 61 shows a gas sampling set-up that 
will give analysis results from the different zones in the furnace. The gas 
sampling system should have the following features:

•	 A nitrogen supply for back purging to clean sample lines
•	 A gas sample pump, filters and sample gas flow control to ensure a 

consistent gas sample stream
•	 Switching valves to enable sampling from different points in the 

furnace
•	 Sample tubes located away from gas inlets and close to parts in order 

to give representative results 

Back purging and ample filters reduce the risk of forming vapour 
condensates that clog the sample lines and diminish analysis accuracy. In 
order to avoid any contamination of the sintering zone atmosphere from 
lubricant vapours in the preheat zone, it is an advantage to analyse the 
atmosphere at a point approximately 90% into the length of the preheat 
zone. The clogging problem makes online continuous gas analysis rare in 
sintering furnaces. Checks at regular intervals can replace that and avoid 
the problem. 

Entry zone Preheat zone

Sintering zone

Cooling zone

Sample boxN2 purge

IR analyser

H2 analyser

Dew point analyser

O2 analyser

Figure 62: Analysis cart incorporating units for computerised data handling (upper 
part), sample gas handling with pump and valves, and gas analysers for hydrogen, 
methane, carbon monoxide and carbon dioxide (lower part)

Figure 61: Schematic diagram for an atmosphere sampling system
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oxygen probe able to operate at up to 1150 °C (2100 °F) that can be 
installed externally in a separate heated cabinet has been developed in 
a joint effort between Linde Gas and Höganäs AB [76]. The SINTERFLEX™ 
atmosphere control system, see Section 5.7, has this probe incorporated 
into the control system as a core component.

In addition to gas analysers, the basic equipment needed for an 
atmosphere profile set-up includes recording devices, thermocouple 
fixtures and thermocouples of the correct length (these sometimes need 
to be run through the furnace).

The basic steps in making an atmosphere profile analysis in summary 
are:

a. Calibrating of the furnace controllers
b. Setting the proper conditions for the furnace as regards
 i. belt speed
 ii. temperature profile
 iii. atmosphere flows
 iiii. furnace load
c. Marking off the furnace and the profile thermocouples
d. Starting the atmosphere profiling
e. Recording the information 

Figure 62 shows a picture of a portable gas analysis cart used for 
atmosphere profiling in sintering furnaces.

Atmosphere analysers that can be used are:

•	 Dew point analyser for analysing water vapour concentration
•	 Ppm range oxygen analyser for analysing oxygen in the cooling zone
•	 Hydrogen analyser
•	 Infrared	analysers	for	CO,	CO₂	and	CH₄
•	 Oxygen probe for low oxygen readings 

The principles of operation for some analysers are described in 
reference [11].

Dew point analysis is the most widely used analysis method in sintering. 
Oxygen probe readings can, however, replace dew point analysis both 
with respect to oxidation and carbon control. For a known hydrogen 
concentration, the signal from an oxygen probe gives the same 
information about the atmosphere oxygen potential, PO₂, as a dew point 
analysis because:

PO₂ = Const.×PH₂O/PH₂

Similarly, an oxygen probe reading combined with a carbon monoxide 
analysis gives the same information about the atmosphere carbon 
activity, aC, or carbon potential, Cpot, as a dew point measurement 
combined with carbon monoxide and hydrogen analysis because:

Cpot	=	Const.₁×PCO/PO₂
1/2	=	Const.₂×PCO×PH₂ /PH₂O

Oxygen probe analysis has the advantage of a fast response to changes 
in the atmosphere composition. Oxygen probes are, despite this, and 
despite the fact that the in-situ oxygen probes are commonly used 
in other heat treatment furnaces, seldom used to analyse sintering 
atmospheres. One reason is that it is difficult to install an in-situ oxygen 
probe at representative positions in a standard sintering furnace. A new 

Figure 63: The SINTERFLEX™ atmosphere supply and control package with oxygen probe control in the sintering zone and dew point control in the debinding zone
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uneven microstructure and accordingly uneven carbon distribution. It 
has also been possible to actively carburise the surface of a PM compact 
in	a	controlled	way.	The	carbon	control	of	N₂/CO/H₂	atmospheres	using	
the SINTERFLEX™ atmosphere control system was tested by carburising 
the surface to 0.45% carbon when the carbon content in the centre was 
0.38%. The results showed a positive carburising gradient approximately 
150	μm	thick	for	Astaloy	CrM	material.	However,	the	same	material	
showed	no	carbon	profile	after	being	exposed	to	a	dry	N₂/10%	H₂	
atmosphere.

Figure 67 shows an installation of the SINTERFLEX™ control cabinets for 
gas analysis and flow control at a sintering customer.

5.7 Advanced atmosphere control

Linde Gas has developed a battery of solutions and techniques that 
improve sintering techniques in order to offer improved properties and 
thereby increased usage of sintered products as illustrated in Figure 63. 
These are marketed under the umbrella name SINTERFLEX™.  

A sophisticated, online carbon control system is at the heart of the 
SINTERFLEX™ offering. It includes a patented technology for automated 
atmosphere control. The principle is that a gas sample passes through 
an external, heated SINTERFLEX™ probe designed specifically for the 
sintering process and then through the carbon monoxide gas analyser 
(see Figure 64). The results are used to calculate the carbon potential 
of the furnace atmosphere. The system uses a closed loop method, 
constantly comparing gas measurements against the C potential to 
identify deviations. Operators can then easily and dynamically adjust the 
gas mixture to maintain constant, optimum carbon control of the furnace 
atmosphere. 

Working with our partner Höganäs and selected key customers, our 
R&D team ran extensive tests to show that SINTERFLEX™ helps you to 
deliver parts which do not vary in quality. These tests demonstrated 
that the carbon content deviation dropped by more than 80% among 
parts treated with the SINTERFLEX™ atmosphere control and monitoring 
system compared with parts treated in a standard base atmosphere 
(see Figure 65). The tests covered a significant number of parts 
and were extended over different shapes. The positive effect of the 
SINTERFLEX™ system can be clearly seen even with a metallographic 
examination as illustrated in Figure 66. This depicts an even-coloured 
microstructure after sintering with SINTERFLEX™ that demonstrates 
an even carbon concentration throughout the microstructure, whereas 
the microstructure after sintering in a traditional atmosphere shows an 

Figure 64: The SINTERFLEX™ ACS system with probe control in the sintering zone

PROCESS STOP MAIN SWITCH
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Figure 65: Range of carbon content in parts treated during a production day Figure 66: Microstructures of parts sintered in a traditional atmosphere and parts 
sintered with the SINTERFLEX™ atmosphere control system

Figure 67: SINTERFLEX™ system with analysing and flow control cabinets; home user screen enlarged in right picture
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6.1 Safety awareness

Safety is a key concern when working with industrial processes. 
Therefore, any person working in the heat treatment industry should 
be aware of the hazards from processes and equipment and apply 
appropriate safeguards to control the risk at an acceptable level. 

In this section, The Linde Group wants to create awareness of potential 
safety hazards related to gas usage, its sources and control options in 
heat treatment-related processes. Avoiding harm to people, society and 
the environment are important priorities for The Linde Group. This means 
that we expect all of our people to behave and conduct themselves at 
all times in a manner that safeguards the health, safety and security of 
people and protects the environment. 

Products and services provided by The Linde Group to customers 
around the world are measured against high safety standards. But not 
only the “end” product or service, but rather the whole value chain is 
taken into account when it comes to safety issues – starting from gas 
production and gas supply to gas usage as well as the installation and 
commissioning of gas application technology.

Before we have a look at the whole value chain, we will focus on the 
gases used, the potential safety hazards and the related control options.

6.2 Gases used in the process

Safety information for these gases and for methanol used in the sintering 
process can be found in the material safety data sheets (MSDS), which 
are available on the Linde Gas country home pages [77].

6.3 Potential safety hazards and their sources

The main hazards related to the used gases and to methanol are:

•	 Explosions/flammability/fire
•	 Toxicity and asphyxiation
•	 Cold burn hazards
•	 Pressurised piping and the gas expansion hazard 

Some additional hazards related to the use of cold liquid gas are:

•	 Gas expansion risks 
•	 Embrittlement of the material in contact with the cold liquid 

Some additional hazards related to the use of compressed gas are:

•	 Pressure increase from heating (fire)
•	 Leakages 

Detailed information on these hazards is found in safety standards 
and regional and national safety regulations. Only hazards related to 
heat treatment, sintering specifically, will be further elaborated in this 
document. 

6. Safety.
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Examples of hazards related to the use of heat treatment equipment are:

•	 Failure of energy supply
•	 Failure of atmosphere gas supply
•	 Flame failure control (burner(s) and pilot(s)) and consequently the 

spillage/leakage of asphyxiating gases into the room
•	 Failure/disorder of control systems
•	 Pressure of flow control devices; Low or high temperature detectors
•	 Mechanical hazards such as moving parts, cranes, loading and 

unloading equipment, robots, trucks and forklifts, charging doors, 
rotating shafts, moving rolls or conveyors, hydraulic leaks, etc. 

Hazards related to equipment will not be further elaborated in this 
document. The focus in the following description is on hazards connected 
with the use of gas. 

6.3.1 Explosions/flammability/fire
For ignition or explosion to occur, the following must be present: fuel, 
oxygen, ignition source (an exclusion here is acetylene which can 
violently decompose in the absence of oxygen). Flammability risk can be 
described in relation to the Safety Triangle shown in Figure 68. A triangle 
of this kind can be devised at a specific temperature and for a specific 
combustible gas in combination with oxygen. In the shaded area in the 
middle of this triangle, the gas mixture is flammable. This flammability 
region broadens as temperature decreases.

The flammable gases commonly found in these atmospheres are 
hydrogen, carbon monoxide, hydrocarbons, vaporised or dissociated 
methanol (dissociation produces hydrogen and carbon monoxide), and 
dissociated ammonia (forms hydrogen and nitrogen).

The European safety standard EN 746-3 [79] gives a more definite 
description of the flammability range:

“As a general rule, any gas mixture containing more than 5 volume 
percent	combustibles	H₂+CO+CH₄)	of	which	methane	(CH₄)	is	not	more	
than 1 volume percent where the remainder of the mixture is non-
flammable, is considered to be flammable. Any gas mixture that contains 
more than 1 volume percent hydrocarbons (CnHm) or 2.5 volume percent 
ammonia	(NH₃)	where	the	remainder	of	the	mixture	is	non-flammable	is	
also considered flammable. A flammable gas which contains 1 volume 
percent or less oxygen cannot itself form an explosive or flammable 
mixture.”

The use of nitrogen to ensure safety during start-up and shut-down of 
furnaces may be illustrated in relation to Figure 68. When starting from 
an air-filled furnace, corresponding to the top left corner of the diagram, 
nitrogen is purged into the furnace until the oxygen concentration is 
lowered to point C. Fuel in the form of combustible gas is then added, 
which means that the composition is changed along the line C–S–100% 
fuel. This avoids entering the flammability region L–S–U. When shutting 
down, the furnace is first purged with nitrogen down to composition B 
before opening to air. Nitrogen is also used as a purging gas in alarm 
situations such as failure of electric power or if the furnace temperature 
falls below the safety temperature.

An explosion will occur if a flammable mixture of atmosphere gas and air 
has accumulated in a confined area and is suddenly ignited. This danger 
exists if flammable gases are being used at a process temperature below 
auto-ignition (750 °C (1382 °F)). The destructive power of the pressure 
wave from an ignited flammable mixture depends on the amount of 
gas and the heat of combustion of the fuel gas, the combustion mode, 
and the configuration of the confinement space.  The energy released is  
absorbed by the surroundings and in the worst case destroys them.

Figure 68: The flammability triangle
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6.3.4 Pressurised piping and the gas expansion hazard
The nitrogen supplied to the furnaces is under pressure. The gas supply 
should be locked out from the furnace and the pressure in the lines 
released in a controlled manner prior to performing maintenance on the 
system. Failure to do so can lead to unexpected releases of energy or 
introduction of nitrogen into the furnace. Furthermore, any pipe section 
designed so that liquid can be trapped inside must be equipped with a 
safety valve.

6.4 Control of safety hazards

6.4.1 General safety regulations and guidelines
Parts of the international safety standard ISO 13577 [78], e.g. part 
3 about “Generation and use of protective and reactive atmosphere 
gases”, are still under development. It has not yet been possible to come 
to a completely unified agreement between countries on the exact text 
of the ISO standard, but there are some specific pages describing special 
requirements for Japan, the USA and the EU. The intention is that the 
new ISO standard will, when published, replace regional or national 
standards. However, the existing European and American standards 
[79–80] as well as other national standards will for some time still serve 
as guidelines.

6.4.2 Explosions/flammability/fire
Measures to prevent oxygen forming flammable and inherently explosive 
mixtures with the furnace atmosphere are for instance:

•	 Maintain a positive furnace pressure by proper gas flow to eliminate 
the ingress of air into the furnace.

•	 Vacate the furnace atmosphere from the furnace by controlled 
combustion of the exit gas.

•	 Use good natural ventilation, especially when controlled combustion 
of the exit gas cannot be ensured.

•	 Use flame curtains and pilot burners at the exhaust when a 
temperature below 750 °C (1382 °F) does not automatically ignite a 
flammable mixture. 

When using flammable gas mixtures, it is required that the furnace 
temperature is above the ignition temperature. A safety temperature 
with good safety margins is therefore used in industrial furnaces. In the 
European standard [79], the safety temperature is defined at 750 °C 
(1382 °F). The process temperature for sintering lies above this safety 
temperature. In the case of a temperature drop due to failure in energy 

Possible ignition sources are:

•	 Surfaces with high temperature such as furnace inner walls, electric 
heating elements, and burners or burner tubes

•	 Sparks caused by friction or impact, for instance from fans or electric 
insulators as well as non-spark-free tools

•	 Catalysers such as soot, sulfur-containing gases, finely dispersed 
metal particles, chemical reactions between oxygen and fuel gases, 
electrostatic charging, and local overheating by soot fire

•	 Pilot burners and other open burners, lit cigarettes or flame curtains
•	 Adiabatic heat from compression processes 

6.3.2 Toxicity and asphyxiation
Carbon monoxide is highly poisonous and a concentration as low as 
400 ppm is harmful. Carbon monoxide enters the blood and takes the 
place of oxygen in haemoglobin. Carbon monoxide uptake by the body 
is very fast, about 250 times faster than oxygen uptake, and even very 
small CO concentrations can be dangerous. Carbon monoxide has no 
odour, which makes the hazard more serious. Carbon monoxide has 
the same density as air and will therefore not disperse naturally. Heat 
treatment shops should therefore ensure that there is good ventilation in 
the work areas. 

When the oxygen concentration in inhaled air is reduced from 21% to 
10%, there is a serious hazard of asphyxiation. Oxygen deficiency can be 
caused by any asphyxiating gas, the most common being nitrogen. An 
example of this is when repair or inspection is required in a furnace that 
has been filled with nitrogen. Whenever entering confined spaces, a risk 
assessment needs to be carried out beforehand and a rescue plan needs 
to be in place.

6.3.3 Cold burn hazards
Direct contact with cryogenic liquefied gases such as liquid nitrogen or 
cold nitrogen vapour will produce effects on the skin similar to burns. 
Cold burn will also occur when exposed or insufficiently protected parts 
of the body come into contact with un-insulated pipes or vessels. The 
skin will stick fast by virtue of the freezing of available moisture, and 
the flesh will be torn on removal. The wearing of wet clothes should be 
avoided.

Cold burns can be avoided by use of suitable protective clothing, 
including leather gloves, boots (trousers should be worn outside the 
boots), overalls and face shields or goggles as appropriate to the work 
being carried out. 



Sintering of steels 57

supply or electric or burner heating, there must be a control system that 
automatically closes the valves for flammable gas and opens a valve for 
nitrogen supply. 

When operating heat treatment furnaces below the safety temperature, 
which is relevant at the inlet and outlet of continuous sintering furnaces, 
precautions must be taken to ensure that explosive mixtures are not 
created. A first precaution is to ensure that fuel concentrations are 
outside the flammability area. This can be realised either by establishing 
a non-flammable composition all along the furnace or by injecting 
nitrogen at inlets and outlets to lower the concentration of flammable 
gases. A further precaution is to avoid or minimise the amount of oxygen 
in contact with the flammable constituents.

Any commercially fabricated industrial furnace must meet the industrial 
codes of the company where it will be installed. A number of emergency 
safety functions should be integrated into the furnace and they should 
in an emergency situation be able to automatically and safely shut down 
the furnace. Typical situations would include furnace over-temperature 
or loss of heating, loss of atmosphere, electric system failure, and flame 
safety. The manufacturing plant should also train its employees on 
proper procedures for the unexpected or emergency situations that may 
arise. Hazard reviews and appropriate documentation are mandatory 
before starting the operation. Modifications to existing systems should 
be reviewed with respect to their impact on safety. 

Acetylene can present a serious safety hazard, because of its high 
flammability. Cylinders containing acetylene should be transported, 
stored and handled properly to ensure they are completely safe. More 
information is available on the linde-gas.com website.

6.5 Safe use of gases along the value chain

Linde offers various gas supply solutions which can be tailored to the 
customer’s requirements. As safety is a key concern for Linde, the 
highest safety standards apply to all gas supply services, the installation 
of delivery systems and the commissioning of application technology 
equipment. 

Starting with the gas supply to the customer, Linde takes care that every 
gas supply mode fulfils high safety standards. If the customer requests 
liquefied gas tank supply for instance, Linde takes the location, its line-
up, foundations and floorings, the gas tank itself and the gas supply 
route into safety considerations.

Regarding gas usage, in the case of oxygen for instance, the customer is 
instructed in safe gas handling. A risk assessment helps to support the 
customer in handling industrial gases safely.

Regarding the installation and commissioning of gas application 
technologies, the customer can expect that a robust equipment safety 
concept is in place. Furthermore, Linde’s experts can start with a full 
review of the process landscape and a diagnosis of existing problems 
including safety risks regarding changes in the operating systems. A plan 
detailing how to overcome safety issues is created and implemented 
together with the customer. 

The installation and commissioning process includes, where applicable, 
careful process diagnostics and tailoring of gas consumption to ensure 
the correct furnace gas atmosphere and distribution. The maintenance 
of safety-relevant components and a joint risk analysis and hazard 
review support this common goal. In addition, Linde experts can provide 
training on all aspects of the installed solution so that plant personnel 
can operate the system independently. Of course, Linde engineers can 
be called on afterwards if the customer requires further assistance.
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