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LOW-PRESSURE CARBURIZING OF SINTERED ALLOY STEELS 
WITH VARYING POROSITY 

S. Kremel, H. Danninger, H. Altena, Y. Yu 

Abstract 
Various types of case-hardening grade sintered steels containing Mo, Cr-
Mo, and Ni-Mo were manufactured by compacting at 200 - 800 MPa and 
sintering. The sintered samples were then low-pressure carburized, the 
equipment and conditions being selected as standard for wrought steel 
grades and low alloyed, sintered steel grades with high density. 
Temperature was 930°C, propane and acetylene were used as carburizing 
agents, and gas quenching was performed. It showed that carbon pickup 
strongly depends on density as well as on the alloy elements, being 
enhanced by the used of acetylene and higher porosity as well as by the 
presence of higher contents of Cr and Mo. Especially with 3 % Cr steels 
of low density, pronounced overcarburization occurred, and most of the 
specimen volume was transformed into carbide. At higher density levels, 
this effect was less pronounced, although in most cases the microhardness 
profile showed two maxima, one at the surface and the other within the 
material. The former was caused by formation of carbide and the latter by 
martensite formation while in between a mix of martensite, retained 
austenite, and some carbide resulted in a comparatively soft 
microstructure. Mo and Ni-Mo steels were less sensitive to 
overcarburization. By a solution treatment at 1000°C, more regular 
hardness profiles were obtained in the Cr-Mo steels if overcarburizing 
had not been too pronounced. In all cases, however, defined cases were 
obtained, the through carburizing commonly observed with porous 
sintered steels apparently being avoided by the low-pressure treatment. 
This technique thus seems to be well suited for case hardening of sintered 
steels if the carburizing parameters are accordingly adapted. 
Keywords: sintered steel, alloy steel, carburizing, chromium alloy steel   

INTRODUCTION 
Many wrought and also sintered steel components are mechanically loaded mainly 

on the surface, and surface hardening techniques are therefore employed to obtain hard and 
wear resistant surface zones while retaining a reasonably ductile core. Surface hardening 
through carburizing or carbonitriding is a well established technology for wrought steel 
products (e.g. [1,2,12,13]), e.g. transmission gears being thus treated in huge quantities. For 
sintered steels, however, surface hardening through carburizing, carbonitriding, 
nitrocarburizing and nitriding is not so simple, the reason being the porosity [3-5,14] which, 
except for special cases such as double pressed, warm compacted, or surface densified 

                                                           
Sabine Kremel, Herbert Danninger, Vienna University of Technology, Institute for Chemical Technologies and 
Analytics,Vienna, Austria 
Herwig Altena, AICHELIN GmbH, A-2340 Mödling, Austria 
Yang Yu, Höganäs AB, S-263 83 Höganäs, Sweden 



 Powder Metallurgy Progress, Vol.4 (2004), No 3 120 
 
parts, is predominantly interconnected and open to the surface which enables the 
carburizing agent(s) to penetrate deeply into the material [15]. Obtaining defined case 
layers is therefore tricky, and quite frequently, through carburizing is observed [6]. 

For case hardening of wrought steel products, low-pressure carburizing is 
increasingly used [7,16]. This technique results in very regular and well defined case layers 
and is also a very clean method, especially if combined with gas quenching. 
Thermodynamically, this technique differs from the usual carburizing process:  

The standard treatment, carried out in endogas or another CO containing 
atmosphere, uses CO as carburizing agent and basically relies on Boudouard’s equilibrium 

2 CO = C(diss. -> Fe) + CO2 
i.e. an equilibrium process for which a clearly defined equilibrium carbon activity can be 
given in a first approximation as 

aC = Kp. p(CO)2/p(CO2) 
 
By defining the gas composition, the equilibrium carbon content in the surface 

zone can be adjusted.   
Low-pressure carburizing, in contrast, acts through the use of hydrocarbons. This 

avoids introducing oxygen containing compounds, which may result in oxidation [2] 
especially during heating, but for e.g. Cr alloyed steel even during the carburizing treatment 
itself, CO being an oxidizing compound for these steels [8], and CO2, which is less stable 
thermodynamically at these temperatures, still more so. However, when using hydrocarbons 
the carburizing reaction is a virtually irreversible decomposition with diffusion of C into the 
steel matrix, e.g.  

CH4  ->  C(diss.-> Fe) + 2 H2        (1) 
C3H8 -> CH4 + C2H4  ->   CH4 + 2 C(diss. ->Fe) + 2 H2    (2)   bzw. 
C3H8 -> CH4 + C2H2 + H2  ->   CH4 + 2 C(diss. ->Fe) + 2 H2   (3)  
 
The amount of carbon introduced into the surface is therefore primarily controlled 

by the carburizing agent, the mass flow of the hydrocarbon, the surface area and the 
carburizing temperature, which makes process control rather tricky, especially at ambient 
pressure. In this case, another problem is encountered: sooting virtually excludes 
hydrocarbons as carbon sources at standard pressures. At low pressures, however, this 
difficulty does not occur. For sintered steels, low-pressure carburizing might offer less 
tendency to through carburizing [1,9] although at least low-pressure carburizing with 
acetylene as carbon carrier has been explicitly recommended for carburizing of deep bores 
[10] which suggests also penetration into pore channels and thus rather a tendency to 
through carburizing.  

For porous sintered steels, reactivity with the atmosphere is much more 
pronounced than for wrought steels. This holds also for the oxidation not uncommon in 
wrought steels; especially for steels containing oxidation sensitive elements such as e.g. Cr 
alloyed ones, low-pressure carburizing in oxygen-free environment is quite attractive. In 
this work, low-pressure carburizing of different low alloy sintered steels, including Cr 
prealloyed ones, has been studied, and the porosity of the materials has been widely varied 
in order to reveal the respective tendency to through carburizing.  

 

EXPERIMENTAL PROCEDURE 
Sintered steel bars were produced from different starting powders, prealloyed 

powder grades being generally employed. As a reference, also plain Fe-C was used (which 
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is of course not a material to result in marked surface hardening under the quench 
conditions used here). The composition of the materials (with carbon given as nominal, i.e. 
admixed graphite) is shown in Table 1. The metal powders were mixed with natural 
graphite and Microwax C (EBS) as lubricant, and compacted to impact test specimens of 55 
x 10 x approx. 8…10 mm (depending on the compacting pressure applied). The pressure 
was varied between 200 and 800 MPa. The bars were then sintered for 60 min at 1250°C in 
a pusher furnace in flowing H2. To avoid decarburization, getter boxes with Al2O3-5 % 
graphite as getter was used; for the Cr-Mo steels, a mix of Al2O3 and 50 % ferroaluminium 
(Fe - 8 % Al) was used as getter to suppress also oxidation. Sintered density and 
dimensional change were determined. 

Tab.1. Composition of sintered steels used in the carburizing experiments (in mass %). 

Designation Cr Mo Ni Cadmixed
AstCrM-0.35C 3 0.5 - 0.35 
AstCrM-0.5C 3 0.5 - 0.50 
Ast85Mo-0.3C - 0.85 - 0.30 
AstMo-0.3C - 1.5 - 0.30 
MSP2-0.3C - 0.5 2.0 0.35 
ASC100-0.3C - - - 0.30 

 
The carbon content of the materials were set to 0.30 % for the unalloyed steel and 

the Fe-Mo grades, and to 0.35 % for the Ni-Mo and the Cr-Mo types. For the latter material 
also a higher nominal carbon level was tried since it had been shown [11] that the Cr-Mo 
prealloyed powder results in considerable carbon loss during sintering, at least at 1250°C, 
and 0.50 % admixed commonly resulted in about 0.35 % combined while for the CrM-0.35 
% C about 0.2 % C combined was to be expected after sintering. 

Tab.2. Process conditions for the low-pressure carburizing treatment (standard process) 

Low pressure pulse carburizing in propane at 930°C 
heating up to 930°C  0.8 mbar, 60 min 
carburising 930°C Pulsed cycles 0-20 mbar, 40 min
diffusion 930°C  1 mbar, 65 min 
cooling 930 to 860°C  30 min 
dwell 860°C  vacuum, 10 min 
quenching 860°C to RT  15 bar N2, 5 min 
tempering 160°C  air, 120 min 

Low pressure pulse carburizing in acetylene at 930°C 
heating up to 930°C  0.8 mbar, 60 min 
carburising 930°C Pulsed cycles 0-5 mbar, 40 min 
diffusion 930°C  1 mbar, 65 min 
cooling 930 to 860°C  30 min 
dwell 860°C  vacuum, 10 min 
quenching 860°C to RT  15 bar N2, 5 min 
tempering 160°C  air, 120 min 

Carburizing was done in a two-chamber furnace with gas quench facility (see 
Fig.1). The process was carried out as common for wrought case hardening steel grades 
such as DIN 16MnCr5 or low-alloyed, sintered steel grades with high density. The 
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temperature was 930°C, and the carburizing agent – propane (C3H8) or acetylene (C2H2) – 
was introduced pulswise. The process conditions are given in Table 2. After carburizing 
and quenching, dimensional change and mass change were measured as were transverse 
rupture strength, in 3-point bending, and the hardness distribution. Cross sections were 
prepared metallographically, and microhardness profiles were measured at 100 g load. The 
sections were etched with Nital (3 % HNO3 in MeOH) and in part also with Murakami’s 
agent (K3Fe(CN)6 + KOH). 

 

 
Fig.1. Two-chamber low-pressure carburizing furnace (Aichelin). 

DIMENSIONAL AND MECHANICAL PROPERTIES  
In Table 3, the green and sintered density is listed for the materials investigated; 

not surprisingly, the prealloy grades based on Cr-Mo steel powder exhibit lower density at 
all compacting pressure than plain Fe-C but also than the Mo prealloyed grades while the 
Ni-Mo steel is somewhat in between. However, the Cr-Mo steels show considerable 
densification during sintering, which is a very typical feature of this type of sintered steels, 
especially in the case of high temperature sintering [11]. This is also discernible when the 
dimensional change during sintering is observed, see Fig.2: the low-pressure compacted 
materials show the highest shrinkage values, but at all density levels the Cr-Mo steels 
shrink most pronouncedly. Since this shrinkage occurs exclusively through solid state 
sintering, the shape of the bars was precisely retained, i.e. shrinkage did not result in 
marked distortion. 
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Fig.2. Dimensional change during sintering as a function of the compacting pressure (60 

min 1250°C H2/Getter). 

Tab.3. Green and sintered densities of the specimens used for low-pressure carburizing. 
Sintering 60 min 1250°C in H2/Getter 

 200 MPa 400 MPa 600 MPa 800 MPa 
[g/cm3] ρgr ρs ρgr ρs ρgr ρs ρgr ρs

Ast CrM+0.35%C 5.63 5.86 6.49 6.73 6.92 7.10 7.11 7.30 
Ast CrM+0.5%C 5.56 5.79 6.46 6.66 6.88 7.05 7.09 7.26 
Ast85Mo+0.3%C 5.81 5.94 6.66 6.78 7.05 7.16 7.24 7.35 
Ast1.5Mo+0.3%C 5.79 5.95 6.62 6.76 7.05 7.16 7.22 7.34 
ASC100.29+0.3%C 5.82 5.92 6.70 6.79 7.07 7.17 7.22 7.33 
MSP2+0.35%C 5.56 5.77 6.47 6.63 6.93 7.07 7.15 7.30 
 

Dimensional change during carburizing did not differ markedly for the various 
materials; it was rather linked to the sintered density. For the low-pressure compacted 
material, some expansion was observed while in all other cases slight shrinkage occurred. 
The expansion was significantly more pronounced when carburizing in C2H2 than with 
C3H8.  

Mass change was regarded as the most significant indicator for carbon pickup 
during carburizing. The respective values are given in Figs.3a, b. Here it can be seen that, 
not surprisingly, the mass change is always positive and that this mass gain strongly 
depends on the compacting pressure, i.e. the density, at lower density the mass gain being 
decidedly higher. Furthermore, carburizing in acetylene results in higher mass gain than 
treatment in propane. The Cr-Mo steels exhibited the highest mass gain at low to moderate 
density levels, while at higher density all materials exhibited virtually the same mass gain 
with the exception of the Ni-Mo steel for which, at least at density levels >7.0 g.cm-3, the 
mass increase was surprisingly low.  

When comparing the mass gain values – which mean a corresponding increase of 
the carbon content – with the carbon content of carbides it has to be taken into 
consideration that a mass gain of about 3.5 %, as in the case of Cr-Mo steel compacted at 
200 MPa, means that about half of the material must have been transformed into cementite 
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(with about 6.7 mass % C). This indicates massive overcarburization, and it was of 
particular interest if this high carbon level was evenly distributed in the material – which is 
commonly expected for sintered steels - or if it had been concentrated at and near the 
surface. 
 

 
 

 
Fig.3. Mass change during low-pressure carburizing at 930°C: a) carburizing with 

propane, b) carburizing with acetylene. 

For all materials, the transverse rupture strength was measured in 3-point bending, 
for case hardened sintered steels this property being more significant than e.g. the impact 
energy while being more easily measured than the tensile strength. The results are shown in 
Fig.4 for the materials carburized in propane; with acetylene a quite similar behaviour was 
observed. As can be seen, the Cr-Mo and Ni-Mo grades show a rather linear relationship to 
the compacting pressure while Fe-Mo and Fe base grades are relatively good at low density 
but less so at higher ones. 
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Fig.4. Transverse rupture strength (3-point bending) of the specimens low-pressure 

carburized with propane. 

MICROHARDNESS PROFILES 
From the specimens, metallographic sections were prepared, and microhardness 

profiles were taken as HV0.1. The profiles were taken parallel to the pressing direction, i.e. 
from the press face of the specimen, since in this case a more regular case was found, as will 
be shown below. 

The profiles are shown in Figs.5 and 6, in part for both carburizing agents. The 
maximum hardness levels are at about 1000 HV0.1, with the exception of Fe-C which after 
gas quenching of course cannot attain full martensitic hardness. Surprisingly also the 
materials based on Astaloy CrM-0.35 % C are comparatively soft, the hardness not exceeding 
800 HV0.1. On the other hand, these materials also exhibit lower core hardness than that with 
0.5 % C nominal – about 400 HV0.1 compared to 600 HV0.1 – which is frequently desirable. 

If the microhardness profiles for the different materials are compared, it stands out 
clearly that most of the materials exhibit rather regular cases, with both maximum hardness 
near the surface and core hardness being similar for all density levels. Significantly higher 
core hardness is observed only with the Fe-0.85 % Mo based material, and here only at the 
lowest density levels. In all other cases, through carburizing seems to have been avoided. The 
effect of the density – and also of the carburizing agent – is noticeable rather through the layer 
thickness which is commonly higher at lower density and acetylene, respectively. This 
indicates that in fact low-pressure carburizing is less prone to result in through carburizing 
than standard gas or pack carburizing techniques. 

The profiles found with the Cr-Mo steels are different insofar as they are more 
irregular, containing an internal hardness maximum. For most of the materials the absolute 
hardness maximum is measured at the surface but then the hardness drops to an intermediate 
minimum and further inward to the second maximum before dropping to the core hardness. 
The position of the intermediate minimum and the internal maximum depends on the density, 
with increasing density being shifted towards the surface. At the maximum density, the 
surface hardness is comparatively low – apparently coinciding with the intermediate 
minimum - , and the internal maximum is measured closely below the surface. In any case, 
such carburized layers with “oscillating” hardness are not suited for practical applications 
since e.g., in the case of Hertzian pressures the softer intermediate layer will result in fatigue 
cracks which the brittle carbidic surface layer cannot stop. 
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Fig.5. Microhardness profiles for AstaloyCrM based sintered steels, carburized with 

different gases: a) Astaloy CrM-0.35 % C, propane, b) Astaloy CrM-0.35 % C, acetylene, 
c) Astaloy CrM-0.5 % C, propane, d) Astaloy CrM-0.5 % C, acetylene. 

  

  
Fig.6. Microhardness profiles for sintered steels, low-pressure carburized with propane: 
a) Astaloy Mo-0.3 % C, b) Astaloy85Mo-0.3 % C, c) MSP2-0.35 % C, d) Fe-0.3 % C. 
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MICROSTRUCTURES 
The reason for these somewhat surprising microhardness profiles was revealed by 

the metallographic investigations. It showed that in the case of the Cr-Mo alloyed steels 
based on Astaloy CrM, at least at low density levels the carburizing treatment had resulted 
in formation of a thick layer of solid carbide (Fig.7) with high hardness; Murakami etching 
showed the carbide to be cementite (Fe,Cr)3C. The die surfaces revealed thicker carbide 
layers than the punch surfaces, especially in the central area (compare Figs.7a, b); 
apparently the slightly lower density in the neutral zone leads to deeper carburization. In the 
fracture surfaces, rather brittle transgranular fracture is observed in this zone (Fig.7d). 
Below this carbide layer, a second layer was found that contained carbides at the grain 
boundaries while the grains themselves contained martensite and considerable amounts of 
retained austenite, which caused the hardness to drop significantly. Typically, this layer 
fails in an intergranular way, indicating the role of the grain boundary carbides (Fig.7f). 
Only the following layer consisted of martensite with only small amounts of retained 
austenite and accordingly higher hardness; this layer results in the internal hardness 
maximum from which the hardness drops to the low-hardness core. 
 

  

  

 

Fig.7. Microstructure of Astaloy CrM-
0.35 % C, compacted at 400 MPa, 

carburized with propane: a) Cross section, 
die surface, b) cross section, punch surface, 
c) As Fig.7a, fracture surface zone A, d) As 

Fig.7a, fracture surface zone B, e) As 
Fig.7a, fracture surface zone C. 
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With increasing density, the first, carbidic, layer becomes thinner and in the 
specimens compacted at 800 MPa virtually disappears; in these materials the surface is 
formed by the martensite-austenite-grain boundary structure (Fig.8), and therefore the 
surface hardness is comparatively low here while the fully martensitic zone, which is 
closely below the surface, results in the intended high hardness. At least the grain boundary 
carbides might be dissolved by a solution heat treatment (see below). 
 

 
 

 

Fig.8. Astaloy CrM-0.5 % C, compacted at 
800 MPa, carburized with propane: a) 

Metallographic cross section, Nital etched, 
b) Fracture surface, zone A, c) Fracture 

surface, zone B. 

 
The other materials do not exhibit the carbidic surface zone, apparently due to the 

much lower content of carbide-forming elements – 1.5 % Mo maximum compared to 3 % Cr-
0.5 % Mo, although some grain boundary carbides are found also with the Mo alloyed steels 
especially in the case of lower density (Fig.9). This indicates that for these sintered steels, the 
carburizing parameters suitable for wrought case hardening steel grades are applicable while for 
the more highly alloyed Cr-Mo steels the process has to be adapted to avoid overcarburization.  
 

 
Fig.9. Microstructure of Astaloy Mo-0.3 % C, compacted at 400 MPa, carburized with 

propane. 
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SOLUTION TREATMENT AT 1000°C 
It was quite evident that compared to the Mo and Ni-Mo alloyed grades the Cr-Mo 

types showed less favourable microhardness profiles due to overcarburizing. From a 
solution treatment at higher temperature in inert atmosphere, a beneficial effect was 
expected, at least in these cases when the carbon pickup had not been excessive. The 
specimens were thus treated for 30 min at 1000°C in flowing nitrogen and then oil 
quenched. 
 

  

  
Fig.10. Microhardness profiles of sintered steels low-pressure carburized at 930°C, solution 

treated at 1000°C, and then oil quenched: a) Astaloy CrM-0.35 % C, propane, b) Astaloy 
CrM-0.35 % C, acetylene, c) Astaloy CrM-0.5 % C, propane, d) Astaloy CrM-0.5 % C, 

acetylene. 

The microhardness profiles are shown in Fig.10. Here it is evident that in fact the 
graphs are more regular now, and esp, for the lower carbon grades the internal hardness 
minima and maxima have almost disappeared. For the materials with 0.5 % C nominal, the 
profiles are less satisfactory, which is not surprising since this material contains more 
carbon also in the core which therefore cannot be such an effective carbon “sink” as in the 
case of 0.35 % C nominal. Here, however, it has to be kept in mind that the impact test bars 
used here contain much less core volume relative to the case volume than larger 
components such as gears, i.e. for precision parts a solution treatment might be more 
effective than for the test bars. Nevertheless, in practice the adaptation of the carburizing 
parameters to the relatively high alloy Cr-Mo steels is surely preferable to any remedial 
heat treatment.    
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CONCLUSIONS 
It could be shown that low-pressure carburizing is a surface hardening technique 

well suited to sintered steel components since the tendency to through carburizing is much 
less pronounced than for standard gas or pack carburizing techniques, defined cases having 
been obtained even at relatively low density levels. However, if standard carburizing 
conditions for wrought steels or high-density sintered steels are used, a tendency to 
overcarburizing is discernible at low density and in particular with Cr-Mo steels that 
contain rather high levels of carbide-forming elements. This indicates enhanced carbon 
pickup through catalytic effects of the alloy elements and, probably more pronounced, by 
the large specific surface of the materials. Of course it must be considered that in the work 
presented here the process parameters were not at all adjusted towards high porosity 
specimens; by suitably adapting the parameters the overcarburization should be drastically 
reduced. In any case, carburizing of sintered steel parts with varying porosity, or of such 
with and without Cr, in one batch cannot be recommended.   

Overcarburizing of the Cr-Mo steels results in a complex layered microstructure, 
the hard surface layer consisting entirely of carbide while the following layer is softened by 
retained austenite, and only the third layer is martensitic as desirable. With Mo and Ni-Mo 
alloy steels, overcarburizing is less pronounced, resulting mainly in grain boundary 
carbides. In all cases, the tendency to overcarburizing decreases at higher density levels. 
Furthermore, propane as carburizing agent is better suited for low-pressure carburizing than 
acetylene, resulting in less carbon pickup. In Cr-Mo steels that have not been too much 
overcarburized, a solution treatment at higher temperatures with subsequent oil quench 
results in more regular hardness profile.  

Generally it was found that low-pressure carburizing offers considerable potential 
for porous sintered steels, resulting in well defined case layers; however the carburizing 
parameters have to be adjusted individually with regard to composition and porosity of the 
components; further investigations are necessary here. For Cr-Mo alloy steels, the high 
carbon affinity of these materials has to be considered; on the other hand, low-pressure 
carburizing avoids the oxidation problems encountered with standard carburizing 
techniques.  
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