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Abstract 
The possibility to obtain a Ni free austenitic steel by sintering a high 
carbon ferritic stainless steel has been investigated. Carbon was varied in 
the range 0.8-1.2%, and sintering was carried out at 1250°C and 1275°C. 
Cooling rate from the sintering temperature was high, to avoid carbide 
precipitation. The addition of 1% C combined with sintering at 1275°C 
results in a transient liquid phase and the austenitic matrix obtained is 
stable down to -196°C and up to 450°C. The liquid phase induces 
densification and pore rounding. 
Keywords: austenitic steel, austenite stability, carbon and chromium 
steels 

INTRODUCTION 
Mechanical properties of porous sintered steels are strongly influenced by 

porosity, because of its notch effect which causes strain localization. In order to improve 
strength, ductility and then toughness, density has to be increased to enhance the load 
bearing section and to allow the deformation to propagate away from the neck regions, 
before the critical conditions for fracture have been reached. Warm compaction, High 
Velocity Compaction, high temperature sintering, liquid phase sintering, sinterforging, and 
hot pressing are all technical solutions experienced to this scope. 

An alternative approach could be that of optimizing the metallic matrix, making it 
suitable to favor strain propagation over the as large cross section as possible. In this case, a 
positive effect could be obtained even on steels in the medium density range (6.5-7.0 
g/cm3). For this purpose, the metallic matrix should posses a high yield strength and high 
strain hardening coefficient and strain hardening rate, to resist strain localization.  

The high strength austenite could be a candidate for this role. The response of 
austenite to mechanical loading is governed by its Stacking Fault Energy SFE. On 
decreasing SFE, deformation passes from gliding by the movement of perfect and partial 
dislocations, to gliding and mechanical twinning, to gliding and strain induced martensite 
transformation [1]. In particular, in the second case (gliding and mechanical twinning) a 
high elongation at fracture and the best strain hardening rate is attained. In the case of 
gliding and strain induced martensite formation, the hardening rate slightly decreases, but at 
the same time, yield strength increases. 

The SFE depends on the chemical composition. Ni increases SFE, whilst C has the 
opposite effect. The influence of Mn and Cr presents a minimum [2,3]. Therefore, the 
chemical composition should be adjusted, to tailor SFE to the specific behavior expected.  

Other examples of the positive effect of high alloyed (mainly by interstitial 
carbon) austenite on the mechanical properties are the so called super bainitic steels [4,5] 
and, in the case of the foundry products, Austempered Ductile Iron (ADI) [6]. In the former 
case, the addition of either Mn or Ni, and of Si is used to stabilize austenite by solid 
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solution (Mn, Ni) and by the suppression of the formation of bainitic carbides (Si), which 
leads to the stabilization of austenite stabilization by the carbon atoms diffusing in the 
untransformed austenite [7]. This effect of silicon is also used in ADI.  

The addition to sintered steels of a high content of manganese typical of high 
strength austenitic steels is still hardly reliable. Since Ni has undesirable effects on human 
health, and its use in materials should be gradually reduced, in the present study the 
possibility to stabilize austenite at room temperature was investigated using carbon and 
chromium as alloying elements. Cr stabilizes ferrite, but at the same time, it decreases the 
temperature of martensite start, resulting in a metastable austenite.  

In the present paper, the sintering behavior has been investigated by thermal 
analysis and the microstructural characterization of the as sintered materials has been 
carried out. In addition, since the C and Cr enriched austenite is metastable, its 
destabilization on heating and on sub-zero cooling has been investigated. Mechanical 
properties have been investigated by tensile tests, and fracture characteristics have been 
analyzed by fractographic analysis at SEM. In the last part of the paper, some preliminary 
experiments on a nitrogen modified material are presented. 

MATERIAL DESIGN 
The base powder used is the prealloyed AISI434 stainless steel, to which carbon is 

added as graphite. Figure 1 shows the phase diagram of the investigated material, as 
calculated by ThermoCalc®. Figure 2 is a zoom over the austenitic region. The austenite 
field is quite small and, as expected, chromium carbides precipitate on cooling: M7C3 and 
M23C6 (the latter at a lower temperature, as shown in Fig.1). Therefore, to obtain an 
austenitic microstructure, the carbon content has to be chosen on the basis of the sintering 
temperature (1250°C and 1275°C) and the cooling rate has to be high enough to prevent the 
carbide precipitation predicted by the phase diagram. 
 

  
Fig.1. Phase diagram of C alloyed AISI434 

steel calculated by ThermoCalc®. 
Fig.2. Detail of the ThermoCalc® phase 

diagram of C alloyed AISI434 steel. 

Moreover, since powders with high quantities of chromium are oxidized, carbon 
reacts with oxides at a high temperature [8]. This reaction reduces the as sintered carbon, 
but it is favorable to sintering of the Cr alloyed steels [9]. An extra-carbon quantity (0.15-
0.20%) is then needed to compensate for CO or CO2 which leave the system.  
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EXPERIMENTAL PROCEDURES 
The 434L starting powder was provided by Hoganas AB® and it has the following 

composition (wt%): 16.57% Cr, 1.03% Mo, 0.70% Si, 0.18% Mn, 0.27% O, bal. Fe; the 
graphite is a commercial grade.  

The powders were weighed in the exact quantity to have three different blends 
with 0.8, 1.0 and 1.2% of carbon, and then mixed with a Turbula® mixer for 30 minutes 
without any lubricant. Cylindrical samples of 15 mm in diameter and 6 mm height were 
compacted to a green density around 6.8 g/cm3: even the samples with the highest carbon 
content had no problem of springback or green strength. 

Green samples were cut to get the dimension and the appropriate weight to 
perform dilatometer and DSC analysis. The green parts were sintered in a Linseis 
Dylatometer® with a heating rate of 10°C/min up to 1275°C in an argon/5% hydrogen 
atmosphere; other parts were sintered in a Netzsch® DSC with the same thermal and 
atmosphere conditions.  

Disks were also sintered in a vacuum furnace TAV Minijet® with a heating rate of 
10°C/min at two different temperatures, 1250°C and 1275°C, for 1 hour: the vacuum level 
was 0.08 mbar up to 1000°C, and then a backfill pressure of 3 mbar was kept. The cooling 
down was performed injecting 6 bar of pure nitrogen in the vacuum chamber. 

On the disks carbon analyses via LECO® were done. To study the stability of the 
γ-phase, the following treatments were carried out: 
1. cryogenic treatments down to -196°C in liquid nitrogen; 
2. heating up to 650°C with a heating rate of 5°C/min in a Perkin-Elmer DSC 7®. 

The metallographic and microstructure studies were done using the usual 
techniques. Finally, tensile test pieces according to ISO were produced and sintered in 
vacuum. 

RESULTS AND DISCUSSION 

Sintering behavior and microstructure 
Table 1 shows the carbon content of samples sintered in the vacuum furnace at 

1250°C. The loss of carbon on sintering slightly depends on the sintering temperature 
(results of analyses on specimens sintered at 1275°C are very similar to those reported in 
Tab.1) and atmosphere (vacuum and argon/5% hydrogen), while it depends on the green 
carbon content. The actual carbon loss during the process is between 0.13 and 0.25%. 

Tab.1. Carbon content (wt%) of the green and 1250°C sintered specimens 

Green % C Sintered % C Δ 
0.80 0.67 0.13 
1.00 0.78 0.22 
1.20 0.95 0.25 

 
Looking again at the phase diagram, it may be recognized whether or not the 

materials are being sintered in the austenitic field at the two temperatures (Fig.3). The 
material with the highest carbon content lies in the γ+M7C3 field at both temperatures, 
whilst that with the intermediate content is in the biphasic field at 1250°C only.  
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Fig.3. Predicted microstructure at the sintering temperatures for the three materials 

investigated. 

Figure 4 shows, as an example, the dilatometric curve for the sample with 1.0% C. 
It shows a thermal expansion up to 668°C, followed by a flat step up to 955°C, a slight 
shrinkage up to 1029°C, and a strong expansion up 1138°C where a continuous shrinkage 
starts. The shrinkage rate increases at about 1262°C. The other specimens show the same 
trend with some differences in the temperatures (maximum difference 40°C) and, in the 
case of the sample with the lowest carbon content, the absence of an increase in the 
shrinkage rate at high temperature (Fig.5) relevant to the material with 0.8% C at the green 
state. 
 

  
Fig.4. Dilatometric curve of 1% C material. 
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Fig.5. Dilatometric curve of 0.8% C material. 

 
Fig.6. DSC curves of the three materials. 

After the initial thermal expansion of the green specimen, the flat step may be 
attributed to the combination of further expansion, the reactions between graphite and the 
434L powder and the ferrite to austenite phase transformation in steel. These 
transformations result in a mixture of austenite and M7C3 which expands up to the 
temperature at which sintering shrinkage takes over (1138°C in Fig.4). The increase in the 
shrinkage rate at a high temperature is due to the enhancement of the sintering process, and 
that due to the formation of a liquid phase that can be predicted by the phase diagram. This 
assumption finds confirmation in the DSC results. Figure 6 shows the DSC curves of the 
three materials. They show an endothermic behavior up to 1050-1100°C (depending on the 
carbon content), followed by an exothermic step up to 1150°C (this temperature is almost 
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independent of the carbon content) and then a sharp endothermic peak for the materials 
with 1.0 and 1.2% C at temperatures very close to those of the enhanced shrinkage in 
dilatometry. The last peak is then due to the formation of the liquid phase, from the eutectic 
reaction between austenite and M7C3 carbide. The two other phenomena are attributable to 
the phase transformations (endothermic step) and the progressive dissolution of the M7C3 in 
austenite (exothermic step). 

Other important features can be appreciated by looking at the TGA diagram of 
Fig.7. At a temperature of about 1040°C a noticeable mass loss is observed, due to 
degassing. Moreover, at a temperature at which the dilatometry shows shrinkage (1138°C 
in Fig.4), the mass loss rate tends to decrease, since the volumetric contraction of the 
specimen obstructs the gas flux from the internal sections. 

 

 
Fig.7. TGA curves of the three materials. 

To summarize the results of thermal analysis, phenomena occurring on sintering 
are as follows: 
- over 600°C: interaction between carbon and the matrix to produce austenite and 

carbides; 
- over 1030°C: dissolution of M7C3 in the austenitic matrix and degassing due to CO 

formation; 
- at about 1130°C: shrinkage predominates on thermal expansion; 
- at 1262°C: formation of the liquid phase in 1% C and 1.2% C materials with enhanced 

shrinkage. 
Table 2 shows density, porosity, grain size and microhardness of samples sintered 

in the vacuum furnace. The most important feature is that the sintered samples have a 
density of 3.5-5% higher than the green parts: only the sample with 1.2% C sintered at 
1275°C has a very high density (near full density). This fact can be also seen from the 
microstructure of the different samples. 
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Tab.2. Density, porosity, grain size and microhardness of the studied materials. 

 ρgreen
[g/cm3] 

ρsintered
[g/cm3] 

Δ 
[%] 

Porosity 
[%] 

Grain size 
[µm] 

HV0.05 

434L(0.8%C)-1250°C 6.66 6.91 3.8 10.3 30.3 260 
434L(0.8%C)-1275°C 6.66 6.93 4.1 10.1 40.1 260 
434L(1.0%C)-1250°C 6.51 6.74 3.5 12.5 39.1 280 
434L(1.0%C)-1275°C 6.51 6.78 4.1 11.9 50.8 272 
434L(1.2%C)-1250°C 6.60 6.93 5.0 9.9 53.3 290 
434L(1.2%C)-1275°C 6.60 7.57 14.7 <1 84.1 282 

 
Figures 8 and 9 shows the microstructure of the 0.8% C materials, sintered at 

1250°C and 1275°C respectively. Microstructure is austenitic, and the porosity is quite 
irregular, typical of a solid state sintering process. At higher magnification, the 
microstructure shows some martensite plates in the austenitic matrix, which indicate a poor 
stability of austenite on cooling (Ms higher than room temperature). 

Figures 11 and 12 shows the microstructure of the 1% C materials, sintered at 
1250°C and 1275°C respectively. Microstructure is austenitic and porosity is significantly 
improved with respect to the previous material, in particular at 1275°C. The improvement 
at 1275°C may be attributed to the occurrence of a liquid phase sintering process, whilst 
that at 1250°C may be correlated to the greater carbon loss with respect to the material with 
the lowest carbon content. Neither martensite nor residual of the liquid phase are visible 
even at higher magnification. 

Figures 13 and 14 shows the microstructure of the 1.2% C materials, sintered at 
1250°C and 1275°C respectively. Microstructure is austenitic, with a continuous network of 
the eutectic constituent at 1275°C, which indicates a persistent liquid phase sintering. This 
results in a near-full densification of the material and in grain growth, as confirmed by 
Table 2. Carbides are also observed in the material sintered at a lower temperature (Fig.15) 
precipitated at the grain boundary of the austenitic matrix. It shows a close and rounded 
porosity, further improved with respect to the material with the intermediate carbon 
content. Once again, no martensite is visible. 

 

  
Fig.8. 434L (0.8% C) 1250°C. Fig.9. 434L (0.8% C) 1275°C. 
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Fig.10. Martensite in 434L (0.8% C). Fig.11. 434L (1.0% C) 1250°C. 

  
Fig.12. 434L (1.0% C) 1275°C. Fig.13. 434L (1.2% C) 1250°C. 

  
Fig.14. 434L (1.2% C) 1275°C. Fig.15. 434L (1.2% C) 1250°C. 

Microstructure stability 
The study of the austenite stability was carried out only on the samples sintered at 

1250°C as the carbon content is weakly influenced by the sintering temperature. 
The samples were put in liquid nitrogen (-196°C) for a few minutes only to check 

if the austenite turned in to martensite. The samples with 1.0 and 1.2% C do not show any 
formation of martensite. It may be concluded that the martensite start temperature is lower 
than the liquid nitrogen one, as for the standard AISI 316L stainless steel. Contrarily, as 
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could be expected from the as sintered microstructure which still contains some martensite, 
the sample with 0.8% C shows an extensive martensitic transformation, as shown in Fig.16. 

 

  
Fig.16. Microstructure of 434L with 0.8% C 

after cryogenic treatment. 
Fig.17. Microstructure of 434L with 1.2% C 

after DSC at 650°C. 

To study the thermal stability, specimens were heated up to 650°C in the DSC. An 
example of the microstructures resulting from this treatment is shown in Fig.17, relevant to 
the 1.2% C material. It shows a clear precipitation of carbides at the gain boundary. The 
DSC curves are reported in Fig.18. For the three compositions, only slight and broad 
endothermic peaks can be seen up to 450-500°C: over that temperature, the endothermic 
precipitation of carbides becomes well evident.  

 

 
Fig.18. DSC curves of sintered specimens. 

Mechanical properties 
Figure 19 shows the stress-strain tensile curves of the three materials sintered at 

1250°C. Tensile properties are listed in Table 3. 
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Fig.19. Stress-strain tensile curves of materials sintered at 1250°C. 

Tab.3. Tensile properties of the materials sintered at 1250°C  

 σy [MPa] UTS [MPa] A [%] 

434L - 0.8% C 348  398  2.5  
434L - 1.0% C 355  425  3.4  
434L - 1.2% C 380  429  2.6  
 
Despite the low density of tensile specimens (6.5 g/cm3) both Yield and Ultimate 

Tensile Strength are quite high, but elongation at fracture is low. Fracture surface of tensile 
testpieces shows that fracture occurs by cleavage (Fig.20) with some intergranular 
decohesion (Fig.21). Whilst the intergranular fracture may be attributable to some carbides 
precipitated at the grain boundary (very fine to such an extent that they cannot be revealed 
at the Optical Microscope, as well as at the Scanning Electron Microscope on the 
metallographic sections), cleavage are the results of embrittlement caused by the interstitial 
over saturation [10]. 

 

  
Fig.20. Cleavage fracture of the high C 

austenitic steel. 
Fig.21. Intergranular fracture of the high C 

austenitic steel. 
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To improve ductility, at least the grain boundary embrittlement should be avoided. 
To this purpose nitrogen was introduced in the material, to partially replace carbon. Figure 
22 shows the calculated phase diagram of the base powder containing 0.2% nitrogen, and 
clearly indicates how the austenitic field is expanded by nitrogen. The expansion of the 
austenite field, in particular in the low temperature region, moves the nucleation of carbides 
to lower temperatures and this could actually avoid it. In addition, nitrogen has greater 
solid-solubility than carbon, reducing the tendency for precipitation [11]. Sintering 
experiments were then carried out, and the tensile stress-strain curve of the nitrogen 
modified steel is reported in Fig.23, in comparison to that of the 0.8% C material. Not only 
strength is significantly improved by nitrogen, but even elongation at fracture, which results 
at about 7%.  

 

 
Fig.22. Phase diagram of C alloyed AISI434 steel containing 0.2% N, as calculated by 

ThermoCalc®. 

 
Fig.23. Stress-strain tensile curves of materials sintered at 1275°C. 

Table 4 reports the tensile properties of the nitrogen modified steels, sintered at 
1250°C. 
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Tab.4. Tensile properties of the nitrogen alloyed materials sintered at 1250°C. 

 σy [MPa] UTS [MPa] A [%] 
434L - 0.8% C 410 512 5.1 
434L - 1.0% C 412 545 6.2 
434L - 1.2% C 430 550 7.5 
 
The facture surface of the nitrogen alloyed steel does not show any intergranular 

fracture, demonstrating that grain boundary precipitation has actually been avoided. 
Fracture remains brittle, and the tensile curve clearly shows that the fracture is governed by 
crack propagation. Therefore, ductility may be further improved by alloying elements able 
to increase resistance to the propagation of cleavage crack. 

CONCLUSIONS 
The possibility to obtain a Ni free austenitic steel by sintering a high carbon 

ferritic stainless steel has been investigated. Carbon content was varied in the range 0.8-
1.2%, and sintering was carried out in vacuum at 1250°C and 1275°C, followed by high 
pressure nitrogen cooling. The experimental results show that it is possible to obtain a 
nickel free austenitic steel alloying high chromium powder with carbon. The 
microstructural characterization at the Optical Microscope shows some martensite in the 
0.8% C material and the precipitation of chromium carbides in the 1.2% C material. The 
material with the intermediate carbon content (1%) evidences a fully austenitic 
microstructure. 

The cryogenic treatment at –196°C causes a formation of martensite in the 0.8% C 
material only, whilst the thermal destabilization of austenite starts at about 450-500°C in all 
materials, with the grain boundary precipitation of chromium carbides. 

Tensile strength of the high carbon austenitic material is quite good, but ductility 
is reduced by the carbon over saturation which promotes transgranular cleavage fracture, 
and by the precipitation of grain boundary carbides which promote intergranular fracture. 
To eliminate the intergranular fracture, carbon was partially replaced by nitrogen, which 
has a greater solubility. The mechanical properties (both strength and ductility) are 
significantly improved, even though fracture remains brittle (transgranular cleavage).  

A further improvement of the properties may be attained by introducing alloying 
elements able to increase the resistance to the propagation of cleavage crack. 
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