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AS SINTERED TENSILE AND IMPACT PROPERTIES OF HIGH 
DENSITY Fe-1.5Cr-0.2Mo SINTERED STEEL 

V. Stoyanova, A. Molinari 

Abstract 
The aim of this work was to study mechanical properties of a fully 
prealloyed 1.5 % Cr and 0.2 % Mo iron powder, admixed with 0.6 % C, 
compacted to 7.1, 7.4 and 7.6 g/cc and sintered at a conventional 
temperature (1120°C) and at high temperature (1250°C). Materials 
develop a lower bainitic microstructure, but at high sintering temperature 
decarburization causes the formation of some upper bainite. Mechanical 
properties of the studied materials are very high, in terms of both tensile 
strength and ductility, and toughness. The fully lower bainitic 
microstructure ensures an excellent combination of strength and ductility 
in materials compacted to 7.6 g/cc and sintered at a high temperature. 
Nevertheless, the mechanical properties of material compacted to 7.1 g/cc 
and sintered at the standard temperature are consistent with the 
requirements of the medium-high performance applications of sintered 
steels. 
Keywords: Cr-alloyed steel, high density, mechanical properties 

INTRODUCTION 
Chromium as an alloying element of structural steels is of main interest due to its 

effect on hardenability and nitridability. Compared to nickel and molybdenum it is cost 
efficient; compared to copper, it does not negatively affect steel scrap recycling. 

Chromium provides excellent mechanical properties to PM steels, as shown by 
several studies carried out on materials produced with the ACrM powder (3 % Cr, 
0.5 % Mo) [1, 2, 3, 4]. Because of the stability of chromium oxide, sintering of these 
materials needs N2/H2 atmospheres, with well controlled oxygen partial pressure [5, 6]. 
When sintered in the suitable atmosphere, materials develop optimum interparticle bonding 
and, depending on carbon content and cooling rate, bainitic and/or martensitic 
microstructures may be obtained, resulting in outstanding mechanical properties. 

The reduction of chromium content in the base powder makes the atmosphere 
control less critical. Therefore, a new fully prealloyed powder Fe-1.5%Cr-0.2%Mo (ACrL) 
was developed for medium strength application [7]. In the present study, the new powder is 
used to produce steels with 0.6 % C, to obtain bainitic microstructures. Specimens were 
produced with green density ranging between 7.1 g/cc and 7.6 g/cc. Sintering was carried 
out both at standard temperature and at high temperature, to improve pore morphology and 
to close the residual porosity. Densification and improvement of pore characteristics are 
needed not only to increase mechanical properties, but to take full benefits from 
microstructural hardening, since sharp and interconnected pores tend to act as cracks in 
hard matrixes [8]. 
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The materials were tested both under tensile and impact loading, and the results 
are here presented and discussed in correlation to the microstructural characteristics 
obtained. 

EXPERIMENTAL PROCEDURE 
The fully prealloyed water atomized powder, having the chemical composition 

presented in Table 1, was admixed with 0.6 % Kropmülf graphite UF4. Test bars according 
to ISO 2470 (tensile test specimen) and to ISO 5745 (Charpy impact test specimen), were 
compacted to three green density levels: 7.1, 7.4 and 7.6 g/cc (codes 71, 74 and 76, 
respectively, in the following). Sintering was carried out at 1120°C (code L) and 1250°C 
(code H), for 30 min in a 90N2/10H2 atmosphere. 

Tab.1. Chemical composition of the powder. 

code Cr [%] Mo [%] C [%] O [%] 
A6C 1.5 0.2 <0.01 <0.15 

 
Density and porosity were determined using the Archimedes method. Apparent 

hardness HV30 and microhardness HV0.05 were measured on the compaction surfaces, 
after polishing with 1 micron diamond suspension. Ten measurements were made, five to 
each surface, neglecting irregular microhardness indentations. Metallographic 
characterization of polished and etched (Nital 2 %) specimens was done at the optical 
microscope. Tensile tests were carried out in an Instron testing machine, with a crossing 
head speed of 1 mm/min, at room temperature. Instrumented Charpy tests were performed 
at room temperature using a Wolpert pendulum with the impact direction perpendicular to 
the compaction surface. Available energy was 150 J and impact velocity was 3.9 m/s. In 
Fig.1 a typical impact load-time/deflection curve is shown. From this record, the absorbed 
impact energy can be subdivided into the energy required for initiating fracture and the 
energy required for propagating fracture. In addition, the load at general yielding (PY), the 
maximum load (P ), the load at the onset of unstable crack propagation (Pmax I), the time 
(deflection) at the maximum load (t  or smax max) and the time (deflection) at the onset of 
unstable crack propagation (t  or sI I) can all be determined [9].  The fracture surface of 
impact specimens was observed by SEM. 
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Fig.1. Typical Load-time/deflection curve. 
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RESULTS AND DISCUSSION 
In Table 2, the basic properties of studied materials are presented. Sintered density 

increases with green density and sintering temperature. On 7.6 g/cc green density 
specimens, porosity is almost completely closed independently on sintering temperature 
(Fig.2). Carbon analysis shows that appreciable decarburization occurs on sintering at the 
higher temperature only, as expected [10]. At this temperature, in fact carbon contributes to 
the reduction of chromium oxide on the powder particles. 

Tab.2. Basic properties of the studied materials. 

material sintered 
density 

total 
porosity 

open 
porosity 

sintered 
carbon 

[%] 

apparent 
hardness 

HV30 

Microhardness 
HV0.05 

[g/cc] [%] [%] 
A6C71L 7.09 8.28 2.47 0.57 237 408 
A6C74L 7.37 4.63 0.7 0.565 324 397 
A6C76L 7.6 1.64 0.13 0.55 297 325 
A6C71H 7.15 7.51 1.44 0.52 197 323 
A6C74H 7.43 3.83 0.3 0.495 270 309 
A6C76H 7.65 1.06 0.17 0.47 269 265 
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Fig.2. Open porosity vs. density. Fig.3. Apparent hardness vs. density. 

In Figure 3, HV30 is reported versus density. High sintering temperature 
specimens have a lower hardness than the low temperature ones, because of 
decarburization. Moreover, Fig.3 shows that the increase in density from 7.4 g/cc up to 7.6 
g/cc does not further increase hardness. Hardness depends on density and microhardness 
and the latter, in turn, on carbon content, as shown by Fig.4. Therefore, in Fig.5 the 
experimental data is reported in a microhardness/density diagram. At both sintering 
temperatures, specimens with 7.4 g/cc green density have the same microhardness than 
those at 7.1 g/cc, and therefore the hardness increase shown in Fig.3 is due to densification. 
Similarly, specimens with 7.6 g/cc are softer than those at 7.4 g/cc, and therefore the lack of 
any further increase in hardness with densification is due to the balance of the two 
counteracting effects.  
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Fig.4. Microhardness vs. carbon content. Fig.5. Microhardness vs. Density. 

Examples of the microstructures of the different specimens are presented in Fig.6; 
they refer to the specimen compacted to 7.1 g/cc and sintered at the lower temperature 
(Fig.6a), and to that compacted to 7.6 g/cc and sintered at the higher temperature (Fig.6b). 
 

Fig.6. Microstructure of A6C71L (a) and A6C76H (b). 

At both sintered temperatures, a bainitic microstructure is obtained: almost fully 
lower bainite in specimens sintered at low temperature, lower bainite with some regions of 
upper bainite and some surface decarburization in those sintered at the higher temperature. 
This difference is due to carbon content and finds good agreement with CCT diagrams [11]. 
Pore morphology is modified by the process parameters: pores are smaller in the high green 
density specimens and more rounded in those sintered at high temperature. 

Tensile properties are listed in Table 3 and correlated to density in Figs. 7 and 8. 

Tab.3. Tensile properties. 

material UTS YS A 
[MPa] [MPa] [%] 

A6C71L 801 603 1.9 
A6C74L 878 664 3.1 
A6C76L 1033 758 4.1 
A6C71H 798 575 3.8 
A6C74H 802 591 5.1 
A6C76H 1059 834 5.2 
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Fig.7. UTS  and YS vs. sintered density. Fig.8. Elongation vs. sintered density. 

UTS and YS display the same trend when correlated to density. High temperature 
sintered specimens have lower tensile strength than low temperature ones because of the 
presence of upper bainite in their microstructure. The increase in green density increases 
both UTS andYS in low temperature sintered specimens, whilst the effect in the high 
temperature ones is less regular, since A6C71H and A6C74H have almost the same 
strength and a noticeable increase is obtained only in A6C76H. Figure 8 shows the effect of 
density on ductility. Differently from ultimate tensile strength and yield strength, elongation 
increase is almost linear, up to 4-5 %, which are typical values for a full dense steel with a 
lower bainitic microstructure [12]. 

The increase in ductility due to sintering temperature may be attributed both to the 
lower carbon content and to the improvement of pore morphology. The interpretation of 
tensile strength data of high temperature sintered materials needs further work to determine 
the critical load bearing section, which is the controlling parameter, along with the 
mechanical properties of the metallic matrix. 

Load-deflection curves obtained on the six materials are shown in Fig.9. All the 
materials display an elastic-plastic behaviour, with a distinct yield point and a strain 
hardening step. When a crack nucleates, there is no stable crack propagation and a fast 
fracture occurs. The characteristic parameters of the impact curves are listed in Table 4: the 
impact energy (second column) is the average of five tests, whilst other data is taken from 
the load-deflection curves giving an impact energy closer to the average one. 

Tab.4. Impact properties. 

total 
absorbed 
energy 

energy 
for crack 
initiation

energy 
for crack 
propag. 

   impact 
energy 
(mean) 

 
 Py Pmax. 

[kN] 
Dmax. 
[mm] materials [kN] 

[J] [J] [J] [J] 
A6C71L 20 20.3 17.3 3.0 20.1 25.2 1.4 
A6C74L 22 20.4 16.8 3.6 20.2 28.8 1.3 
A6C76L 55 54.5 50.7 3.8 23.0 33.3 2.3 
A6C71H 40 40.1 37.0 3.1 18.4 24.6 2.3 
A6C74H 58 61.6 57.8 3.8 25.2 32.4 2.6 
A6C76H 107 104.6 100.1 4.5 23.9 33.1 3.8 
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Fig.9. Load-deflection curve of studied material. 

Impact energy increases with sintering temperature, and with green density in the 
7.4-7.6 g/cc range (Fig.10). The same trend is displayed by deflection (Fig.11). Yield load 
and the maximum load also increase with density, whilst the effect of sintering temperature 
is ambiguous, as shown in Fig.12. The similarity between Figs. 10 and 11 suggests that 
ductility prevails on strength in determining impact properties, in particular at the highest 
density.  

Sintering temperature and green density (in the 7.4-7.6 g/cc range) have a 
noticeable effect on the crack nucleation energy, due to the increase in impact ductility, 
while the propagation energy is only slightly increased. Propagation energy is usually 
correlated to open porosity [13] since interconnected pores constitute an energetically 
favourable path for crack propagation. In the specimens of the present investigation, open 
porosity is very low. Figure 13 confirms the effect of the pore closure on propagation 
energy, which increases from 3 J up to 4.5 J on decreasing interconnected porosity. The 
highest value corresponds to A6C76H specimen where pores are closed and, due to the 
sintering temperature, well rounded. It has to be considered that similar results in terms of 
propagation energy were found on a typical wrought hot work tool steel (AISI H13) with a 
bainitic and tempered martensitic microstructure. 
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Fig.10. Impact energy vs. density. Fig.11. Deflection vs. density. 
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Fig.12. Load at general yielding and 
maximum load vs. sintered density. 

Fig.13. Energy for crack propagation vs. 
open porosity. 

Impact fracture surface of all materials was analyzed by SEM. The fracture surface 
does not present uniform features over the entire specimen section [14]. All materials are 
characterized by dimpled ductile fracture in areas close to the tensile side of the specimens. 
On high temperature materials some cleavages were also found. Core section contains 
dimples and cleavages, and in low density and low temperature sintered materials, 
interparticle fracture was noticed. Compressive side of the specimens is characterized by a 
more brittle fracture with prevailing cleavage areas. In material A6C76H only, cleavages 
are presented on different planes on the fracture surface. In all materials cleavage facets of 
“river patterns” type (Fig.14) predominate, with some cleavages facets of “tongues” type 
(Fig.15), probably in regions with a lower carbon content [15].  

 

Fig.14. Cleavage type “river patterns”. Fig.15. Cleavage type “tongues”. 

CONCLUSION 
Materials produced using the water atomized ACrL powder with 0.6 % C 

admixed, develop a lower bainitic microstructure. The carbon content is slightly reduced at 
high sintering temperature, resulting in the formation of some upper bainite. Porosity is 
almost completely closed (less than 1 % open porosity) in specimens compacted to 7.4 and 
7.6 g/cc, independently on sintering temperature. The increase in sintering temperature 
improves pore morphology, compaction to a high green density reduces pore size. 
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Tensile strength increases with density and slightly decreases with sintering 
temperature, because of decarburization. Elongation at failure tends to be typical values of 
wrought lower bainitic steels. Ultimate tensile strength ranging between 800 MPa and 1059 
MPa was obtained, depending on green density and sintering temperature. The addition of 
some extra-graphite to compensate for sintering decarburization, is expected to further 
increase tensile strength because of the elimination of upper bainite in the microstructure. 
Impact properties are also influenced by green density and sintering temperature. All the 
materials display an elastic-plastic behaviour, with a distinct yield point and a strain 
hardening step. Extension of the plastic field increases with green density and temperature. 
The material with the best tensile properties adsorbs 107 J. 

As a general conclusion, mechanical properties of the studied materials are very 
high, in terms of both tensile strength and ductility, and toughness. The addition of a proper 
carbon content leads to the formation of a fully lower bainitic microstructure, which 
ensures an excellent combination of strength and ductility in materials compacted to 7.6 
g/cc and sintered at high temperature. Nevertheless, the mechanical properties of material 
compacted to 7.1 g/cc and sintered at the standard temperature, are consistent with the 
requirements of the medium-high performance applications of sintered steels. 
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