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MICROSTRUCTURE AND PROPERTIES OF Cr-Mn ALLOYED 
SINTERED STEELS 

M. Sulowski, M. Kábatová, E. Dudrová  

Abstract 
The effect of sintering temperature and atmosphere composition on the 
microstructure and properties of sintered steels based on Astaloy CrL and 
Astaloy CrM pre-alloyed iron powders with ferromanganese and graphite 
additions was investigated. Green compacts were conventionally 
(1120°C) and high temperature (1250°C) sintered in mixed 5H2-95N2 and 
N2 atmospheres. One group of specimens was sintered in air using pieces 
of ferromanganese lying in the boat. Convective cooled specimens at a 
cooling rate 65°C/min were subsequently tempered in air at 200°C for 60 
min. To investigate the mechanical properties: UTS, elongation, R0.2 yield 
offset, TRS, impact toughness and hardness HV30 were examined. On the 
basis of the results recorded, the investigated steels can be classified as a 
group of medium-to-high strength sintered steels with UTS up to 957 
MPa, TRS up to 1658 MPa and toughness in the range 3.04-15.25 J/cm2. 
The hardness of examined steels was in the range from 202 to 473 HV30. 
The mechanical properties of steels sintered in air + ferromanganese 
lumps are comparable to those reached after sintering in the 5H2+95N2 
gas mixture.  
Keywords: Cr-Mn alloyed steels, sintering atmosphere, microstructure, 
mechanical properties  

INTRODUCTION  
Traditionally, high strength sintered steels are alloyed with Ni, Cu and Mo, 

whereas conventional low alloyed steels contain mostly Cr, Mn and Si. Long-term high 
price of nickel, which increases the price of PM components, has led to attempts to use 
chromium and manganese in alloying sintered steels for more than fifty years [1-13]. The 
easiest way is to admix different powder carriers of Cr and Mn, such as ferroalloys, 
carbides, and master alloys, such as MCM, MVM, respectively. Longstanding intensive 
research resulted in different variants of pre-mixed systems, but without real industrial 
production. The production of water atomized chromium pre-alloyed powders (e.g. Astaloy 
CrM, Astaloy CrL) has brought a fundamental change consisting in a decrease of the 
oxidation activity of chromium in a solid solution. Chromium pre-alloyed steel powders 
have an excellent predisposition for production of structural, even highly stressed, 
components [14-20]. It should be recalled that the most important condition for sintering of 
Cr-Mn alloyed powders is ensuring reduction conditions during the whole sintering cycle 
[21-24].  
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Following Šalak [25], it is now accepted that Mn vapour plays a dominant role in 
the sintering mechanism of Mn steels. Šalak suggested that it reacts with the oxygen in the 
sintering atmosphere and fine volatile MnO oxides form, which may be removed by the 
flowing atmosphere. From this fact comes the idea of the “self-cleaning effect” of the 
manganese during sintering of Mn steels [4, 10]. According to thermodynamics, simple iron 
oxide can be easily reduced by hydrogen at a low temperature, less than 500°C. More stable 
Cr and Mn oxides, and their spinels require higher temperature and another reducing agent - 
carbon in carbothermal reduction is necessary. As reported Hryha et al. [22, 23], the simple 
iron oxide transforms during sintering to more stable Cr-Mn-Si complex oxides, while the 
stability of oxides in Cr and/or Mn (with Si traces) alloyed PM materials increases in the 
sequence:  

 
Fe2O3→FeO→Fe2MnO4→Cr2FeO4→Cr2O3→MnCr2O4→MnO→MnSiO3→SiO2 (1) 

 
Final strength properties of Cr-Mn alloyed steels strongly depend on the cooling 

rate, which controls the austenite transformation and hence the final microstructure 
composition. This phenomenon, especially for Cr-Mn low alloyed steels, results in the 
formation of microstructures with a wide spectrum [26]. The second, crucial factor is the 
oxidic purity of interfaces in the sintered microstructure. The presence of residual oxide 
phases leads to the degradation of mechanical properties, even in the case of high strength 
bainitic-martensitic microstructure of the metallic matrix. 

The objective of the work was to investigate and correlate the effect of 
composition and processing conditions on mechanical properties (tensile and bend 
strengths, plasticity, impact energy and hardness) and microstructure of Fe-(1.5/3.0)%Cr-
3.0%Mn-(0.2/0.5)%Mo-(0.3/0.8)%C sintered steels, with the aim to contribute to 
knowledge about favourable and industrially applicable conditions for achieving 
satisfactory mechanical properties. For this purpose, the effect of sintering in low-hydrogen 
or nitrogen atmospheres and in air, as well, using the idea of a „self-cleaning” effect of 
manganese was investigated. 

EXPERIMENTAL PROCEDURES 
Höganäs AB pre-alloyed Astaloy CrL and Astaloy CrM powders, containing 1.5% 

Cr and 0.2% Mo and 3% Cr and 0.5% Mo, respectively, have been used in the 
investigation. The manganese in the amount of 3 wt.% was added in the form of the 
medium-carbon Elkem ferromanganese (77% Mn, 1.3% C) powder with particle size under 
20 microns provided by Huta Baildon, Poland. Carbon in the form of ultra fine graphite 
(Höganäs C-UF) was added in the amount of 0.3 and/or 0.8 wt.%. The powders were mixed 
in a Turbula mixer for 30 min. No lubricant was added to the powder before mixing. Two 
specimen types, compacted to a green density of 6.81-7.08 g/cm3 were prepared - “dog-
bone” tensile (ISO 2740), rectangular 3-point bend (ISO 3325) and unnotched impact 
energy, 55x10x6 mm3, respectively.  

Sintering was carried out in a horizontal laboratory furnace at 1120°C and 1250°C 
in 5%H2+95%N2, and pure N2 gas, delivered by Linde Gas Poland, for 60 min. The purity 
of both atmospheres was 5.0. The inlet dew point of both sintering atmospheres was -60°C. 
It was measured using a Shaw Moisture Meter. The heat resistant steel tube furnace was 
equipped with water jacketed rapid convective cooling zone with cooling rate 65°C/min. 
All the specimen groups were sintered in a stainless steel semi-closed boat (Fig.1.).  
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a) b) 
Fig.1. The semi-closed boat with samples a) cover and bottom part of the boat, b) boat with 

samples ready for sintering. 

Tab.1. Formulation of the tested alloys, sintering and tempering conditions (sintering time - 
60 minutes, cooling rate - 65°C/min, sintering atmospheres dew point -60°C). 

Sintering  Tempering Alloy 
No. Composition Formulation Temp./time

[°C/min] Atmosphere Temp./time 
[°C/min] 

1 95N2+5H2
2 1120/60 N2
3 95N2+5H2
4 

Fe-1.5Cr-
0.2Mo-3Mn-

0.8C 

Astaloy CrL 
ferromanganese

graphite 1250/60 N2
5 95N2+5H2
6 1120/60 N2
7 95N2+5H2
8 

Fe-3.0Cr-
0.5Mo-3Mn-

0.8C 

Astaloy CrM 
ferromanganese

graphite 1250/60 N2
9 95N2+5H2

10 N2
11 

Fe-1.5Cr-
0.2Mo-3Mn-

0.3C 

Astaloy CrL 
ferromanganese

graphite 
1120/60 

air +52 g FeMn 
12 95N2+5H2
13 N2
14 

Fe-1.5Cr-
0.2Mo-3Mn-

0.3C 

Astaloy CrL 
ferromanganese

graphite 
1250/60 

air +52 g FeMn 
15 95N2+5H2
16 N2
17 

Fe-3Cr-0.5Mo-
3Mn-0.3C 

Astaloy CrM 
ferromanganese

graphite 
1120/60 

air +52 g FeMn 
18 95N2+5H2
19 N2
20 

Fe-3Cr-0.5Mo-
3Mn-0.3C 

Astaloy CrM 
ferromanganese

graphite 
1250/60 

air +52 g FeMn 

200°C for  
60 minutes in 

air 

 
The temperature inside the boat was measured using CKY 506R thermometer and 

K thermocouple with accuracy ± 0.1°C. After convective cooling, specimens were 
subsequently tempered at 200°C for 60 min in air. One group of specimens with 0.3% of 
carbon content was also sintered in air in a semi-closed boat in which, together with the 
specimens, were pieces of ferromanganese (ferromanganese lumps) in the amount of 52 
grams (9.4 g per 100 g of specimens). In this work the FeMn lumps were used as a 



 Powder Metallurgy Progress, Vol.12 (2012), No 2 74 
 
protective atmosphere for the first time. At the suggestion of Prof A Cias, sintering 
experiments were carried out in semi-closed containers (where the microclimate above 
700°C was dominated by Mn vapour) with air as the furnace atmosphere. 

Sintered specimens were tested in static tension (MTS 810 testing machine), 
simple bending (ZD 10 lab press), both tests on the machines at a crosshead speed of 5 
mm/min, and in an impact energy tester (W=15 J). Light and scanning electron microscopy 
(Leica DM 4000M, Jeol 7000F and Novoscan 30, respectively) were employed for 
microstructural and failure evaluations. LECO instruments were employed to check the C 
and O2 contents in sintered materials. The alloys formulation and processing conditions are 
recorded in Table 1. 

RESULTS 
Table 2 presents the results of mechanical investigations of Fe-(1.5/3%)Cr-

(0.2/0.5%)Mo-3%Mn-0.3 and 0.8%C PM steel specimens. In Table 3, the carbon and 
oxygen contents in sintered specimens are summarized. 

It can be noticed from Table 2 that generally mechanical properties recorded for 
steels based on Astaloy CrL powder with addition of 3.0% Mn and 0.8% C sintered both in 
the H2-containing atmosphere are comparable or lower than of those steels sintered in 
nitrogen. For all sintering combinations, PM steels based on Astaloy CrM powder 
(Fe+CrM+3Mn+0.8C) reached higher mechanical properties than Astaloy CrL-based steels 
(up to 671 MPa in tensile and 1274 MPa in bend strengths after sintering at 1250°C in a 
nitrogen atmosphere). 

The mechanical properties of Astaloy-based steels with lower carbon content were 
comparable or higher than those recorded for high-carbon steels. The highest UTS and TRS 
were recorded for CrM+3Mn+0.3C alloys sintered at 1250°C in nitrogen. Following the 
data presented in Table 2, there is no evident difference in properties of steels sintered in 
the H2-containing and nitrogen atmosphere. Mechanical properties of all investigated 
Astaloy CrM-based steels (Fe+CrM+3Mn-0.3C), sintered at 1120°C and at 1250°C, were 
higher than those achieved for Astaloy CrL-based steels with 0.3% carbon addition.  

It can be also pointed out the properties of Astaloy-based steels sintered in air with 
addition of FeMn are satisfactory, both for Astaloy CrL and Astaloy CrM based powders. 
The differences in values of mechanical properties were not large, which means that air 
sintering of Mn-Cr-Mo steels seems to be very promising.  

The toughness and elongation of investigated steels also depend on sintering 
temperature and carbon content. Higher plastic properties were achieved after high 
temperature sintering for Astaloy CrL and Astaloy CrM-based steels with lower carbon 
content (up to 15.25 J/cm2

 in toughness and 2.75% in elongation).  
Following the data presented in Table 3, with increasing sintering temperature the 

carbon content in sintered steels is decreased. The differences are in the range from 0.062% 
(for CrM+3Mn+0.3C sintered in nitrogen) to 0.128% (CrL+3Mn+0.8C sintered in 5H2-
95N2). This phenomenon was observed in all steels studied here, except for the air sintering 
variant; in this case the carbon content was nearly constant (the change was by 0.005% and 
0.008% for Astaloy CrL and Astaloy CrM-based material, respectively). The decrease of 
carbon content in both steels with 0.3 and 0.8% C, can be explained by reduction of oxides 
– higher decarburization: implicit higher oxygen loss. Following the data presented in Table 
3, for Astaloy CrM-based steels sintered in air, the oxide content was lower than for those 
sintered in 95N2-5H2 atmosphere; the effect was observed in steels based on Astaloy-CrL 
pre-alloyed powder. This phenomenon could be explained by multiplied oxide reductions 
by the use of FeMn lumps. For all investigated steels (both 0.3 and 0.8% C), the initial level 
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of manganese was 3 wt.%. When FeMn lumps were used during sintering, the “self-
cleaning” effect was increased. Probably in steels sintered in N2-H2 mixture, the carbon 
content was not sufficient for oxide reduction. 

Tab.2. Mechanical properties of investigated steels processed by sintering with cooling rate 
of 65°C/min and tempering at 200°C; mean values of 5 measurements, standard deviation.  

Alloy 
Sint. 
T.  

[°C] 
Atmosphere

R0.2 
offset 
[MPa] 

UTS 
[MPa] 

TRS 
[MPa] HV 30 KC 

[J/cm2] 
A 

[%] 

95N2+5H2 417±41 429±70 955±108 314±14 3.50±0.25 1.22±0.32 1120 N2 431±79 474±36 924±53 343±66 3.34±0.73 1.18±0.38 
95N2+5H2 487±39 680±45 967±104 367±25 5.14±1.03 2.59±0.06 

CrL+3Mn 
+0.8C 

1250 N2 432±52 684±6 1178±325 403±27 5.24±1.64 2.58±0.16 
95N2+5H2 N/D 413±49 877±50 459±29 4.33±0.36 1.27±0.16 1120 N2 360±10 389±27 910±28 413±20 4.51±0.63 1.31±0.21 
95N2+5H2 560±39 654±83 1352±195 469±23 8.61±0.38 2.31±0.55 

CrM+3Mn 
+0.8C 1250 N2 517±23 671±39 1274±70 473±25 8.63±1.61 2.58±0.38 

95N2+5H2 481±66 556±37 1020±226 284±8 3.04±0.47 0.78±0.10 
N2 481±55 556±76 1191±228 274±16 3.40±0.52 0.82±0.15 1120 air + 52 g 

FeMn 468±34 603±42 1138±204 202±35 5.26±0.86 2.57±0.38 

95N2+5H2 535±6 792±44 1169±343 268±15 6.31±1.41 1.69±0.11 
N2 554±20 832±42 1702±270 262±13 15.25±1.32 1.98±0.11 

CrL+3Mn 
+0.3C 

1250 air + 52 g 
FeMn 482±58 570±57 1158±115 224±21 7.10±1.12 2.57±0.26 

95N2+5H2 537±38 665±76 982±98 323±11 3.34±0.25 1.68±1.09 
N2 535±29 716±10 855±143 320±11 4.05±0.37 2.53±0.21 1120

air + 52 g 
FeMn 541±79 554±26 1294±112 300±20 3.62±0.43 1.59±0.35 

95N2+5H2 562±26 957±24 1610±253 315±6 10.71±0.48 2.75±0.17 
N2 562±26 957±24 1658±409 315±6 7.98±0.24 2.73±0.17 

CrM+3Mn 
+0.3C 

 
1250 air + 52 g 

FeMn 561±51 642±38 1203±120 300±35 5.35±1.23 2.08±0.26 

Tab.3. Carbon and oxide contents in investigated steels processed by sintering with cooling 
rate of 65°C/min and tempering at 200°C (mean values of 3 measurements).  

Alloy Sintering 
temperature [°C] Atmosphere C [wt.%] O2 [wt.%] 

95N2+5H2 0.665 0.343 1120 N2 0.724 0.569 
95N2+5H2 0.537 0.488 CrL+3Mn+0.8C 

1250 N2 0.599 0.398 
95N2+5H2 0.717 0.559 1120 N2 0.770 0.587 
95N2+5H2 0.618 0.410 CrM+3Mn+0.8C 

1250 N2 0.628 0.385 
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Alloy Sintering 
temperature [°C] Atmosphere C [wt.%] O2 [wt.%] 

95N2+5H2 0.289 0.460 
N2 0.274 0.338 1120 

air + 52 g FeMn 0.187 0.300 
95N2+5H2 0.190 0.157 

N2 0.191 0.165 

CrL+3Mn+0.3C 

1250 
air + 52 g FeMn 0.182 0.321 

95N2+5H2 0.304 0.390 
N2 0.276 0.333 1120 

air + 52 g FeMn 0.172 0.348 
95N2+5H2 0.228 0.290 

N2 0.214 0.280 

CrM+3Mn+0.3C 

1250 
air + 52 g FeMn 0.164 0.275 

 

Microstructure 
The microstructure obtained for the tested alloys sintered at both temperatures 

(1120°C and 1250°C) are shown in Figs.2a,b-5a,b. The “dissolution” of the ferromanganese 
particles during sintering results in typical “sponge” morphology of residual 
ferromanganese particles. The particles’ presence is practically eliminated by sintering at 
1250°C, but the resultant porosity pores left in place of FeMn particles was observed, while 
the pore sizes are controlled by the original size of the ferromanganese particles.  

All the microstructures examined were complex and heterogeneous. The sinter-
hardened microstructure of the 3% Mn alloys with 0.3% C consists of ferritic and bainitic 
areas. In the case of higher carbon content, of 0.8%, the microstructure contains mixed 
bainitic-martensitic areas with retained austenite. The manganese distribution coincides 
with “dissolution” of ferromanganese particles; the degree depending on the sintering 
temperature. 

 

  

Fig.2a. Microstructure of Astaloy CrL-3Mn-
0.8C, 1120°C, 5H2-95N2. 

Fig.2b. Microstructure of Astaloy CrL-3Mn-
0.8C, 1250°C, 5H2-95N2. 
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Fig.3a. Microstructure of Astaloy CrM-
3Mn-0.8C, 1120°C, 5H2-95N2. 

Fig.3b. Microstructure of Astaloy CrM-
3Mn-0.8C, 1250°C, 5H2-95N2. 

 

  
Fig.4a. Microstructure of Astaloy CrL-3Mn-

0.3C, 1120°C, 5H2-95N2. 
Fig.4b. Microstructure of Astaloy CrL-3Mn-

0.3C, 1250°C, 5H2-95N2. 

 

  

Fig.5a. Microstructure of Astaloy CrL-3Mn-
0.3C, 1250°C, air + FeMn lumps. 

Fig.5b. Microstructure of Astaloy CrM-
3Mn-0.3C, 1250°C, air + FeMn lumps. 
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Fracture behaviour  
The fracture surface morphology after tensile tests is strongly dependent on the 

type of microstructure, which is controlled by carbon content and sintering temperature. For 
alloys based on both Astaloy CrL and Astaloy CrM powders with the lower carbon content, 
interparticle failure dominates - with shallow dimples, some small cleavage facets and 
intergranular decohesion (Fig.2 and Fig.4). In some areas of ductile dimple failure, 
particularly for high temperature sintering, local plastic deformation occurred, which 
corresponds with the values of plasticity achieved, expressed by tensile strains of more than 
2%. The deleterious effect of residual ferromanganese particles, resulting in large pores, 
was most pronounced in the case of lower sintering temperature and lower carbon content 
(Fig.6a). In areas surrounding the original ferromanganese particles, the fracture surface 
consists of a large amount of intergranular facets, due to the oxide phase at grain 
boundaries. In some of these sites, relatively large groups of Mn oxide particles can be also 
seen. Even for material with low carbon content sintered at high temperature, interparticle 
failure occurs (Figs.6b, 7b). However, shallow dimples initiated by oxide particles are 
predominant. In addition to dimples, intergranular decohesion has been identified. Groups 
of the Mn oxide particles on fracture surfaces have not been observed, unlike for low-
temperature sintering. The presence of intergranular failure in both low and high 
temperature sintered specimens indicates that some grain boundaries were degraded by 
oxides, which correlates with relatively low impact toughness (Table 2). The fracture 
surfaces of materials based on both Cr-alloyed powders have a similar character, but, for 
specimens with a higher Cr content, there is occurrence of numerous small cleavage facets. 

High-carbon content results in complex and high-strength sintered microstructure 
containing martensite and bainite. The failure is controlled by quality of interface areas, 
particularly of bainite packet surfaces and by cleavage in martensite. The result is a mixed 
character of the fracture surface, which consists of shallow dimples and cleavage facets 
(Figs.8a, b and Figs.9a, b). Both lower sintering temperature and lower chromium content 
lead to higher amount of intergranular decohesion (Fig.8a) which is connected with the 
formation of carbide phases at grain boundaries (note: the eutectoid carbon content is about 
0.36%). In the case of carbon content of 0.8% and higher sintering temperature, the amount 
of cleavage facets increases.  

 

  
a) b) 

Fig.6. The fracture surface of Fe-CrL-3Mn-0.3C PM steels sintered in 5H2-95N2 
atmosphere and tempered at 200°C; a) 1120°C and b) 1250°C. 
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a) b) 

Fig.7. The intergranular ductile fracture of Fe-CrM-3Mn-0.3C PM steels sintered in 5H2-
95H2 atmosphere and tempered at 200°C; a) 1120°C and b) 1250°C. 

 

  
a) b) 

Fig.8. The fracture surface of Fe-CrL-3Mn-0.8C PM steels sintered in 5H2-95N2 atmosphere 
and tempered at 200°C; a) 1120°C and b) 1250°C. 

  
a) b) 

Fig.9. The fracture surface of Fe-CrL-3Mn-0.8C PM steels sintered in 5H2-95N2 atmosphere 
and tempered at 200°C; a) 1120°C and b) 1250°C. 
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DISSCUSION 
The properties obtained for the investigated alloys correspond to medium strength 

steels which are used for structural parts in ferrous powder metallurgy and with success can 
substitute traditional, expensive PM steels. The recorded tensile and yield strengths of 
investigated steels were up to 957 and 562 MPa, respectively. The higher hardness (due to 
oxides), up to 473 HV30, could be advantageous, for example with regards to wear. 

The work was carried out using air-sintering and 95N2-5H2 atmosphere with a dew 
point - 60°C (~ 20 ppm moisture), so that it is rather difficult to make a direct comparison 
with results obtained in industry, and with other published work, where different N2/H2 
atmospheres had been used (for example in ref. [28], where the ratio of H2 to N2 is 10:90). 
The dew point refers to the dryness of an atmosphere; if diluted (given water vapour 
content), the reducing potential is reduced, because the amount of H2 is reduced.  

In a flowing N2 atmosphere, reduction of MnO oxides by solid carbon below 
1425°C is impossible. Only control of the local microclimate in a semi-closed container, 
i.e. CO/CO2 ratio, ensures optimum conditions for thermal oxide reduction and efficient 
sintering [10]. Specimens sintered at 1250°C possessed higher mechanical properties, 
irrespective of the H2/N2 ratio in the furnace atmosphere. Chromium enhances, however, as 
compared with previous results [11], the detrimental effects of N2 on the strength of the 
manganese steels. The recorded values of mechanical properties are higher than presented 
in Reference [27].  

Because of the price of Ni and its carcinogenic effect, the Ni-containing steels can 
be substituted, with success, by PM Mn or Mn-Cr-Mo steels reaching comparable or higher 
mechanical properties. On the other hand, the properties of the investigated steels are lower 
than those given in Table 4 - values of mechanical properties for Astaloy CrL and Astaloy 
CrM-based steels reported by Höganäs AB, Sweden [28]. The differences in properties of 
both groups of steels are connected with high oxygen content, increasing from 0.15% to 
0.569% and from 0.2% to 0.587% for CrL and CrM-based steels, respectively. The 
presence of Mn oxides, giving the investigated steels high hardness, is reflected, on the 
other hand, in the low values of impact energy. It should be noted that during air sintering, 
the increase of O2 content is lower than during sintering in N2, as well as 5%H2–95%N2, 
particularly at the lower sintering temperature. 

Tab.4. The properties of PM steels based on Astaloy CrL and Astaloy CrM pre-alloyed 
powders sintered in 10%H2–90%N2 atmosphere (summarized according to data reported by 
Höganäs AB, Sweden [28]). 

Alloy Sintering temp.
[°C] 

R0.2 offset
[MPa] 

UTS  
[MPa] HV30 KC 

[J/cm2] 
A 

[%] 
1120 560 700 210 10-12 ~1 CrL+0.8C 1250 700 950 200 28 2.5 
1120 750 1000 450 15 0.25 CrM+0.8C 1250 800 1050 340 22 1.5 
1120 400 475 150 15 3 CrL+0.3C 1250 370 500 ~150 ~30 3.5 
1120 300 550 200 20 1.7 CrM+0.3C 1250 650 950 300 23-25 1.7 

 
Following the data presented in Table 3, the differences in properties of 

investigated steels sintered in various atmospheres are small. Better properties were 
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recorded for steels with the lower carbon content. It is connected with the structural 
constituents created during cooling from the sintering temperature. The presence of carbon, 
in an amount of 0.8%, increased the hardenability of the investigated steels; hardness was 
higher and toughness was lower than those for low-carbon steels. The higher carbon 
content in the investigated steels does not improve tensile and bend strengths. Even if the 
high strength microstructure of the matrix was obtained, the problem was in interfaces 
contaminated with oxide phases, which results in low impact properties, but this is problem 
of admixed manganese. The results presented in Table 2 correspond well with the 
microstructure (Figs.2a-5b) and the fracture of investigated steels (Figs.6-9). 

There is no large difference in properties of steels sintered in 10H2-90N2 [10-13] 
and in 5H2-95N2 atmospheres (present work). The mechanical properties of investigated 
PM steels appear comparable to other studies [10-13]. A comparison of the tensile strength, 
elongation and impact values found quite good agreement.  

The effect of using a higher sintering temperature than 1120°C on mechanical 
properties is evident from the presented results. The tensile and transverse rupture data 
shoved a measurable effect of the sintering temperature. Increasing Cr content from 1.5% to 
3% offers improvement in properties under conditions employed. The application of semi-
closed container offers a means to increase the mechanical properties of single compacted 
steels to those typical of double pressed and sintered steels. Most significantly, the 
properties of the sinter-hardened Mn and Mn-Cr-Mo steels produced by single compaction 
exceeded those of the double pressed, double sintered and heat-treated commercial PM 
steels.  

The air-sintering (with ferromanganese lumps) of Mn-Cr-Mo steels seems to be 
relatively promising. The properties of steels achieved after sintering in air, both at 1120°C 
and 1250°C, are close to those obtained for this steels sintered in 5H2-95H2 gas mixture and 
pure N2 atmosphere. To increase to properties of steels sintered in air, the “microclimate” in 
a semi-close boat has to be changed. First idea is to increase the mass of FeMn lumps to 
produce a more reducing atmosphere inside the boat. The second thing is to use during 
sintering hydrocarbons, which, during heating to the sintering temperature, will dissociate, 
giving carbon (soot). “The new” carbon, because of a reaction with oxygen, will improve 
the “local microclimate” in the boat. The reaction chain will be then probably as described 
in References [10, 11]. The idea to use hydrocarbons as a source of carbon (soot) has to be 
studied in the future. 

Regarding microstructures of the investigated steels, the effect of chemical 
composition of the sintering atmosphere on the formation of deleterious oxide networks has 
to be examined in the future. On the other hand, it is concluded that sintering of the Fe-
3Mn-CrL-0.8C and Fe-3Mn-CrM-0.8C steels should be carried out in a semi-closed 
container, as the authors did (with availability of carbon and manganese therein, in our case 
within the green compact).  

Relatively promising seems to be sintering Mn-Cr-Mo steels in air using a semi-
closed boat with presence of ferromanganese lumps. But to get better mechanical 
properties, requires the elimination of oxide contamination, which has to be investigated in 
further experiments. 

CONCLUSIONS 
The aim of the work was to develop, by single compaction processing, PM steels 

with properties typical of double pressed sintered steels and the possibility of producing Fe-
Mn-Cr-Mo-C PM steels in other than a hydrogen atmosphere. The investigations allowed 
the following conclusions to be drawn: 
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1. The investigated alloys belong to medium strength steels with tensile and yield 

strengths of up to 957 and 562 MPa, respectively. The advantage of investigated steels 
is that they have a higher hardness (due to oxides), up to 473 HV30.  

2. The addition of Mn in the form of ferromanganese is not a suitable way to improve the 
mechanical properties of Astaloy CrL and Astaloy CrM-based steels. The only way to 
achieve very high properties of this steels are Cr and Mn pre-alloyed powders. 

3. Sintering in air with lumps of ferromanganese seems to be interesting. After further 
research and promising results achieved, air sintering could be not an expensive 
alternative to “gas sintering”. 

Acknowledgements 
The financial support of the Ministry of Science and Higher Education under AGH 

contract No 11.11.110.158 and Slovak National Grant Agency (Project VEGA 2/0153/12 
and 2/0168/12) is gratefully acknowledged. 

REFERENCES  
[1] EU Carcinogenic Directives 90/394/EEC and 91/322/EEC 
[2] Mitchell, SC., Wronski, AS., Cias, A., Stoytchev, M. In: Proc. of PM2TEC 1999. Vol. 

3, Part 7. Vancouver : MPIF, 1999, p. 129 
[3] Mitchell, SC., Wronski, AS., Cias, A.: Inżynieria Materiałowa, vol. 5, 2001, no. 124, p. 

633 
[4] Wronski, AS. et al.: Tough, fatigue and wear resistance sintered gear wheels. Final 

Report on EU Copernicus Contract no ERB CIPA-CT94-0108, European Commission, 
1998 

[5] Sulowski, M., Cias, A.: Inżynieria Materiałowa, vol. 4, 1998, no. 105, p. 1179 
[6] Cias, A., Sulowski, M., Stoytchev, M. In: Proc. of 7th European Conf. on Advanced 

Materials and Processes - EUROMAT 2001. Rimini, Italy, June, 2001 
[7] Keresti, R., Selecká, M., Šalak, A. In: Proc. of Int. Conf. DFPM’99. Vol. 2. Piešťany, 

September, 1999, p.108 
[8] Mitchell, SC., Becker, BS., Wronski, AS. In: Proc. of. 2000 Powder Metallurgy World 

Congress. Vol. 2. Kyoto, 2001, p. 923 
[9] Cias, A., Stoytchev, M., Wronski, AS. In: Proc. of 2001 Int. Conf. on Powder 

Metallurgy and Particulate Materials, MPIF. Part 10. New Orleans, 2001, p. 131 
[10] Cias, A.: Development and Properties of Fe-Mn-(Mo)-(Cr)-C Sintered Structural 

Steels. Cracow : AGH University of Science and Technology Press, 2004 
[11] Cias, A., Mitchell, SC., Pilch, K., Cias, H., Sulowski, M., Wronski, AS.: Powder 

Metallurgy, vol. 46, 2003, no. 2, p. 165 
[12] Sulowski, M.: The structure and mechanical properties of iron-manganese-carbon PM 

structural parts. Ph.D. Thesis. Cracow : AGH-UST, 2003, in Polish 
[13] Cias, A., Sulowski, M., Mitchell, SC., Wronski AS. In: Proc. PM2001 Powder 

Metallurgy Congress and Exhibitions, EPMA. Vol. 4. Nice, France, 22-24.10.2001, p. 
246 

[14] Berg, S., Maroli, B. In: Advances in PM and Particulate Mater.-2002. Eds. V. Arnhold 
et al. Part 8. Princeton : MPIF, 2002, p. 1 

[15] Bergman, O. In: Proc. EURO PM2003. Vol. 1. Shrewsbury : EPMA, 2003, p. 317 
[16] Carlsson, M., Johansson, P., Frykholm, R.: Int. J. of Powder Metall., vol. 40, 2004, no. 

5, p. 15 
[17] Karlsson, H., Nyborg, L., Berg, S.: Powder Metall., vol. 48, 2005, no. 1, p. 51 
[18] Engström, U., Millingan, D., Klekovkin, A. In: Proc. Advances in PM & Particulate 



 Powder Metallurgy Progress, Vol.12 (2012), No 2 83 
 

Materials – 2006. Vol. 1, Part 7. Princeton : MPIF, 2006, p. 1 
[19] Bergman, O., Lindquist, B., Bengtsson, S.: Mater. Sci. Forum, vol. 534-536, 2007, p. 

545 
[20] Engström, U., Frykholm, R., Millingan, D., Warzel, R. In: Proc. Advances in Powder 

Metallurgy & Particulate Materials – 2008. Part 10. Princeton : MPIF, 2008, p. 10 
[21] Danninger, H., Xu, Cu, Lindqvist, B.: Materials Science Forum, vol. 534-536, 2007, p. 

577  
[22] Hryha, E., Dudrová, E., Nyborg, L.: Journal of Materials Processing Technology, vol. 

212, 2012, p. 977 
[23] Hryha, E., Nyborg, L. In: Proc. World Congress PM 2010. Vol. 2. Florence, Italy, 

2010, p. 267 
[24] Mitchell, SC., Cias, A.: Powder Metallurgy Progress, vol. 4, 2004, no. 3, p. 132 
[25] Šalak, A.: Powder Metallurgy International, vol. 12, 1980, no. 2, p. 72 
[26] Carlsson, M., Johansson, P., Frykholm, R.: Int. J. of Powder Metall., vol. 40, 2004, no. 

5, p. 15 
[27] Materials Standards for PM Structural Parts. Princeton : MPIF, 2009, p. 42 
[28] North American Höganäs handbook for iron and steel powders for sintered 

components. Höganäs AB, 2002, p. 372 and 384 


	MICROSTRUCTURE AND PROPERTIES OF Cr-Mn ALLOYED SINTERED STEELS 
	M. Sulowski, M. Kábatová, E. Dudrová( 
	Abstract 
	Keywords: Cr-Mn alloyed steels, sintering atmosphere, microstructure, mechanical properties  
	INTRODUCTION  
	EXPERIMENTAL PROCEDURES 
	Fig.1. The semi-closed boat with samples a) cover and bottom part of the boat, b) boat with samples ready for sintering.
	Tab.1. Formulation of the tested alloys, sintering and tempering conditions (sintering time - 60 minutes, cooling rate - 65°C/min, sintering atmospheres dew point -60°C).

	RESULTS 
	Tab.2. Mechanical properties of investigated steels processed by sintering with cooling rate of 65°C/min and tempering at 200°C; mean values of 5 measurements, standard deviation. 
	Tab.3. Carbon and oxide contents in investigated steels processed by sintering with cooling rate of 65°C/min and tempering at 200°C (mean values of 3 measurements). 

	Microstructure 
	Fig.2a. Microstructure of Astaloy CrL-3Mn-0.8C, 1120°C, 5H2-95N2.
	Fig.2b. Microstructure of Astaloy CrL-3Mn-0.8C, 1250°C, 5H2-95N2.
	Fig.3a. Microstructure of Astaloy CrM-3Mn-0.8C, 1120°C, 5H2-95N2.
	Fig.3b. Microstructure of Astaloy CrM-3Mn-0.8C, 1250°C, 5H2-95N2.
	Fig.4a. Microstructure of Astaloy CrL-3Mn-0.3C, 1120°C, 5H2-95N2.
	Fig.4b. Microstructure of Astaloy CrL-3Mn-0.3C, 1250°C, 5H2-95N2.
	Fig.5a. Microstructure of Astaloy CrL-3Mn-0.3C, 1250°C, air + FeMn lumps.
	Fig.5b. Microstructure of Astaloy CrM-3Mn-0.3C, 1250°C, air + FeMn lumps.


	Fracture behaviour  
	Fig.6. The fracture surface of Fe-CrL-3Mn-0.3C PM steels sintered in 5H2-95N2 atmosphere and tempered at 200°C; a) 1120°C and b) 1250°C.
	Fig.7. The intergranular ductile fracture of Fe-CrM-3Mn-0.3C PM steels sintered in 5H2-95H2 atmosphere and tempered at 200°C; a) 1120°C and b) 1250°C.
	Fig.8. The fracture surface of Fe-CrL-3Mn-0.8C PM steels sintered in 5H2-95N2 atmosphere and tempered at 200°C; a) 1120°C and b) 1250°C.
	Fig.9. The fracture surface of Fe-CrL-3Mn-0.8C PM steels sintered in 5H2-95N2 atmosphere and tempered at 200°C; a) 1120°C and b) 1250°C.


	DISSCUSION 
	Tab.4. The properties of PM steels based on Astaloy CrL and Astaloy CrM pre-alloyed powders sintered in 10%H2–90%N2 atmosphere (summarized according to data reported by Höganäs AB, Sweden [28]).

	CONCLUSIONS 
	Acknowledgements 
	REFERENCES  






