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Abstract 
The aim of the study was to investigate the influence of sintering parameters on the microstructure and mechanical 
properties of Fe-(1.5-2.5)%Mn-0.6%Si-0.8%C steels based on commercial Höganäs sponge iron powder NC 
100.24. Manganese was added in the form of Elkem ferromanganese powder (89% Mn, 1.18% C), carbon in the 
form of graphite C-UF and silicon in the form of ferrosilicon (55% Fe, 45% Si). Powder mixes were prepared in 
a Turbula type mixer for 30 minutes. “Dog bone” tensile samples (PN-EN ISO 2740) were cold pressed in a steel 
die. The green compacts were sintered at 1250°C for 60 minutes in 5% H2-95% N2 atmosphere. The heating and 
cooling rates were 75 and 60°C/min, respectively. After sintering, the specimens were examined metalographically 
and subjected to tensile and 3-point bend test. Microhardness was also determined on metallographic cross-
sections. Chemical composition influenced mechanical properties and the best combination of strength and 
ductility was obtained for the Fe-1.5%Mn-0.6%Si-0.8%C steel (R0.2 = 403 MPa, UTS = 726 MPa, A = 3.62%, 
TRS = 1319 MPa and 325 HV0.05. 
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1. Introduction 
 
Silicon is usually introduced to sintered steels in the form of a ferroalloy or a master alloy. The 
modification of the chemical composition of sintered steels by silicon is often carried out in the 
presence of manganese. The first papers on sintered silicon steels were published in 1984 and 
1985 by A.N. Klein et al. [1-3], who showed the possibility of producing sintered Mn-Si steels 
by using ferromanganese (84.6% Mn) and ferrosilicon (15.4% Si). The Fe-4%Mn-2%Si-0.25% 
C steel obtained thereby was characterised by UTS=600 MPa, R0.1=400 MPa, A<2% and ~200 
HV20. Dilatometric investigations of these steels showed that the addition of manganese 
compensates for the shrinkage due to silicon, which contributes to the dimensional stability of 
these steels. When sintered Mn-Si were manufactured using a master alloy containing 1.4% Si 
and 3.2% Mn, the strength properties of the steels increased, e.g. for 0.4% C steel, to UTS = 
900 MPa, R0.1 = 600 MPa and ~330 HV20. 
Zhang and Sandström [4] described properties of sintered steels containing Fe-3.2% Mn-1.2% 
Si-0.35% C and Fe-3.2% Mn-1.4% Si-0.4% C. Application of Fe-Mn-Si master alloy resulted 
in the formation of a transient liquid phase during sintering, thus contributing to faster diffusion 
of alloying elements into iron. The liquid phase, for higher temperatures and increased sintering 
times, e.g.1250°C for 30 minutes [5], also improved densification of compacts and increased 
their mechanical properties. Increased hardness was also observed with increasing sintering 
temperature, but not with sintering time. Optimal mechanical properties were obtained for Fe-
3.2% Mn-1.2% Si-0.35% C steel after sintering at 1200°C for 90 minutes in hydrogen (UTS = 
900 MPa, A = 4.8%). The use of Fe-Mn-Si master alloy not only contributed to excellent 
mechanical properties but also resulted in better dimensional stability. 
Silicon has a higher affinity for oxygen than Cr and Mn. This makes reduction of SiO2 
impossible at the conventional sintering temperatures and atmospheres. Silicon can undergo the 
chemical reaction with carbon (1) above 1900°C:  
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 SiO2 + 2 C → Si + 2 CO  (1)  
 
The thin SiO2 layer impedes diffusion of oxygen and limits further oxidation of the powder 
particle. Difficulty in reducing oxides makes it necessary to sinter Si-containing steels at 
temperatures above 1250°C. Thus it is desirable to achieve the joint benefits of chromium, 
manganese, and silicon in one alloy system, while maintaining the ability to sinter steel 
components at temperatures lower than 1250°C [6]. 
Properties of Fe-1.4% Cr-1.3% Ni-0.7% Mn-0.2% Mo-0.2% Si-(0.5-0.6)% C steels sintered in 
semi-closed containers, reported in [7], were: A=4.5%, R0.2 =374 MPa and UTS=813 MPa. 
These properties were obtained after sintering in nitrogen. These results open the possibility of 
attaining density close to the theoretical using conventional ceramic sintering furnaces. Over 
the last few years, research on sintered steels made with the use of master alloys has been 
intensified, as reported in numerous publications [8-13]. 
 
2. Experimental 
 
Höganäs iron powder grade NC 100.24, Elkem low-carbon ferromanganese (77%Mn, 1.3%C, 
Fe-balance, particle size – below 20 µm, supplier Eramet Sauda, Norway), ferrosilicon (Fe-
45%Si, type 44.0, particle size < 45 µm, 0.8%O, supplier OFZ Istebné, Slovakia) and Höganäs 
graphite powder grade C-UF (purity 99.5%) were used as starting powders. Table 1 describes 
the compositions of mixtures prepared in a Turbula type mixer for 30 minutes. The mixtures 
were subsequently used to produce “dog bone” green compacts by single-action pressing at 660 
MPa (according to the PN-EN ISO 2740), using zinc stearate for die lubrication. 15 samples 
were prepared for each steel composition. Their green densities varied between 6.52 and 6.58 
g/cm3. The steel designations, chemical compositions and sintering conditions are given in 
Table 1. 

Table 1. Designations, chemical compositions and sintering conditions of experimental steels 

Designation 
Chemical composition of powders’ 

mixture, wt.% Sintering conditions 
Mn C Si Fe 

X 1.5 

0.8% 0.60% 

Bal. heating rate 75°C/min 
temperature: 1250°C 

atmosphere: 5%H2-95%N2 

atmosphere dew point: -60°C 
cooling rate: 66°C/min. 

(sinterhardening) 

PG20 2% Bal. 

PG25 2.5% bal 

 
Green and as-sintered densities were calculated both from weight and linear dimensions, and 
by using the Achimedes’ principle, respectively. The static tensile test and the 3-point bend test 
were carried out according to the 10002-1 standard and PN-EN ISO 3325, respectively. 
Metallographic investigations, using a light optical microscope, and Vickers microhardness 
tests were carried out on cross sections etched with 3% Nital.  
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2. Results 
 
The densities of green compacts and sintered steel batches are presented in Table 1. It can be 
seen in Table 1 that increasing the Mn content from 1.5 to 2.5% slightly decreased the 
formability of compacts. 

Table 2. Green and as-sintered densities of compacts calculated using weight and linear dimensions, and 
Archimedes' principle 

Description 
d0  d0

A  d1 d1
A 

[g/cm3] [g/cm3] [g/cm3] [g/cm3] 

X 6.58±0.01 6.73±0.01 6.59±0.01 6.74±0.01 

PG20 6.58±0.02 6.73±0.02 6.60±0.02 6.75±0.02 

PG25 6.52±0.03 6.67±0.03 6.53±0.03 6.68±0.03 
dG, dS – green and as-sintered densities calculated from weight and linear dimensions 
dG

A, dS
A – green and as-sintered calculated using Archimedes' principle 

 
The mechanical properties are summarized in Table 3. It can be seen that by increasing the 
content of manganese it is possible to strongly influence the mechanical properties of Fe-(1.5-
2.5)%Mn-0.6%Si-0.8%C PM steels.  

Table 3. Mechanical properties of the investigated steels (mean values and standard deviation of 15 
samples) 

Description 
UTS R0.2  A TRS 

HV 0.05 
[MPa] [MPa] [%] [MPa] 

X 726±36 403±28 3.62±0.63 1319±72 325±46 

PG20 737±40 307±22 1.97±0.42 1218±112 339±87 

PG25 715±38 291±16 1.70±0.27 1115±150 365±104 
 
 

  

Fig. 1. Selected microstructures of Fe-1.5%Mn-0.6%Si-0.8%C steel  
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Fig. 2. Selected microstructures of Fe-2%Mn-0.6%Si-0.8%C steel  

 

   

Fig. 3. Selected microstructures of Fe-2.5%Mn-0.6%Si-0.8%C steel 

 
Figs. 1-3 illustrate the effect of increased content of manganese on the microstructure of Fe-
(1.5-2.5)%Mn-0.6Si%-0.8%C steels. The ferritic-pearlitic microstructure was observed in 
1.5%Mn steel, whereas for 2.5%Mn steel fully pearlitic microstructure was observed. 
 
3. Discussion 
 
There were no significant differences between the green and as-sintered density of the steels 
(see Table 1). The densities are lower than reported in Refs [2,7], but higher than in Ref [9].  
The addition of 1.5% Mn resulted, for example, in UTS = 726 MPa, R0.2 = 403 MPa and A = 
3.62%, whereas for 2.5% steels the properties were: UTS = 715 MPa, R0.2 = 291 MPa and A = 
1.7%. It means that an increase of 1% Mn (from 1.5% to 2.5%) decreased UTS only by  = 
1.5%, but the differences in other properties are bigger (R0.2 = 27%, A = 53%, TRS = 
15,4%). On the other hand, increased Mn resulted in higher hardness (from 325 to 365 HV 0.05 
for increase from 1.5 to 2.5% Mn). 
The microstructure changed with increasing Mn, from pearlite and ferrite (Fig. 1) in Fe-1.5% 
Mn-0.6% Si-0.8% C, to pearlitic in Fe-2/2.5% Mn-0.6% Si-0.8%C (Figs. 2 and 3). This change 
is related to the combined effect of Mn and Si on the eutectoid point in the Fe-Fe3C phase 
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diagram. It is related to the synergy effect coming from Mn decreasing and Si increasing the A1 
temperature, but both alloying elements moving point S (eutectoid point on equilibrium phase 
diagram of the iron-carbon system) towards lover carbon content, which resulted in the pearlitic 
structure. In this case, it is also possible to obtain pearlitic structure + grain boundary cementite 
(for example in Fig 2 – right). 
 

Table 4. Mechanical properties of Fe-(1.5÷2.5)%Mn-0.6%Si-0.8%C with those of the most demanding PM 
steels of MPIF Standard 35 [14]: FC-0208-60, FC-0508-60, FN-0408-55 and FLN-4205-55 and with the 

hybrid steel proposed in [7] 

Steel 
designation/description 

Chemical composition%, balance Fe Mechanical properties 

C Cr Ni Cu Mo Si Mn 

As-
sintered 
density, 
[g/cm3] 

0.2% 
offset 
yield 
stress 
[MPa] 

UTS 
[MPa] 

A 
[%] 

TRS 
[MPa] 

Hard
ness 

Ref 

Fe-Cu  FC-0208-60 
0.6 
– 

0.9 
 - 

1.5 – 
3.9 

- - - 7.2 450 520 <1 1070 
84 

HRB 
14 

Fe-Cu  FC-0508-60 
0.6 
– 

0.9 
 - 4 – 6 - - - 6.8 480 570 <1 1000 

80 
HRB 

14 

Fe-Ni  FN-0408-55 
0.6 
– 

0.9 
 3 – 5 0 – 2 - - - 7.2 410 550 1 1030 

87 
HRB 

14 

Hybri
d  

FLN-4205-55 
0.4 
– 

0.7 
 

1.3 – 
2.5 

- 
0.49 

– 
0.85 

- 
0.2 – 
0.4 

7.3 430 600 2 1210 
83 

HRB 
14 

1.5Mn 
Sinterhardened 

1250°C 
0.8  - - - - 1.5 6.6 458 638 4.9 1124 

226 
HV 

16  

2Mn 
Sinterhardened 

1250°C  
0.8  - - - - 2 6.6  430 710 4.2 1200 

429 
HV  

17 

2.5Mn 
Sinterhardened 

1250°C 
0.8  - - - - 2.5 6.5 604 756 3.8 1187 

270 
HV 

18 

2.5Mn 
Sinterhardened 

1250°C 
0.8  - - - - 2.5 6.5  620 750 3.7 1190 

270 
HV  

15 

Hybri
d 

1250°C 0.5 1.4 1.3 - 0.2 0.2 0.7 6.8-7 
344-
409 

508-
813 

1.8-
4.8 

1124-
1778 

207-
287 

7 

X 
Sinterhardened 

1250°C 
0.8  - - - 0.6 1.5 6.7 403 726 3.6 1319 

325 
HV 

PI 

PG20 
Sinterhardened 

1250°C 
0.8  - - - 0.6 2 6.8 307 737 2 1218 

339 
HV 

PI 

PG25 
Sinterhardened 

1250°C 
0.8  - - - 0.6 2.5 6.7 291 715 1.7 1115 

365 
HV 

PI 

Fe-
Mn-Si 

Sintering 
1250°C 

0.2
5 

- - - - 0.5 3 
6.8-
7.1* 

380 610 2 nd 
220 
HV 

2 

PI – present investigation, nd – not defined, * – green density 
 
 
Expectedly the mechanical properties were generally higher after sintering at 1250°C (Table 
4). Very high R0.2 was obtained for the 2.5%Mn steel [14] due to the presence of martensite. 
Fe-Mn-Si-C steels exhibit very good tensile (up to 737 MPa for 2% Mn and 0.6% Si-containing 
steels) and bend strength (up to 1319 MPa for Fe-1.5% Mn-0.6% Si-0.8% C steel). R0.2 of steel 
containing 3% Mn and 0.5% Si [2] was the highest for Fe-Mn-Si-C steels because of the 
presence of martensite in the microstructure. 
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4. Conclusions 
 
The following conclusions can be drawn: 

 The green and as-sintered densities were rather low, did not exceed 6.8 g/cm3, but 
satisfactory after single pressing. 

 The investigated steels can be classified as medium- to high strength steels. 
 Increasing Mn content, combined with Si addition, decreased the mechanical 

properties of Fe-(1.5-2.5)%Mn-0.6%S-0.8%C PM steels. 
 The mechanical properties of our Fe-(1.5-2.5)%Mn-0.6%S-0.8%C PM steels were 

comparable, or slightly lower, than of sinterhardened Mn steels.  
 The mechanical properties of our Fe-(1.5-2.5)%Mn-0.6%S-0.8%C PM steels are 

higher than properties of FC-0208-60, FC-0508-60, FN-0408-55, FLN-4205-55 and a 
hybrid steel proposed in [7]. 
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