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in the mixture of 95% N2-5% H2 in a semiclosed container, as 
used by Cias [9,10]. Three types of heat treatment after sinter-
ing were employed: sinterhardening (cooling rate 66°C/min), 
slow furnace cooling (cooling rate 3.5°C/min), and tempering 
at 200°C. Table 1 shows the designation, chemical composition 
and sintering variant of each sample, chosen from a batch of 
10 or 5 samples. Additionally, for comparative analysis, data 
obtained for samples containing 3% Mn and 0.8% C (batches 
3NCELATM_1 and 3NCELATM_2) are presented [13].

The steels were physically (green and as-sintered densities) 
and mechanically (tensile, 3-point bend and apparent hardness) 
tested at room temperature. Green and as-sintered (as-tempered) 
densities were calculated by the geometric method. Tensile 
testing was on a MTS 810 instrument at a cross-head speed of 
1 mm/min. Tensile and bend strengths and hardness were calcu-
lated according to 10002-1 standard. TRS was measured using 
a ZD10-90 machine, following PN-EN 3325 standard. The load 
was applied to the surface on which the pressing punch contacted. 
Hardness was investigated on the microscale on an Innovatest 
machine using the Vickers method. Ten data points were taken 
on the length of the cross-sectional surface of the sample. Fol-
lowing mechanical tests, metallographic (LOM) and fracture 
investigations (SEM) were carried out using Leica DM 4000M 
and JEOL JSM 700F instruments, respectively. Samples were 
prepared according to the procedure described in [14].

3. Results

The results of mechanical properties of each batch of the 
investigated steels are summarised in Table 2. In Table 3 the 
results of mechanical properties of representative samples are 
presented.

It is seen in Table 3 that the highest tensile strength, UTS, 
was reported for sample 3N_2 – 715 MPa. The lowest value of 
UTS, 448 MPa, was recorded for sample M16. The highest elon-
gation after tensile test, A, was recorded for sample A23 (7.96%), 

the smallest – for M35 (1.56%). The highest bend strength, TRS, 
was recorded for sample 3N_2 (1426 MPa). On the other hand, 
the lowest TRS was obtained for sample M13 (833 MPa). The 
highest average hardness was reported for sample M35 (319 
HV 0.05) and the lowest value was achieved for sample 3N_1
(186 HV 30).

Generally, for the same processing history, as the Mn content 
decreased, so the yield stress, and plasticity increased, such that 
the fracture strengths (UTSs) did not vary significantly between 
1-3 Mn contents, as illustrated in Figs. 1 and 2.

The microstructures of investigated steels are shown in 
Figures 3 and 4. Metallographic examination showed that 
microstructure of sintered steels containing 1% Mn consisted 
mainly of pearlite and ferrite; sometimes bainite (Fig. 3). This 

TABLE 2

Mechanical properties of sintered Fe-(1-3)%Mn-0.8%C steels – mean values and standard deviations

No. of samples Mean density, 
[g/cm3]

Mean 0.2% offset 
stress, [MPa] Mean UTS, [MPa] Mean TRS, [MPa] A, [%]

A1-A10 6.70 ± 0.02 257 ± 6 603 ± 25 1034 ± 87 6.7 ± 0.6
A11-A15 6.69 ± 0.02 261 ± 4 597 ± 17 971 ± 70 6.9 ± 1.5
A16-A20 6.70 ± 0.01 261 ± 3 551 ± 12 907 ± 73 6.3 ± 0.7
A21-A30 6.69 ± 0.02 260 ± 15 690 ± 56 1211 ± 96 7.7 ± 0.8
A31-A35 6.67 ± 0.03 248 ± 25 678 ± 43 1188 ± 57 7.8 ± 1.5
A36-A40 6.64 ± 0.03 287 ± 62 622 ± 45 1216 ± 110 5.8 ± 1.5
M1-M10 6.63 ± 0.05 301 ± 9 578 ± 19 847 ± 71 3.4 ± 0.4
M11-M15 6.66 ± 0.01 295 ± 8 533 ± 28 841 ± 55 2.8 ± 0.3
M16-M20 6.65 ± 0.02 295 ± 6 448 ± 26 843 ± 50 4.2 ± 0.5
M21-M30 6.64 ± 0.05 318 ± 11 611 ± 53 1035 ± 100 3.8 ± 0.7
M31-M35 6.64 ± 0.02 327 ± 27 498 ± 52 1078 ± 111 2.9 ± 0.8
M36-M40 6.65 ± 0.03 311 ± 7 644 ± 14 1018 ± 41 4.7 ± 0.4

3NCELATM_1 6.82±0.07 420± 15 657 ± 30 1234 ± 115 1.82 ± 0.17
3NCELATM_2 6.83±0.10 451 ± 20 724 ± 68 1419 ± 114 1.67 ± 0.25

TABLE 1

The designation, chemical composition and variants of sintering and 
heat treatment of Mn steels (representative sample chosen from batch 

of 10 or 5 samples)

Batch 
descriptions

No of 
sample

Chemical 
composition Sintering variant

A1-A10 A8

1% Mn; 0.8% C

1120°C / SH / temp
A11-A15 A14 1120°C / SH / NT
A16-A20 A16 1120°C / SC
A21-A30 A23 1250°C / SH / temp
A31-A35 A32 1250°C / SH / NT
A36-A40 A38 1250°C / SC
M1-M10 M6

2% Mn: 0.8% C

1120°C / SH / temp
M11-M15 M13 1120°C / SH / NT
M16-M20 M16 1120°C / SC
M21-M30 M22 1250°C / SH / temp
M31-M35 M35 1250°C / SH / NT
M36-M40 M39 1250°C / SC

3NCELATM_1 3N_1
3% Mn; 0.8% C

1120°C / SH / temp1
3NCELATM_2 3N_2 1250°C / SH / temp1

SH – sinterhardening (cooling rate 66°C/min.), SC – slow cooling 
3.5°C/min, tempering 200°C /air / 60 min, temp1 – tempering 200°C /
nitrogen / 60 min, NT – not tempered




















