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IMPACT BEHAVIOUR OF SINTERED STEELS PREPARED FROM 
MANGANESE PREALLOYED POWDERS 

C. Gierl-Mayer, M. Jaliliziyaeian, H. Danninger, E. Dudrová 

Abstract 
Sintered steel specimens Fe-Mn-(Cr) and Fe-Mn-(Cr-)C with up to 
1.8%Mn were prepared by pressing and sintering in different 
atmospheres. Charpy impact tests were carried out at room temperature, 
and the fracture surfaces were studied by SEM. The impact energy of the 
carbon-free materials is influenced both by the composition and the 
atmosphere. Sintering of plain iron and very low-Mn materials in an inert 
atmosphere results in brittle intergranular fracture, as a consequence of 
excessive grain coarsening, while both presence of H2 and N2 prevent this 
effect, as do Mn contents above about 0.2%. Surprisingly, the Mn 
prealloyed steels do not require reducing atmosphere to attain high 
impact energies: even after sintering in Ar or vacuum. Impact energy 
levels >60 J are attained, which can be attributed to an “internal getter” 
effect. If 0.8% carbon are added, the differences are virtually eliminated, 
and up to about 1.9% Mn, impact energy is in the range of 30-40 J, 
independently of the sintering atmosphere. Mn-Cr prealloyed steels 
exhibit slightly lower impact energy than Mn alloyed grades, but 
markedly higher hardness.  
Keywords: Mn alloy steels, prealloying, impact energy, sintering 
atmosphere 

INTRODUCTION 
With increasingly strict requirements for mechanical properties of powder metallurgy 

precision parts, new alloying concepts have to be pursued. While many parts still are of Fe-Cu-C 
type, in particular for dynamically and cyclically loaded components, other systems are used, 
e.g. with improved heat treatments, both quench and temper and sinter hardening. 

Compared to the classical sinter hardening steel grades, e.g. Cu-Mo or Cu-Ni-Mo 
alloyed, alloying elements such as Cr or Mn offer excellent mechanical properties at much lower 
cost and without the health and recycling problems associated with Ni and Cu. Cr prealloyed 
powder grades have already been successfully introduced into PM parts production, while 
acceptance of Mn is much more sluggish, which is surprising, since Mn is very common in 
wrought steels, both in low and high alloy grades, and its benefits for sintered steels have been 
shown many years ago, in particular by A. Šalak [1, 2],  

The main obstacles to successful introduction of Mn into ferrous powder metallurgy 
are its high oxygen affinity and high vapour pressure [3]. The former can be, to some extent, 
overcome by sintering in high purity atmospheres, which can be maintained in current furnaces 
to a high degree, and by the “self-getter” effect described by Šalak [4, 5]. The compacts protect 
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themselves against oxygen from the atmosphere – although at the cost of Mn loss. However, 
particularly in chemically inhomogeneous powder compacts, i.e. if Mn is added as elemental 
powder [6], as ferroalloy [2, 3, 7] or through a masteralloy [8, 9], there is always the risk of 
“internal gettering”, i.e. oxygen transfer from the base iron particles to the Mn carrier, the Mn 
oxides thus formed requiring much higher temperatures for (usually carbothermic) reduction 
[10]. Still more difficult to handle is the vapour pressure since it is an inherent property of Mn. 
While Mn evaporation promotes homogenization within the compact [6] and, by forming a Mn 
vapour shell around the compact, causes the self-getter effect mentioned above, Mn evaporation 
from the surface results in a smaller Mn effect on the steel matrix where it is needed most, in 
particular in the case of wear and/or fatigue loading. Sintering in semi-closed containers [11] 
may somewhat alleviate the problem but is economically undesirable. Furthermore, the effect of 
Mn vapour on furnace components – heating elements and linings – is largely unknown, in 
particular during longtime exposure; even after relatively short times, formation of the spinel 
galaxite (MnAl2O4) has been observed [12].  

The easiest way to overcome both problems is the introduction of Mn, not by 
admixing, but by prealloying. In this case, the chemical activity of Mn is markedly lower from 
the beginning, which means that the oxidation sensitivity of the compacts is decreased and also 
the vapour pressure. As shown in [13], compacts from prealloyed Fe-Mn powder do not exhibit 
noticeable Mn loss even after sintering at 1300°C. The principal disadvantage of prealloying is 
the adverse effect on compressibility of the powders; however, it has been shown that this effect 
is much less pronounced than usually assumed [7, 13]. Furthermore, prealloyed Fe-Mn powder 
compacts tend to shrink during sintering, while mixed variants tend to expand, i.e. the difference 
in green density is to a high degree eliminated during sintering. 

In the present study, various prealloyed Fe-Mn and Fe-Mn-Cr powders, with and 
without C addition, were investigated with regard to compactibility, sintering response and 
mechanical, in particular impact, behaviour.  

EXPERIMENTAL TECHNIQUES 
Experimental powder grades designated A … I, alloyed with different amounts of 

Mn and in part also of Cr, were supplied by Hoganas AB, Sweden. The composition of the 
powders is given in Table 1. The starting powders were mixed in part with natural graphite 
UF4 (Kropfmühl) for 60 min in a tumbling mixer and compacted in a pressing tool with a 
floating die to impact test bars ISO 5754 (55 x 10 x 10 mm). Die wall lubrication was by 
Multical sizing oil. The specimens were then sintered in a pushrod dilatometer Netzsch 402 
with an alumina measuring system, the atmosphere being varied from inert (Ar, rotary 
pump vacuum) to reducing (H2, N2-10%H2). All gases used were high purity grades 
(99.999% = 5.0 grade). Of course, vacuum cannot be regarded as a technically suitable 
atmosphere for Mn alloy steels with respect to the high vapour pressure of Mn – the main 
effect will be sublimation of Mn , but it was used as a reference for the other atmospheres.  

Tab.1. Composition of starting powders used (in mass%).  

 Powder grade 
Element A B C D E F G I 
Mn 0.15 0.23 0.37 0.58 1.25 1.19 1.42 1.87 
Cr 0.07 0.09 0.09 0.19 0.78 0.34 0.68 0.12 
Ototal 0.098 0.132 0.159 0.061 0.181 0.139 0.111 0.162 
Si <0.01 <0.01 <0.01 0.02 0.05 0.06 0.06 0.01 
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Characterization included measuring the green density from weight and 
dimensions and the sintered density by water displacement (Archimedes), the specimens 
being previously impregnated with a commercial waterstop spray. The dimensional change 
was determined using a slide rule with 0.01 mm resolution. The apparent hardness was 
measured as HV30 on an EMCO M4U-025 tester; to avoid any surface effects, 
measurement was done on cross sections. Impact testing was done at room temperature 
using a pendulum tester Wolpert 50 J. The impact energy values should not be taken too 
absolutely, since only 1 specimen per variant was tested, but at least a qualitative 
assessment of the impact behaviour could be obtained. 

Fracture surface analysis of the specimens was done by scanning electron 
microscopy using SEMs Tesla BS 340 and JEOL JSM-7000F+INC Ax-sight EDS. 
Metallographic sections were prepared by standard grinding and diamond polishing 
techniques, for etching Nital (MeOH-3%HNO3) being used.  

EXPERIMENTAL RESULTS  

a) Carbon-free materials  
In Table 2 the properties of the carbon-free specimens are listed. The green density 

slightly drops with higher Mn/Mn+Cr content, but the effect is markedly less than commonly 
assumed for Mn prealloying, when considering the pronounced effect of Mn on the hardness 
of ferrite [14]. Compared to 7.12 g·cm-3 for the almost Mn-free material A, 6.99 g·cm-3 for 
1.87%Mn and 6.98 g·cm-3 for 1.4%Mn-0.7%Cr must be regarded as well acceptable.  

Tab.2. Properties of specimens prepared from experimental powders A … I (without carbon), 
compacted at 600 MPa, sintered in the dilatometer in different atmospheres. Parameters: 10 
K.min-1 / 60 min 1300°C / -10 K.min-1. 

Material Atmosphere Green 
density 
[g·cm-3] 

Sintered 
density 
[g·cm-3] 

Dim. 
change 

[% linear] 

Impact 
energy 
[J·cm-2] 

Hardness 
HV30 

H2 7.19 -0.05 92.9 46.6 
Ar 7.17 -0.02 6.0 53.3 

N2-10%H2 7.17 -0.11 86.3 53.3 A 

Vacuum 

7.12 

7.15 +0.07 2.9 47.6 
H2 7.15 -0.11 101.4 44.6 
Ar 7.14 -0.06 4.8 50.0 

N2-10%H2 7.15 -0.25 78.2 50.6 B 

Vacuum 

7.11 

7.13 +0.23 3.0 50.5 
H2 7.13 -0.21 91.9 49.0 
Ar 7.11 -0.13 69.8 49.3 

N2-10%H2 7.12 -0.23 64.2 56.0 C 

Vacuum 

7.07 

7.09 +0.03 18.6 52.0 
H2 7.12 -0.21 90.6 49.3 
Ar 7.11 -0.18 81.9 48.0 

N2-10%H2 7.12 -0.23 81.4 53.0 D 

Vacuum 

7.07 

7.10 -0.23 75.8 47.3 
H2 7.05 -0.28 82.5 51.6 
Ar 7.05 -0.20 68.0 51.6 

E 

N2-10%H2

7.02 

7.06 -0.26 65.2 56.6 
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Material Atmosphere Green 
density 
[g·cm-3] 

Sintered 
density 
[g·cm-3] 

Dim. 
change 

[% linear] 

Impact 
energy 
[J·cm-2] 

Hardness 
HV30 

 Vacuum  7.04 -0.28 68.9 52.0 
H2 7.10 -0.29 92.3 55.3 
Ar 7.09 -0.26 71.7 57.0 

N2-10%H2 7.10 -0.24 77.8 59.0 F 

Vacuum 

7.05 

7.09 -0.27 50.7 52.6 
H2 7.06 -0.34 76.5 55.0 
Ar 7.05 -0.31 79.7 53.0 

N2-10%H2 7.06 -0.36 67.1 64.6 G 

Vacuum 

6.98 

7.03 -0.43 75.9 58.6 
H2 7.11 -0.65 88.2 56.5 
Ar 7.08 -0.59 69.2 55.0 

N2-10%H2 7.12 -0.65 61.0 62.5 I 

Vacuum 

6.99 

7.07 -0.71 90.0 55.0 
 
The sintered density follows the same trend; it is slightly higher than the green 

density in all cases, as indicated by shrinkage being observed in all cases. However it 
should also be noted that shrinkage increases with higher Mn content, thus once more 
confirming that the loss of compactibility by Mn prealloying compared to admixing is at 
least partially compensated for by the shrinkage during sintering, as compared to the 
tendency to swelling observed with admixed variants [6, 15].  

 

 
Fig.1. Impact energy of specimens prepared from powders A … I (without carbon), sintered 

60 min at 1300°C in different atmospheres. 
The hardness is quite low, as would be expected in the absence of C, and only 

slightly increases with Mn/Mn+Cr prealloying, which corroborates the compactibility 
results. When the impact energy data is checked, it stands out clearly that there is a strong 
effect of sintering atmosphere with the unalloyed and very low alloyed variants. This, 
however, disappears at higher Mn and Mn-Cr contents: as can also be seen in Fig.1. 
Specimens sintered in Ar and vacuum are extremely brittle, with impact energy values well 
below 10 J·cm-2, which for materials that are virtually sintered plain iron must be regarded 
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as extremely low. On the other hand, starting from material C, with about 0.4% Mn, the 
impact energy increases also for sintering in Ar – and, slightly retarded, also in vacuum. 
For materials D … I there is no any defined effect of the atmosphere.  

It is also quite surprising that impact energy values are hardly affected by the Mn 
content, since it would have been assumed that Mn and Mn-Cr prealloyed specimens would 
retain the surface oxides at least during sintering in inert atmospheres. This should result in 
embrittling of the sintering contacts; even reducing atmospheres should not be able to 
reduce Mn oxides, except at very high temperatures, and even then the absence of carbon, 
as the main high temperature reducing agent, should compromise reduction [10]. The 
results however show that this is not the case, but that even a steel alloyed with about 
1.9%Mn can be sintered to high interparticle integrity in inert as well as reducing 
atmosphere. As described in [16], even in carbon-free materials, MS analysis showed that 
during sintering some CO formation occurred at about 700 and >1100°C, respectively, 
indicating some carbothermic reduction. Furthermore, it may also be assumed that the alloy 
elements Mn and Cr getter the oxides from the interparticle boundaries, through the 
“internal getter” effect, and if this occurs, rather in the free pore surfaces than in the 
interparticle contacts, excessive weakening of the contacts could be avoided.  

This is also confirmed by fractographic investigations. The low Mn variants 
exhibit the behaviour known from sintering of carbon-free plain iron [17-19]: when 
sintering in inert, i.e. interstitial-free, environment, massive grain growth occurs, which 
causes grain boundary embrittlement and consistent intergranular fracture, as visible in 
Fig.2. Sintering in N2-H2 or H2 avoids this effect, which, as explained by Kuroki [18], 
originates from austenite-ferrite transformation within a very narrow temperature range, in 
which formation of ferrite nuclei is restricted compared to the growth of ferrite grains. If 
transformation occurs over a wider temperature range, e.g. in Fe-C or Fe-N, more nuclei are 
formed, and the transformation process is slower, resulting in the usual fine-grained 
structure.  

 

  
Fig.2a. Ar Fig.2b. H2
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Fig.2c. N2-10%H2 Fig.2d. Vacuum 

Fig.2. Fracture surfaces of material B (without carbon), sintered in different atmospheres.  

  
Fig.3a. Ar Fig.3b. H2

  
Fig.3c. N2-10%H2 Fig.3d. Vacuum 

Fig.3. Fracture surfaces of material I (without carbon), sintered in different atmospheres. 
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This latter effect is also caused by metallic alloy elements as e.g. Mn, and 
therefore it is not surprising that in the Mn and Mn-Cr steels there is no excessive grain 
growth; it has been shown previously that also small amounts of Mo prevent this grain 
growth [17]. Fracture surfaces of the prealloyed steels do not show any differences as a 
function of the sintering atmosphere, but show generally ductile rupture with the 
development of local plastic flow and dimples emerging from fine oxide particles, as 
visible from Fig.3, depicting the high Mn variant. This confirms that there is apparently no 
pronounced weakening of the interparticle boundaries by remaining oxygen or fine stable 
oxides formed there, which are clearly visible e.g. in Fig.3d.  

b) Steels containing 0.8% carbon 
In industrial practice, Mn and Mn-Cr prealloyed steels are interesting mainly when 

containing carbon, since in this case the benefits of these alloying elements regarding 
hardenability can be exploited, while the carbon-free variants described above are rather of 
academic interest.  

Therefore, similar experiments were carried out with the same experimental 
powders but admixing 0.8% C as natural graphite. In Table 3 the properties thus obtained 
are recorded. Once more only slight decrease of green density with higher alloy element 
content is evident, but the green density level in general is at the same level or even higher 
than that of the carbon-free versions (see Table 2). This holds also for the sintered density 
which ranges from about 7.25 g·cm-3 for material A - 0.8% C to about 7.10 for I - 0.8% C 
(although of course the high sintering temperature has to be considered).  

Tab.3. Properties of specimens prepared from experimental powders A … I -0.8%Cadmixed, 
compacted at 600 MPa, sintered in the dilatometer in different atmospheres. Parameters: 10 
K.min-1 / 60 min 1300°C / -10 K.min-1. 

Material Atmosphere 
Green 

Density 
[g.cm-3] 

Sintered density 
[g.cm-3] 

Dim. change 
[% linear] 

Impact 
Energy 
[J.cm-2] 

Hardness 
HV30 

H2 7.25 -0.45 45.4 138.0 
Ar 7.26 -0.45 37.6 137.6 

N2-10%H2 7.27 -0.38 38.4 145.3 A-0.8%C 

Vacuum 

7.18 

7.25 -0.54 46.0 127.0 
H2 7.21 -0.49 38.1 177.6 
Ar 7.22 -0.50 30.2 168.6 

N2-10%H2 7.23 -0.54 35.2 167.3 B-0.8%C 

Vacuum 

7.14 

7.21 -0.56 36.2 170.6 
H2 7.21 -0.51 41.0 144.3 
Ar 7.19 -0.51 39.2 137.0 

N2-10%H2 7.19 -0.54 37.6 147.6 C-0.8%C 

Vacuum 

7.13 

7.21 -0.56 37.8 133.0 
H2 7.18 -0.25 35.9 170.6 
Ar 7.17 -0.31 37.2 164.0 

N2-10%H2 7.17 -0.23 37.5 166.6 D-0.8%C 

Vacuum 

7.14 

7.19 -0.38 33.1 155,6 
H2 7.15 -0.38 39.2 194.0 
Ar 7.15 -0.48 38.8 184.6 

E-0.8%C 

N2-10%H2

7.06 

7.14 -0.40 36.1 186.3 
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Material Atmosphere 
Green 

Density 
[g.cm-3] 

Sintered density 
[g.cm-3] 

Dim. change 
[% linear] 

Impact 
Energy 
[J.cm-2] 

Hardness 
HV30 

 Vacuum  7.15 -0.55 40.1 183.0 
H2 7.17 -0.24 37.8 188.3 
Ar 7.18 -0.29 35.3 181.6 

N2-10%H2 7.18 -0.26 36.0 179.0 F-0.8%C 

Vacuum 

7.05 

7.17 -0.37 37.9 184.3 
H2 7.13 -0.31 21.3 244.0 
Ar 7.15 -0.36 27.5 240.6 

N2-10%H2 7.12 -0.36 28.5 256.3 G-0.8%C 

Vacuum 

6.98 

7.01 -0.44 29.7 232.6 
H2 7.08 -0.51 44.2 184.6 
Ar 7.10 -0.54 35.5 175.0 

N2-10%H2 7.09 -0.45 30.3 191.0 I-0.8%C 

Vacuum 

6.99 

7.10 -0.60 41.4 182.0 
 

  
Fig.4a. A-0.8%C Fig.4b. E-0.8%C 

  
Fig.4c. G-0.8%C Fig.4d. I-0.8%C 

Fig.4. Microstructures of specimens from experimental powders + 0.8%Cadmixed; sintered in 
the dilatometer 60 min at 1300°C in N2-10%H2, cooled at 10 K.min-1. 

When comparing the hardness data, it is evident that there is a slight increase with 
higher alloying content. The highest hardness levels are recorded for the Mn-Cr alloyed 
versions, G -0.8% C being in the range of 240 HV30, which can be related, at least in part, 
to bainitic microstructure, compared to the pearlitic of the other material (Fig.4). Steel 



 Powder Metallurgy Progress, Vol.14 (2014), No 2 81 
 
grade I - 0.8% C, with about 1.9% Mn and pearlitic microstructure, exhibits about 190 
HV30. This is however not really surprising when considering the fairly low cooling rate of 
10 K/min (0.33 K/s) in the dilatometer, at which the positive effect of Mn on the 
hardenability cannot be exploited.  

The impact energy values differ not too much as a function of composition and 
sintering atmosphere, as is graphically shown in Fig.5. The only material that shows 
slightly lower levels is G, which, on the other hand, exhibited the highest hardness; i.e. the 
balance between hardness and impact energy is as would be expected. 

 

 
Fig.5. Impact energy of specimens prepared from powders A … I-0.8%Cadmixed, sintered 60 

min at 1300°C in different atmospheres. 

As already predictable from the impact energy data, also the impact fracture 
surfaces do not differ too much between the materials and the sintering atmospheres. In 
Figures 6-8, typical fracture surfaces are shown. Evidently there is a mix of ductile rupture, 
as indicated by the dimple morphology, and transgranular cleavage, predominantly in 
pearlite, with the ratio between them slightly varying locally, but without any clear 
relationship to either alloy element content or atmosphere.  

Intergranular fracture cannot be seen, which is not surprising, since there is no 
tendency to formation of coarse grains, either. As stated above, this phenomenon is limited 
to high purity, interstitial-free plain iron. The fairly large amount of cleavage fracture can 
be taken as an indicator that there is very strong interparticle bonding, i.e. also here the 
interparticle bridges seem to very sound and well sintered.  

The more complex alloyed material G - 0.8% C (Fig.7) exhibits cleavage in bainite 
areas, but also failure along the surfaces of bainite packets, as indicated by small shallow 
dimples. There are also areas contaminated with oxide phase, causing low energy fracture 
mode, which may explain the somewhat lower values of impact energy encountered with 
this material. 
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Fig.6a. Ar Fig.6b. H2

  
Fig.6c. N2-10%H2 Fig.6d. Vacuum 

Fig.6. Fracture surfaces of material A-0.8%Cadmixed, sintered in different atmospheres. 

  
Fig.7a. N2-H2 Fig.7b. Vacuum 

Fig.7. Fracture surfaces of material G-0.8%Cadmixed, sintered in different atmospheres. 
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Fig.8a. Ar Fig.8b. H2

  
Fig.8c. N2-10%H2 Fig.8d. Vacuum 

Fig.8. Fracture surfaces of material I-0.8%Cadmixed, sintered in different atmospheres. 

CONCLUSIONS 
Mn and Mn-Cr prealloyed steel powder grades offer relatively good 

compactibility, both with and without admixed graphite. Alloying elements have markedly 
less adverse effect on the green density than commonly assumed. Carbon-free grades 
sintered in the dilatometer in different atmospheres showed in general shrinkage, more 
pronounced with the Mn-richer variants.  

The hardness is low, as expected, and the impact energy is strongly affected by the 
sintering atmosphere, but only at low Mn/Cr levels. Sintering in inert atmospheres, such as 
Ar and vacuum, results in excessive grain coarsening and brittle intergranular failure, which 
has been described in the literature for sintered plain iron. Addition of > 0.3%Mn, as well 
as sintering in H2 or N2-H2, eliminate this effect. Surprisingly, even when sintered in inert, 
i.e. non-reducing atmosphere, also the variants with higher Mn / Mn+Cr content do not 
show intergranular embrittlement by the oxygen contained, but exhibit ductile rupture with 
dimples originating from very fine oxide particles. 

Admixing of 0.8% C hardly affects the compactibility, but slightly enhances 
shrinkage. In general the lower compactibility of the prealloyed Mn steels is at least 
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compensated for by shrinkage during sintering, as compared to the expansion observed with 
mixed variants. Hardness and impact energy are fairly similar for all compositions and 
atmospheres, which latter effect is not surprising, since in all cases, carbothermic reduction 
is the dominating deoxidation process. The Mn-Cr alloyed grade exhibited slightly higher 
hardness, but lower impact energy, thus retaining the balance between strength and 
ductility. In general, Mn and Mn-Cr prealloyed steels offer attractive properties and are less 
critical to processing as compared to mixed or masteralloy variants, thus being a feasible 
alternative to Ni-Cu-Mo alloying for the manufacturing of high strength precision parts. 
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