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PROCESSING AND MECHANICAL PROPERTIES OF SINTERED 
MANGANESE STEEL GEARS 

A. Cias 

Abstract 
A gearbox is a complex system comprised of several gears. The failure of 
a gearbox is due to the failure of one gear (one gear tooth). As such, one 
can model the gearbox failures at the gear tooth level. This approach was 
applied to the investigation of spur gears sintered from manganese steel 
Fe-3Mn-0.8C. In order to compare the relevant properties of the new PM 
steels with those of presently used commercial PM materials, failure load 
measurements on gears of Höganäs DC-1+0.5% C and Fe-1.5Cu were 
also performed. Weibull plots were made and the survival probability, Sj, 
was estimated. For 99% survival probability heat-treated DC-1 alloy 
barely outperformed the Mn steel, which was significantly better than Fe-
1.5Cu. Improvements in composition and processing of Mn steels should 
ensure that these easily outperform DC-1 alloy. 
Keywords: PM gears, beam strength of gear, sintered manganese steels, 
Weibull statistics 

INTRODUCTION 
PM gears are found in automobiles, outdoor power equipment, transmissions, 

office machinery, power hand tools, appliances and medical components. The average cost 
savings generated versus the traditionally hobbed gears per piece part is 25-50%. The 
savings relate directly to the efficient, near net shape, manner in which PM parts are 
manufactured, which considerably reduces scrap material. 

The objective of this research was to sinter two prototype spur gears (Fig.1) in 
newly-developed Fe-3Mn-0.8C PM manganese steel [1]. Design parameters of the two 
gears investigated are given in Table 1. The new alloy has been developed over a four-year 
research programme, in which the major effort has concentrated upon controlling oxygen 
pickup during sintering. This problem arises because of the high oxygen affinity of 
manganese. Brittleness in manganese steels processed in “wet” atmospheres is associated 
with the formation of continuous oxide networks; eliminating their formation by sintering 
in an atmosphere adhering to the Ellingham-Richardson oxide reduction criteria is 
responsible for a transition to ductility.  

When we are talking about the strength of a gear, we usually mean the beam 
strength (Strength Tolerable at Dedendum) and the surface strength. A close relation exists 
between the accuracy of the gear and the noise, the running efficiency and the performance. 
Strength Tolerable at Dedendum, Profile Deviations, Flank Lines Deviations and the DIN 
3362 quality grade 8 requirements should be considered [2]. The calculation of Tooth 
Bending Strength is given by ISO 63336-3:1996. Accordingly, since the beam strength test 
load is applied in a static state, the following equation can be used (Calculation of Load 
Capacity of Spur and Helical Gears – Part 3 Calculation of Tooth Bending Strength): 
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in which σFSt is Strength Tolerable at Dedendum, i.e. maximal static tooth root stress 
(bending stress) at the critical tooth profile (at dedendum), YFS is the tooth profile factor, b 
is blank width (facewidth) (mm), and mn is the normal (nominal) module of the gear (mm).  

The force is applied along to a tangent for 3 teeth at D point of the profile curve, 
Fig.2, which necessitates recalculating the breaking force Fn at point D to the Fbn force at 
the tooth top. By introducing factor Kn in equation (2) 

nnbn FKF =        (2) 
where Kn is defined by drawing an analogy with the ISO 6336-3:1996 method: 

'
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where K’ is the overlapping factor and may be approximated by: 
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where α is normal pressure angle; rb is base radius and pb=πmncosα; inv is involute 
function (available in Tables). 
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EXPERIMENTAL PROCEDURES 

Processing 
Prototypes manufactured were of a spur pinion gear for a concrete mixer, referred 

to as the Ritzel gear, and of a spur gear for a drilling machine, referred to as the Celma 
gear. Figure 1 shows the gears. The Ritzel gear caries 14 teeth with a 28.0 mm standard 
pitch diameter. The Celma gear carries 39 teeth with a 39.0 mm standard pitch diameter. 
The Celma gear blank width is 9 mm and the outside diameter is 41.3 mm; for the Ritzel 
gear blank width is 17 mm and the outside diameter is 34.0 mm (Table 1). Internal 
configurations (splines, keyways) were formed simultaneously with the gear profile, 
eliminating subsequent machining operations. 
 

Fig.1. Celma hand-held powered drilling machine spur gear (left) and Ritzel concrete mixer 
spur pinion gear (right). 
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Manganese was introduced as finely ground Fe-77Mn-1.3C Elkem low-carbon 
ferroalloy with particle size below 20 μm and a median of 8 μm, as described in Ref. [2]. 
Ferromanganese lumps were reduced to individual particles through comminution. The 
brittleness of ferromanganese facilitates their comminution to a small particle size. The addition 
of Mn in the form of ferromanganese was employed for several reasons. One is that Mn is 
cheaper in the form of ferromanganese than the pure element. This technique reduces the 
problems of oxide formation and poor compressibility of prealloyed manganese steel powders. 
Carbon was introduced as Trimrex F10 graphite. 

Several batches of manganese steel gears were studied together with a composition 
based on the industrial powder Höganäs DC-1 (Fe-2Ni-1.5Mo) and water-atomised iron powder 
Fe(PFeR) admixed to 1.5% Cu. Details of compositions are presented in Tables 2 and 3.  

Some investigated gears were taken from pilot scale processing; a total of 2000 
prototype gears were produced. Using specially manufactured dies (according to ISO 4957/80 
standard) a total of 1000 Celma gear green compacts were pressed in the ZMT Trzebinia PM 
plant and 1000 Ritzel gear green compacts in Metalokeramika Jambol [1]. Some gears were 
also processed under laboratory conditions at AGH. 

The industrial prototype processing of Celma and Ritzel gears was at the 
Metalokeramika PM Plant, Jambol (Bulgaria) and the ZMT Trzebinia Metallurgical Plant 
(Poland). The production included the following steps: 
1. Powder mixing in a double cone mixer under nitrogen atmosphere (to minimise 

oxidation). 
2. Evaluation of compaction parameters on an automatic, double action industrial (630kN) 

press.  
3. Industrial sintering in a cracked ammonia atmosphere, both with and without protective 

powder or laboratory sintering (at AGH) in H2/N2 in a semi-closed container. 
4. Heat treatment (optional). 

The industrial continuous production furnaces were the Elterma mesh-belt furnace at 
ZMT Trzebinia, Poland and the Elino walking beam furnace at Metalokeramika Jambol, 
Bulgaria. These furnaces contained three separate operating zones, a degassing (burn-off) 
zone operated between 400 and 700°C temperature, a high heating zone operated at 1120°C-
1150°C temperature, and a water-cooled zone. They were equipped with physical curtains on 
the exit sections to prevent air from entering the furnaces. The belt speed of the Elterma 
furnace was set to provide 15 to 20 minutes in the pre-heating zone, 55 to 65 minutes in the 
high heating zone, and approximately 120 minutes (10°Cmin-1 cooling rate) in the water-
cooled zone.  

In preliminary experiments, the powder mixture was formed into a shaped green 
compact and sintered under a hydrogen/nitrogen atmosphere, protected by a powder bed of an 
alumina+graphite+ferromanganese. The gears were sintered in a special local micro-
atmosphere to maintain the tight oxygen, carbon and manganese control required for strength 
and hardness. Additionally, it was found that the necessary reducing conditions for Mn steels 
can be attained in flowing gases which are too wet for conventional processing - through the 
use of semi-closed containers with a supply of manganese and carbon. The use of semi-closed 
containers ensures that the necessary reducing reactions, involving the volatile manganese 
vapour and carbon, with water vapour and iron and manganese oxides take place in the dry 
”micro-atmosphere” within and around the specimens [5-7].  

In the ZMT furnace the gears were sintered upon opened trays (see Table 2, batch 2), 
under protective powder (Table 2, batch 3) and in a semi-closed double-box container with a 
labyrinth seal (Table 2, batch 4). The container did not have any ferromanganese added to it, 
but was loaded to capacity, ~ 20 gears, with the green compacts being the donors of Mn and 
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C. This arrangement provided sufficient manganese vapour to both improve the local dew 
point (self-gettering) and minimise the loss of manganese from the compacts. The furnace 
atmosphere was of a technical purity dissociated ammonia atmosphere with an inlet dew point 
no worse than –30°C.  

In Metalokeramika the green compacts were sintered in semi-closed, double-box 
containers with a labyrinth seal [1,8], each sealed with a getter powder, in a technical purity 
dissociated ammonia atmosphere with controlled dew point –30°C (Table 2, batches 5 and 6; 
Table 3, batches 2, 3 and 8). The getter was a mixture of dry (annealed at 1150°C) coarse (1-3 
mm) alumina grit with 12% ferromanganese powder. After sintering, the gears had a final 
composition Fe-3Mn-0.6C (Leco analysis). Average sintered densities of the gears varied 
from 6.72 to 6.91 g/cm3, (Tables 2 and 3).  

The sintered (and optionally sized) gears were hardened (rapid cooled from 850°C) 
in a furnace with a protective atmosphere and tempered at 200°C for 1 hour. 

In later complementary laboratory experiments, gears were sinter hardened in a 
horizontal laboratory tube furnace in a semi-closed container with a labyrinth seal at 1150°C, 
in hydrogen/nitrogen mixtures 0-100% H2 (Table 2, batches 7-10 and Table 3, batches 4-7). 
The green compacts were placed in small cylindrical containers partly filled with 
ferromanganese lumps. The dew point of these mixtures was at –60°C (10 ppm moisture) and 
the composition of the gas was adjusted by controlling the ratio of gas flow from the cylinders 
into the furnace with mass flowmeters. A multi-gas controller (MKS 647 B) with appropriate 
valves was used to control the gas flow through the furnace. The laboratory sintering 
procedure consisted of maintaining the specimens for 10 min in the degassing zone of the 
furnace at about 400°C to volatilise the added lubricant, before they were moved into the hot 
zone where the sintering temperature was maintained with approximately ±5°C for 1 hour. At 
the end of the sintering period, the specimens were moved to the water-cooled end of the 
furnace tube and left there until cool enough to be withdrawn. The cooling rate was 
approximately 60°C/min. The laboratory sinter hardened gears were also tempered at 200°C 
for 1 hour.  

Strengths tolerable at dedendum and apparent surface and cross-sectional hardness 
were subsequently measured. All cross-sectional results reported were on gears whose axis 
was parallel to the cross-section. The majority of the ZMT and Metalokeramika gear hardness 
results are comparable; the effects of the 3 different sintering procedures in ZMT are to be 
noted. Generally some swelling was observed, but it was lower in the Metalokeramika gears. 
This was probably due to the difference in the sintering procedure.  

Tab.1. Design parameters of the industrially produced gears. 

Item Symbol Celma gear Ritzel gear 
Outside diameter [mm] dk 41.30 34.0 
Standard pitch diameter (z·mn) [mm] d0 39.0 28.0 
Root diameter (d0-2.5mn) [mm] dr 36.50 25.0 
Base diameter (d0cosα0) Db 36.65 26.31 
Teeth number Z 39 14 
Module [mm] mn 1 2 
Standard pressure (profile angle) [°] α0 20 20 
Addendum modification coefficient x +0.2 +0.5 
Addendum (1.00mn) [mm] ha 1.0 2 
Dedentum (1.25mn) [mm] hd 1.25 2.5 
Blank width [mm] b 9.0 17.0 
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Dimensional Accuracy 
Because Radial Run-out Deviations were near the tolerance field, to raise the 

accuracy and decrease roughness of surface, the gears were sized. A pilot batch of gears 
was produced having good dimensional parameters, and dimensional reproducibility. Table 
4 shows dimensional changes and sintered densities of Celma gears, the first prototype 
component to be assessed. For these gears the reference commercial material was Höganäs 
DC-1 +0.5% C. 

Measurements of tooth profile, pitch, run-out of the gear groove and lead were 
carried out using Klinherberg PFSU 640 profilometer. Profile Deviations (ff), Flank Lines 
Deviations (Fr), Accumulated Space Width Deviations (Fp), Space Width Deviation (fp), 
and paralleism were measured. 

Strength Tolerable at Dedendum 
The tooth bend static tests (TBST) were performed on 18 teeth of the gears, 

randomly chosen from a batch (Tables 2 and 3). For the Ritzel gear the reference material 
was Fe (PFeR)+1.5% Cu. This alloy is Sinterstahl D10 according to the DIN V30910.  

Using the tested Ritzel gear data: 
 mn(module) = 2 [mm]; Z(teeth number) = 14; x (coefficient of profile shifted or 

addendum modification coefficient) = 0.5; da(outside diameter) = 34 [mm]; d (reference 
diameter, pitch diameter) = 28 mm; db (base diameter) = 26.31mm; α (normal pressure 
angle) = 20° 

αE can be calculated out by the formula: 
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From the ISO 6336-3:1996 standard for the Ritzel gears:  
YFS =3.53 (mn=2 mm; z=14; x=0.5; dk=34 mm; do=28; db=26.31; αο=20°) and 

cosα =0.940. 
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Beam strength calculations were checked using Japan Gear Manufacturer 
Association formulas (JGMA 401-01 Beam Strength Formula of Spur Gear and Helical 
Gear). Actual Celma and Ritzel spur gears were used for testing tooth bending strength, as 
shown in Fig.2.  

The strength of a gear wheel is indeed the strength of its weakest tooth; 
accordingly statistical aspects of gear tooth fracture were analysed using Weibull 2-
parameter methodology, as there were no indications that more than one failure mechanism 
was operating.  
 

Fig.2. Illustration of the tooth bending strength (crushing load) test (left); the directions of 
forces on a spur gear tooth (right). 

RESULTS 
Pilot batches of gears were produced, having good dimensional parameters and 

dimensional reproducibility. Profile deviations, flank lines deviations of the DIN 3362 
quality grade 8 requirements were met for Celma gears from all the batches. Densities of 
~6.7 and ~6.8 g/cm3 were recorded for steels emanating from sponge and water atomised 
iron powders, respectively.  

The microstructures of gears consisted of bainite, martensite, troostite, pearlite, 
retained austenite, in varying proportions depending of a number factors including location 
in the component, cooling rate from the sintering temperature, and subsequent thermal 
treatment. Manganese contributes to increased strength as well as hardenability when heat 
treatment is employed. In laboratory sintered gears, predominantly bainitic structures were 
produced at cooling rates between 30 and 60°C/min. It should be noted that microstructural 
variations within a gear result in significant scatter in the mechanical properties, especially 
the strength of the gear teeth in bending. 

The microstructures of industrially sintered and slowly (10°C/min) cooled gears 
were mixed, predominantly ultra fine pearlitic. The metallographic structure of a typical 
alloy chosen from this manganese gear group is shown in Fig.3. The structure is essentially 
that of an eutectoid carbon steel in a pearlitic condition. Unlike ordinary eutectoid carbon 
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steel, this structure contains 3% manganese almost entirely in solid solution, in ferrite and 
alloy cementite (Fe, Mn)3C.  

There was a significant increase in (apparent) hardness as a result of a relatively 
rapid cooling at 60°Cmin-1 (sinter-hardening), compared to furnace cooling. At the surface, 
HV10 increased from 120-170 to 160-390 and the corresponding increase in (apparent) 
cross-section hardness was from 130-160 to 160-290. 

Gear teeth were tested to failure; Tables 2, 3, 6 and 7 summarise the data, 
illustrated in Figs.4 and 5 as Weibull plots. The scatter of maximum static tooth root stress 
of nitrogen sintered gears is at least as good as that of comparable hydrogen and dissociated 
ammonia sintered gears. Weibull moduli were between 9 and 29, regardless of tooth size 
and shape. Density and hardness of the manganese steel gears were similar to Distalloy DC-
1+0.5% C sintered gears. Bending strengths of manganese steel teeth were generally 
superior to those made of DC-1+0.5% C. Material based on NC 100.24 iron powder had a 
higher strength compared to that based on ASC 100.29. 
 

 
Fig.3. Microstructure of Celma Gear; Fe-3Mn-0.8C steel (NC100.24+Elkem) sintered at 

ZMT; semi-closed container. 
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Fig.4. Weibull plots of tooth static bend strength of Celma gears. Gears compacted from 
NC100.24 + Elkem and DC-1+0.5% C powders then sintered in ZMT industrial furnace 

(Elterma - see Table 2) at 1150°C in dissociated ammonia atmosphere with dew point -30°C. 
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Tab.2. Characteristic data of Celma Fe-3Mn-0.8C and DC-1+0.5% C (reference material) 
sintered gears. 

Batch number, powders 
and processing 

Chemical 
composition 

[wt. %] 

Density; 
Archimedean 

technique 

Apparent 
cross-
section 

hardness 

Max. Static 
Tooth Root 

Stress 
(σFstlim 
mean 
value) 

 Mn C O [g/cm3] [HV10] [MPa] 
1. Höganäs DC-1 +0.5% C, 
sintered and heat treated at 
ZMT (reference material) 

- 0.42 0.296 6.81 266 1017 

2. NC100.24+Elkem, 
sintered at ZMT; opened 
tray 

2.7 0.620 0.315 6.80 171 726 

3. NC100.24+Elkem, 
sintered in ZMT under 
protective powder  

2.7 0.619 0.337 6.76 175 875 

4. NC100.24+Elkem, 
sintered at ZMT; semi-
closed container 

2.8 0.630 0.216 6.78 178 913 

5. NC100.24+Elkem, 
sintered at 
Metalokeramika; protective 
powder and semi-closed 
container 

2.8 0.631 0.227 6. 77 164 988 

6. ASC100.29+Elkem, 
sintered at 
Metalokeramika; protective 
powder and semi-closed 
container 

2.8 0.625 0.260 6.72 150 854 

7. NC100.24, lab. sintered 
in H2 in semi-closed 
container 

2.8 0.640 0.316 6.89 280 986 

8. ASC100.29, lab. sintered 
in H2 semi-closed container 2.8 0.635 0.301 6.86 277 860 

9. NC100.24+Elkem, lab. 
sintered in N2 in semi-
closed cont.  

2.8 0.712 0.495 6.91 270 918 

10. SC100.29+Elkem, lab. 
sintered in N2 in semi-
closed container 

2.8 0.704 0.465 6.90 279 706 
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Tab.3. Characteristic data of Ritzel Fe-3Mn-0.8C and Fe-1.5Cu (reference material) 
sintered gears. 

Batch number, powders 
and processing 

Chemical composition 
[wt.%] 

Density. 
Archimedean 

technique 

Apparent 
cross-
section 

hardness 

Max. Static 
Tooth Root 

Stress (σFstlim 
mean value) 

 Mn C O [g/cm3]  [MPa] 
1. Fe(PFeR) + 1.5% Cu, 
sintered at Metalokeramika
(reference material) 

ND ND ND - not 
determined 6.8 89 [HB] 528 

2. NC100.24+Elkem, 
sintered at Metalokeramika 2.8 0.627 0.321 6.75 1002 

3. ASC100.29+Elkem, 
sintered at Metalokeramika 2.8 0.613 317 6.85 774 

4. NC100.24+Elkem, lab. 
sintered in H2  

2.8 0.618 0.227 6. 75 997 

5. ASC100.29+Elkem, lab. 
sintered in H2

2.8 0.651 0.261 6.85 761 

6. NC100.24+Elkem, lab. 
sintered in N2

2.8 0.646 0.321 6.75 1015 

7. ASC100.29+Elkem, lab. 
sintered in N2

2.8 0.649 0.311 6.85 

164 - 180 
[HV10] 

780 

8. Fe3Mn0.8C, Fe(PFeR) 
+Elkem, sintered at 
Metalokeramika  

ND ND ND 6.8 168 [HB] 783 

Tab.4. Dimensional changes and sintered densities of Celma gears. 

Radial dimensional 
change, [mm] and [%] 

Material 

Nominal 
bore 

diameter 
[mm] 

Axial 
dimensional 

change 
[mm] and 

[%] 
Bore hole Outer 

diameter 

As-
sintered 
density 
[g/cm3] 

13.6 
Shrinkage 

0.03 
(0.2%) NC 100.24+3%Mn+0.8%C 

 
19.1 

Shrinkage 
0.04-0.05 

(0.2-0.5%) 
Shrinkage 
0.02-0.03 

(0.1-
0.15%) 

Shrinkage 
0.02 

(0.05%) 
6.78-6.80 

13.6 
Swelling 

0.05 
(0.4%) ASC100.29+3%Mn+0.8%C

19.1 

Swelling 
0.01-0.03 

(0.1-0.3%) Swelling 
0.1 (0.5%) 

Swelling 
0.01 

(0.02%) 
6.68-6.70 
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Tab.5. Celma gear. Results of the Weibull statistical data reduction for the tooth bending 
tests. 

Characteristic Static 
Tooth Root Stress 

(σ0FSt) 
Powders and processing Sintering Weibull 

modulus m 
[MPa] 

Höganäs DC-1 +0.5% C, 
sintered and heat treated 
at ZMT (reference 
material) 

1120°C, dissociated 
ammonia atmosphere 
-30°C dew point at 

opened tray, heat treated 

21.5 1040 

NC100.24+Elkem, 
sintered at ZMT, opened 
tray 

9.2 758 

NC100.29+Elkem, 
sintered at ZMT, under 
protective powder 

12.2 903 

NC100.29+Elkem, 
sintered at ZMT, semi-
closed container 

1120°C, dissociated 
ammonia atmosphere 

-30°C dew point, 
Elterma furnace 

19.5 932 

NC100.24+Elkem, 
sintered at 
Metalokeramika  

19.0 872 

ASC100.29+Elkem, 
sintered at 
Metalokeramika  

1150°C, dissociated 
ammonia atmosphere 

-30°C dew point, 
protective powder and 
semi-closed container, 

Elino furnace 
17.8 1011 

NC100.24 sintered in 
laboratory, semi-closed 
cont. 

18.8 1008 

ASC100.29 sintered in 
laboratory, semi-closed 
cont. 

1120°C, hydrogen 
atmosphere, -60°C dew 
point, sinter hardened 

and tempered, 
laboratory furnace 19.6 879 

NC100.24+Elkem 
sintered in laboratory, 
semi-closed container 

1120°C, nitrogen 
atmosphere, -60°C dew 
point; sinter hardened 

and tempered 

13.3 947 

ASC100.29+Elkem, 
sintered in laboratory, 
semi-closed container 

1120°C, nitrogen 
atmosphere, -60°C dew 
point; sinter hardened 

and tempered 

15.5 725 
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Tab.6. Ritzel gear. Results of the Weibull statistical data reduction for the tooth bending 
test results. 

Powders and processing Sintering 
Weibull 
modulus 

m 

Characteristic 
Static Tooth Root 

Stress (σ0FSt) 
[MPa] 

Fe + 1.5%Cu, sintered 
at Metalokeramika 
(reference material) 

1150°C, dissociated ammonia 
atmosphere, -30°C dew point, 

Elino furnace 
11.4 551 

NC100.24+Elkem, 
sintered at 
Metalokeramika  

23.1 1024 

ASC100.29+Elkem, 
sintered at 
Metalokeramika 

1150°C, dissociated ammonia 
atmosphere,-30°C dew point, 
protective powder and semi-

closed container, Elino furnace 21.5 792 

NC100.24+Elkem, lab. 
sintered in H2  

25.9 1018 

ASC100.29+Elkem, 
lab. sintered in H2

1120°C, hydrogen atmosphere, 
-60°C dew point, sinter 
hardened and tempered, 

laboratory furnace 16.4 788 

NC100.24+Elkem lab. 
sintered in N2

28.8 1033 

ASC100.29+Elkem,lab. 
sintered in N2

1120°C, nitrogen atmosphere 
-60°C dew point, sinter 
hardened and tempered, 

laboratory furnace 19.2 804 

Fe(PFeR) + Elkem, 
sintered at 
Metalokeramika 
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Fig.4. Weibull plots of tooth static bend strength of Celma gears. Gears compacted from 
NC100.24 + Elkem and DC-1+0.5% C powders then sintered in ZMT industrial furnace 

(Elterma - see Table 2) at 1150°C in dissociated ammonia atmosphere with dew point -30°C. 
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Fig.5. Weibull plots of tooth static bend strength of Ritzel gears. Gears compacted from Fe 

(PFeR) powder and sintered in industrial furnace (Elino – see Table 3) at 1150°C in 
dissociated ammonia atmosphere with dew point –30°C. 

 
Fig.6. Effect of load-inducted stress concentrations in a gear tooth [11]. 
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DISCUSSION 
The production of Mn steel gears depends critically on the microstructure, which 

is formed during a very tightly-controlled sintering process. Because of the variable 
severity of inherent flaws, the nature of PM Mn sinter hardened or heat-treated gear failure 
is probabilistic and optimisation of the design requires the ability to accurately determine a 
loaded component’s reliability. Methods of quantifying the reliability and corresponding 
failure probability have been investigated and refined at AGH. The effect of different PM 
routes on the reliability of a Fe-3Mn-0.8C steel gear has been quantified using the Weibull 
analysis. Because structural components like gears are typically designed with 
consideration of minimum rather than average strength, quantification and control of this 
property variability is critically important.  

Another aspect requiring consideration is the size effect on strength and 
reproducibility. Although the pores and other flaws that determine the strength of sintered 
steels can be distributed randomly throughout the volume of a component, frequently 
failures are surface or near surface initiated, partly because of the more damaging effect of 
surface defects as analysed by the Fracture Mechanics theory. Assuming the materials to be 
identical (which, because of processing differences and resultant microstructural 
differences especially at teeth roots, is not strictly warranted) and of similar geometry, 
Weibull statistics are used for failure initiation from defects emanating from surface or 
volume [9,10]. This has to be modified for the special distribution of stresses resulting in 
failure only at, or just below, the surface of the tooth root. This is illustrated in Fig.6, where 
the effect of load-induced stress concentrations in a gear tooth is schematically presented 
[11]. The fine-pitch gear tooth is completely dominated by stress concentrations. It is 
tentatively suggested that the relevant “stressed area” can be related to the tooth module 
multiplied by the wheel thickness. Accordingly for the Celma gear it is 1 mm x 9 mm and 
for the Ritzel 2 mm x 17 mm. It is postulated that for the same values of the Weibull 
modulus, m, the relationship can be described simply as: 
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  (9) 

 
Where A is the gear tooth reference surface. Equation (9) could allow the stresses for a 
given survival probability to be scaled from a small test gear to a larger, provided both are 
of the same shape and similarly stressed. 

 For Celma and Ritzel gears made of ASC 100.29+Elkem powders, identically 
laboratory sintered (Table 8), the characteristic static tooth root stresses were 879 and 788 
MPa, respectively, giving a ratio 1.11 to be compared with the prediction of 1.08 for m of 
18 calculated from eq (9). This agreement appears satisfactory, but it should be noted that 
very small differences in strength were considered and the applicability of this approach 
needs testing on much larger strength differences. 
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Tab.7. Stresses at dedendum, σmaxFSt, for the same probabilities of survival evaluated for 
manganese and commercial steels gears respectively. 

Stress at Dedendum σmaxFSt [MPa] Survival probability 
Sj Fe-3Mn-0.8C DC-1+0.5%C Fe-1.5Cu 

Celma gears laboratory sintered at 1150°C in H2; base ASC 100.29 iron powder 
0.37 (for σ0) 801 - - 

0.5 786 - - 
0.75 751 - - 
0.9 713 - - 

0.95 687 - - 
0.99 631 - - 

Celma gears laboratory sintered at 1150°C in N2; base ASC 100.29 iron powder 
0.37 (for σ0) 784 - - 

0.5 767 - - 
0.75 727 - - 
0.9 684 - - 

0.95 655 - - 
0.99 593 - - 

Celma gears industrially sintered at 1150°C in dissociated ammonia; base ASC 100.29 iron 
powder 

0.37 (for σ0) 932 1037 - 
0.5 915 1019 - 

0.75 874 979 - 
0.9 831 934 - 

0.95 801 903 - 
0.99 736 837 - 

Ritzel gears industrially sintered at 1150°C in dissociated ammonia; base Fe(PFeR) iron 
powder 

0.37 (for σ0) 803 - 551 
0.5 789 - 534 

0.75 755 - 494 
0.9 719 - 453 

0.95 694 - 425 
0.99 641 - 368 

Tab.8. Characteristic data of Celma and Ritzel Fe-3Mn-0.8C gears sintered at 1150°C, 
hydrogen atmosphere, -60°C dew point in H2 in semi-closed container (in common). Gears 
were sinter-hardened (cooling rate 60°Cmin.-1) and tempered at 200°C for 1 hour. Powders 
ASC 100.29+ Elkem identically processed. 

 
Gear 

 
Chemical composition 

[%] 

 
Density 

Weibull module 
m± standard error 

m/(2n)1/2

CharacteristicStatic 
Tooth Root Stress 

σ0FSt
 Mn C O [g/cm3]  [MPa] 

Celma 2.8 0.635 0.301 6.86 19.6±3.2 879 
Ritzel 2.8 0.651 0.261 6.85 16.4±3.0 788 
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Bearing in mind that 1150°C sintering in dissociated ammonia is not even near the 
optimum processing condition investigated, it can be concluded that Mn steels have 
considerable potential as spur gear material for low-to-medium duty applications. Further 
alloy and heat treatment modifications, when allied to successful fatigue studies, should 
deem Mn steels a good candidates for medium-to-high duty applications. 

CONCLUSIONS 
Material selection is one of the most crucial decisions made in the design and 

manufacture of any gearbox. Material selection has an effect on all aspects of a project 
including the design and economics associated with manufacturability, quality lead-time, 
and performance. The most active area of technological innovation in PM low-alloy steels 
is in chromium and manganese containing alloys, which continue to broaden their range of 
possible applications. These advances, combined with the growing acceptance of PM gear 
products, have allowed production of gears manufactured from nickel-free PM steels and to 
maintain a rapid growth during the past decade, a trend which is expected to continue for 
the foreseeable future. With recent developments in structural designs, materials, and 
sintering process control, a relatively new gear material is now available. The material 
properties of Mn sintered steel now preliminarily studied are approaching those of more 
expensive commercial PM steel. Nickel-free manganese steels thus can become an 
alternative for commercial nickel containing PM steels. Materials of this type are expected 
to be in increasing demand from producers of PM low alloy steels in the wake of the 
growing wave of legislation worldwide designed to combat the rise of nickel allergies. 

In the present study a new technique for sintering of manganese steel gears was 
developed, and gears in Fe-Mn-(0.6-0.8)C alloy characterised. Though the use of getters 
and semi closed containers, the formation of oxide networks in manganese steel was 
avoided (oxygen being present primarily as a benign oxide on pore surfaces) for sintering 
temperatures as low as 1120-1150°C – a temperature within the capabilities of mesh belt 
furnaces. 

A way to achieve better chemical homogeneity in PM Mn steel would be to reduce 
the particle size of the ferromanganese. In the present work, 4 - 20 μm gave the best result. 
The coarser ferromanganese particle size accounts for the isolated areas of undiffused 
manganese observed in some gears. The powder mix with finer ferromanganese particles 
tends to segregate during handling and moulding. The alloying efficiency reported here 
would have been higher if the binder systems technologies had been used.  

The composition Fe-3Mn-0.8C allows ultra fine pearlitic (troostite) structures to 
be achieved at cooling rates characteristic of industrial mesh belt furnaces (~10°Cmin-1), 
and also offers the possibility – through a chromium or molybdenum addition – of 
producing martensitic microstructure [6,12]. A new possibility could be Fe-Mn-Mo-C PM 
bainitic steels (e.g. Fe-3.5Mn-1.5Mo-0.5C) with very high adhesive wear resistance in the 
as-sintered state [13].  

Oxidation of manganese has been found to occur at oxygen partial pressure >10-13 
Pa in nitrogen atmosphere at 1150°C. Processing in flowing hydrogen-rich atmospheres 
requires dew points dictated by the Ellingham-Richardson diagrams, e.g. – 55°C at 1150°C, 
or the attainment of a reducing microclimate. This experimental work has indicated the 
potential of utilising the local reducing microclimate, attained in a semi-closed containers, 
which ensured the presence of a cloud of manganese vapour. The CO/CO2 ratio is 
controlled by the temperature-dependent Boudouard reaction, i.e. higher temperature results 
in a higher CO/CO2 ratio [5,7]. The high CO content ensures optimum conditions for 
carbothermic oxide reduction and efficient sintering. 



 Powder Metallurgy Progress, Vol.5 (2005), No 3 162 
 

The use of the containers minimises interaction with the flowing furnace 
atmosphere and thus ensures that a dry ‘micro-atmosphere’ exists within and around the 
PM components. This method was developed and extended by the author using ferro-
manganese and carbon as the getter powders, or forming part of the green compact. Initially 
hydrogen was employed as the sintering atmosphere gas, subsequently dissociated 
ammonia, nitrogen-hydrogen mixtures and dry technical nitrogen. An atmosphere of 
nitrogen with a dew point of –55°C proved successful for sintering in an atmosphere of 
equally dry hydrogen. Gears sintered at 1150°C possessed similar mechanical properties, 
irrespective of the H2-N2 ratio in the furnace atmosphere.  

It is now essential, before industrial exploitation, to determine the necessary 
conditions regarding the presence of “donor” Mn and C, which are adequate for Mn steels 
containing Cr. The getters can be either in the constituent powders of the alloy, as in the 
experiments now reported, or as a “sacrificial” powder [1] in the container separated from 
the compact. 

The gears were manufactured by a single press/single sinter route with adequate 
critical teeth profile tolerances at a cheaper cost than machining wrought material. Gears 
emanating from sponge iron powder generally gave higher strengths than these from 
atomised powder. Furthermore, Fe-3Mn-0.8C steel gears have strengths far superior to 
Fe(PFeR) + 1.5% Cu gears. 

The main factors influencing the dimensional accuracy of Fe-3Mn-0.8C steel are: 
a) properties of the base iron and ferromanganese powders, b) properties of the green 
compact, c) sintering conditions. The technological problems with manganese steel of 
relatively low dimensional accuracy caused by swelling or shrinking during the sintering 
process can possibly be solved by using mixtures of sponge and atomised powders or/and 
sizing. The difficulty of sizing is caused primarily by the high hardness. Adjusting cooling 
rates from the sintering temperature can solve this problem. 
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