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Abstract 

In the present study, a lean PM steel was tested for rolling contact fatigue. Medium density PM steel 
(7.15 g/cm3) sintered at two different temperatures and with two different initial powder size 
distributions was tested. Image analysis was performed on LOM images of cross sections to reveal 
the microstructure and morphology. Image analysis revealed that a smaller initial powder size 
distribution results in smaller pores and that a higher sintering temperature results in pores that are 
more circular. Materials sintered at high temperature with smaller initial powder size significantly 
outperformed the others when tested for rolling contact fatigue, indicating that smaller and more 
circular pores are beneficial for the survival of the material. Cracks were found to initiate at pore edges 
and propagates trans- as well as intergranular at about the depth below the surface corresponding to 
the largest von Mises stress. 

1. Introduction 

The search for new materials to be used in automotive applications is an ever ongoing process. One 
of the more interesting candidates is steel produced from powder metal (PM). By pressing and 
sintering, PM steel can be produced to near net shape, reducing the number of secondary processes. 
The benefits include high material utilization and lower temperatures during manufacturing, meaning 
that PM parts are produced with lower inherent energy than wrought parts. 

PM steels are lightweight in comparison to wrought steel and have also shown to have beneficial 
sound absorbing properties1, which could be of interest for electrical vehicles since the soundstage of 
an electric car will be dominated by the transmission instead of the combustion engine.   

A prospective application for PM steels in automotive vehicles is transmission gears. The complex 
mesh of a gear pair includes both sliding and rolling contact as well as a combination of the two. If the 
gear pair is aligned correctly, pure rolling will occur at the pitch point. The cyclic loading and unloading 
at the pitch point will result in fatigue damage, called pitting or spalling, preceded by crack nucleation 
and propagation.  

Fatigue life of materials is often related to the presence of inclusions or other defects in the 
microstructure.2 For PM steels, the inherent porosity can be seen as defects and thus PM steels have 
their limitations. The porosity reduces the overall load bearing capacity of the part and at a micro-level, 
the pores act as stress concentrators and crack nucleation points, which make the material more 
sensitive to cyclic loads. Crack propagation is locally determined by the surrounding microstructure 
and in the case of PM materials, also the local pore morphology (size, roundness, distribution etc.)3  

Earlier work on contact fatigue shows a linear relationship between fatigue life and porosity4–6. A lower 
density/higher porosity is always to be associated with a decreased fatigue life. When the porosity is 
decreased, so is the average size of the largest pores.7 As for earlier work on fatigue life, non-contact 
modes have been the main focus while the contact fatigue has not been given much attention.  

The aim of this article is to investigate how different process parameters (initial powder size and 
sintering temperature) affect the microstructure and pore morphology and what effect this has on the 
rolling contact fatigue life of PM-steel. 
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2. Experimental 

2.1 Materials 

Sintered steel blanks were provided by Höganäs AB. The steel was produced from a powder pre-
alloyed with Cr and with an addition of 2.0 % Ni and 0.25-0.3 % C admixed. Two different powder size 
distributions were used during processing, regular <100 µm and fine <75 µm (FP). The fine powder 
was screened from a regular size distribution by sieving. The blanks were compacted to a density of 
7.15 g/cm3 and sintered at 1120°C or 1250°C for 45 minutes in a 90/10 N2/H2 atmosphere. The 
composition of the tested material is presented in Table 1. 

Table 1. Composition of the tested sintered PM steel (Astaloy® CrA with an addition of Ni and C) in wt.%. 

 
C  Cr  Ni  Fe  

     

Astaloy® CrA 0.25-0.3 1.8 2.0 Bal. 

 

2.2 Sample preparation 

Cylindrical samples with radius 5 mm were turned from sintered blanks. The cylinders were then low 
pressure carburized by a standard procedure at Höganäs AB giving an effective case hardened depth 
of around 1.1 mm. The microstructural analysis performed to control the quality after case hardening 
showed that all samples have a near-surface martensitic region with a hardness of around 775 (±25) 
HV0.1. All cylinders were centerless ground, giving a final radius of around 4.95 mm.  

2.3 Surface characterization 

The initial test cylinder and counter surface were measured by optical profilometry, see Figure 1. The 
Ra value of the cylinder sample and the counter surface in the direction of motion are 0.26 and  
0.22 µm respectively.   

 

Figure 1. Cylinder sample (a) and casting of counter surface (b) measured by optical profilometry. Cylindrical form has been 
removed. 2D profiles in x and y direction respectively.  

2.4 Rolling contact test 

A pure rolling contact fatigue test rig was used for all tests, see Figure 2. The set-up is described in 
more detail elsewhere.4 A surface pressure of 1700 MPa, corresponding to the maximum surface 
pressure in load stage 9 in an FZG-test for fully dense materials was used. With the applied load, a 
maximum von Mises stress of roughly 1000 MPa is found at roughly 100 µm underneath the surface. 
The elliptic contact area is calculated to be about 0.3 mm in the rolling direction and 3 mm in the 
cylinder axis direction. The contact is lubricated at all times with Poly-α-olefin 8 (PAO8). All testing was 
performed at room temperature. 
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Figure 2. Schematic of the rolling contact test rig showing the contact between the test cylinder (Ø =10 mm) and the counter 
surface wheel (Ø = 140 mm). 

2.5 Material characterization – Image analysis 

Cross sections (N = 4 for each material) from cylindrical samples were ground and polished to reveal 
the pore structure. Matlab (build R2018b) was used to analyse LOM images (0.55 x 0.45 mm, N = 80) 
on polished cross sections resulting in a total measured area of 19.8 mm2 for each material. A contrast 
threshold was set for each image to easier distinguish the pores from the background. For comparison 
of images before and after the applied threshold, see Figure 3 

The pore size and area covered by pores were calculated by the program from square pixels, 
converted to size from scale bar. Pores crossing the image edge were not included. 

Circularity was calculated from the following equation 

                                       (Eq. 1)

    

where the perimeter is the measured length in pixels, converted to length, around the edge of a pore. 
If the area matches the perimeter of a pore, the ratio equals 1, indicating a perfect circle. 

 

Figure 3. LOM image of cross section before (a) and after (b) the contrast treshold is applied. 

3. Results 

3.1 Material characterization and morphology 

Materials sintered at higher temperatures and with a smaller initial particle size distribution have a 

smaller mean pore size than the other materials. The pore size statistics are presented in table 2. No 

clear difference is seen between samples when looking at the pore size distribution (not shown) but if 

only the 4000 largest pores are indexed, it is clear that the materials with a smaller initial powder size 

distribution have smaller pores in general, down to a pore size of around 80 µm2 where the curves 

overlap, see figure 4a. Materials sintered at higher temperature (7.15 HTS and 7.15 HTS FP) have a 

more narrow circularity distribution, see figure 4b. 

 

 



Euro PM2019 – Fatigue of PM Steels 

© European Powder Metallurgy Association (EPMA) 

Table 2. Pore size statistics for the tested materials 

Material Mean pore size [µm2] Standard deviation [µm2] Largest pore [µm2] 

    

7.15 LTS 64 111 1886 

7.15 LTS FP 49 65 1419 

7.15 HTS 60 93 1817 

7.15 HTS FP 49 66 2187 

 

 

Figure 4. Comparisons of the size of the 4000 largest pore of each material (a) and a Kernel circularity distribution (b). 

3.2 Fatigue life performance 

The PM steel made with fine powder, sintered at higher temperature (7.15 CL HTS FP), significantly 
outperforms the other materials in the fatigue test, see Figure 5a. Materials sintered at higher 
temperatures (7.15 HTS) survive longer than materials sintered at lower temperatures (7.15 LTS and 
7.15 LTS FP). Damage found on the cylinder surface after failure resembles that of pitting found on 
gears made of PM steel, see Figure 5b. 

 

Figure 5. Results from rolling contact fatigue tests presented as average number of load cycles until failure (a) and VSI image 
showing surface damage on cylinder after testing (b). Rolling direction along x-axis. All materials were tested at 1700 MPa and 

three samples of each material were tested. 
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3.3 Crack initiation and propagation 

Cracks are initiated at pore edges and propagate trans- as well as intergranular parallel to the surface 
at the depth corresponding to the highest von Mises stress, about 100 µm underneath the surface,  
see Figure 6. 

 

Figure 6. SEM images of etched cross sections showing a crack around 70 µm underneath the surface (a) and a crack initiated 
at a pore, propagating trans- and intergranular through the material.  

4. Discussion 

Earlier studies by the present author show that porosity is the main determining factor for fatigue life 
survival of PM steels.4 Density however is a function of other parameters, such as pore size and 
number of pores. A smaller initial powder size distribution does seem to result in a somewhat smaller 
mean pore size. The number of pores does however increase, which results in a similar density for all 
tested materials. In the image analysis presented in this work, the proximity of the pores has not been 
taken into account. A cluster of smaller pores may well act as a stress concentrator to a similar degree 
as that of a single large pore. This interaction needs to be further investigated.  

When the 4000 largest pores are indexed, it can be seen that these are smaller for the materials 
manufactured with a smaller initial powder size distribution.Andersson et al.8 used extreme value 
statistics to show how the bending fatigue life of PM steel is dependent on the largest pore in the 
volume affected by the stress. From the image analysis presented in this work it is shown that the HTS 
FP material has the largest pores. However, they are small in numbers and the probability of one of 
these large pores existing in the affected area should therefore be considered small. In other words, 
both the number and the size of the largest pores need to be considered.  

A higher sintering temperature results in more circular pores, which is beneficial for resistance to crack 
initiation.3 Part of this might be an effect of pore size reduction since smaller pores tend to be more 
circular. No clear difference in the distribution of circularity is seen between the two materials sintered 
at higher temperature. Materials sintered at higher temperature and with a finer initial powder size 
distribution outperform the other materials in the pure rolling contact fatigue test. Thus both the 
circularity and the pore size at the upper tail of the distribution appear to play an important role in the 
pure rolling contact fatigue life of PM steels. The SEM analysis of cross sections of tested samples 
show that cracks are often initiated at sharp pore edges meaning that if the manufacturing process 
can tweak the morphology to more circular pores, a longer rolling cyclic contact fatigue life can be 
expected.  

Cracks propagate inter- as well as trans-granular through the martensitic region. Although crack 
propagation might be important, it is of secondary interest to prohibiting crack initiation in the first 
place.  
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5. Conclusions 

▪ Pores dominate the microstructure for all tested materials. 
 

▪ Sintering temperature and initial powder size distribution have a large effect on the 
microstructure and pore morphology of PM steel.  

 
▪ The mean pore size does not adequately describe the microstructural differences between the 

tested materials. Instead, the upper tail of the distribution should be considered. 
 

▪ The largest pores are smaller for materials manufactured with a smaller initial powder size 
distribution than for the other tested materials. 

 
▪ Materials sintered at higher temperature with smaller initial powder size distribution outperform 

the other tested materials in the rolling contact fatigue test, indicating that both the initial 
powder size distribution as well as the sintering temperature is of importance for the rolling 
contact fatigue life of PM steel. 
 

▪ For pure rolling, cracks initiate at pore edges and propagate trans- and intergranular parallel to 
the surface at the depth where the highest von Mises stress is found. Thus, pores are the 
limiting microstructural defect for PM steel. 
 

▪ Further investigations, where the proximity of pores is included, are needed to gain a better 
understanding of what effect the pore size, morphology and distribution of pores in the volume 
affected by the load will have on the rolling contact fatigue life. 

Acknowledgements 

The authors would like to acknowledge Swedish Foundation for strategic research (SSF) for the 
financial support via the research program GMT14-0045 (Nanotech-enhanced sintered steel 
processing). The authors would also like to acknowledge Höganäs AB for scientific co-operation and 
Agrol for help with providing lubricant. 
 
References 
 
1. Hopkins, C., Zhao, Y. & Seiffert, G. Sound Absorption Characteristics of Porous Steel Manufactured by 

Lost Carbonate Sintering. (2011). doi:10.1557/PROC-1188-LL07-04 

2. Muramaki, Y. Metal fatigue: Effects of small defects and nonmetallic inclusions. Wear 3, (Elsevier, 2002). 

3. Yan, Y., Nash, G. L. & Nash, P. Effect of density and pore morphology on fatigue properties of sintered  

Ti–6Al–4V. Int. J. Fatigue 55, 81–91 (2013). 

4. Holmberg, A., Andersson, M. & Rudolphi, Å. K. Rolling fatigue life of PM steel with different porosity and 
surface finish. 427, 454–461 (2019). 

5. Sanderow, H. Final Report, Rolling Contact Fatigue (RCF) Test Program - Prepared by the Center for 
Powder Metallurgy Technology (CPMT),. (2001). 

6. Capus, J. Automotive gears: closing the gap for PM steels. Met. Powder Rep. 61, (2006). 

7. Andersson, M. Fatigue of heat treated PM steels unsing a fracture mechanics approach. in Proceedings 
of World PM (2016). 

8. Andersson, M. & Larsson, M. Linking pore size and structure to the fatigue performance of sintered 
steels. 1–8 (2010). 

  

 

 


