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Abstract 
This article deals with contact fatigue of materials manufactured by 
powder metallurgy. Commercially available Astaloy CrL and CrM 
powders with 0.3 or 0.7% C were used and after compaction and 
sintering the specimens were exposed by shot peening. Contact fatigue 
was investigated using a tribometer AXMAT (balls on disc). The results 
have shown positive effects of shot peening not only on surface hardness 
but also on the reduction of porosity in the affected layer. The increment 
in hardness (difference between the surface and the core of the material) 
is indirectly proportional to the hardness of the shot peened material. 
Although the positive influence for all investigated material variants is at 
average only ca l0%, it seems that the combination of shot peening with 
further surface treatment has a synergic effect. This is shown by the 
preliminary results of this phenomenon investigated within the project. 
The results are confronted with further measured values including 
metallographical microscopic analysis. 
Keywords: Cr-Mo sintered steels, contact fatigue, pitting, surface 
modification 

INTRODUCTION 
Mechanical engineering products are necessarily referred to power units, 

aggregates and other equipment which uses rotating components. Such parts are e.g. the 
rolling bearings and gears, the manufacture of which is not simple and the requirements for 
their operational properties are on a high level. Powder metallurgy is the technology 
capable of manufacturing the parts already mentioned at lower costs with the same or, in 
many cases, with better operational characteristics. This is achieved through the 
introduction of new materials and their successful practical applications. They are 
predominantly ferrous powders prealloyed with chromium and molybdenum. 

In the year 1998 was introduced into praxis an industrially manufactured powder 
with the trade mark of Astaloy CrM, produced by water spraying and prealloyed with 3% 
Cr and 0.5% Mo. Prealloyed Astaloy CrL powder is its next grade with lower contents of 
alloying elements and it was introduced into practical application in 2001. Since that 
period, powders have been subjected to extensive research [1-6]. PM materials 
manufactured from these powders provide a wide range of characteristics by changing the 
carbon content, the cooling rate (sinter hardening) or by other surface treatment techniques. 
Carbon is the main element in PM materials for achieving the required mechanical 
properties. In dependence on carbon content, the ferrite lattice is hardened and it also 
affects the eutectoid composition and phase changes.  
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Further modifications may result in not only improvement of mechanical 
properties but mainly of some specific characteristics, such as resistance to contact fatigue. 
The results presented in this paper were attained in the framework of the project ME 
and SAS VEGA 1/0464/08, which has confirmed these assumptions [7-10]. Similar results 
have been published by other authors [11-13] as well.  

EXPERIMENTAL MATERIALS AND METHODS 
For specimen preparation were used the prealloyed iron powders Astaloy CrL (Fe-

1.5% Cr-0.2% Mo) and Astaloy CrM (Fe-3% Cr-0.5% Mo). By addition of powdered 
carbon at the amounts of 0.3% and 0.7%, four sets of samples were produced. HWC 
lubricant was added into powder mixtures. The specimens ∅ 30 x 5 mm were compacted at 
600 MPa and then sintered in 90% N2 + 10% H2 atmosphere at 1120°C for 60 minutes. To 
prevent possible oxidation of the samples, the atmosphere was frozen down (dew point -
57°C) before taking part in the sintering process. The samples were located in a furnace 
retort under Al2O3 + 5% carbon mixture as a protection against decarburization. Sintering 
was followed by natural cooling of the samples in the retort in a protective atmosphere off 
the furnace. Subsequently, the samples were mechanically machined to the external 
dimensions of ∅ 28 mm with an internal hole of 10 mm. After that, the samples were 
grinded on both sides to achieve the evenness to prevent undesired vibrations. The 
vibrations could have affected the values of service life contact fatigue, as it is determined 
on the basis of vibrations caused by damaging the specimen surfaces. Finally, the samples 
were subjected to shot peening under the following condition: iron granulates of ∅ 0.6 mm 
were used. The throwing equipment was operated at the rate of 7000 rpm, whereas the shot 
peening took place under an angle of 90° in regard to the specimen surface. For both sides 
of the specimen, 9 kg of granulates were used, i.e. 4.5 kg granulates to each side. The 
roughness after shot peening was Ra = 7.4 μm. The density of the samples was determined 
by method of double measurements in water. The hardness was measured as well, both the 
HV10 and HRB macrohardness and microhardness on cross-section to determine the 
influence of shot peening. Tests of contact fatigue were performed on the equipment 
AXMAT, Fig.1, with a frequency of ca 500 c·s-1. The sample positioned in the AXMAT is 
forming a part of the imaginary axial bearing, where 21 balls made from bearing steel with 
∅ 3.175 mm are rolling on its surface. The balls are held in a bearing bed of a standard 
axial bearing of 51102 and are lubricated with MOGUL SAE 80 transmission oil, which 
was circulating during the test and continuously filtered as well.  

 

 
Fig.1. The principle of the AXMAT test. 
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RESULTS AND DISCUSION 
The basic properties of the investigated material variants after sintering and shot 

peening are visible from Tables 1 and 2.  

Tab.1. Characteristics of the investigated materials after sintering. 

Material AstCrL+0.3C AstCrL+0.7C AstCrM+0.3C AstCrM+0.7C 
Density ρ [g·cm-3] 7.03 6.94 6.88 6.82 
Porosity [%] 11.1 12 12.6 13.4 
HRB 41 78 82 95 
HV10 120 170 200 235 
Endurance limit [MPa] 660 963 1154 1309 

 
Based on the metallographical microscopic analysis, in compliance with the 

transformation diagrams for this chemical composition, carbon contents and cooling rate, 
there are presented microstructures in Figs.2a-d. The microstructure of the Astaloy CrL + 
0.3% C specimen is ferritic-pearlitic with corresponding pearlite content. The 
microstructure of Astaloy CrL + 0.7% C specimen consists mainly of pearlite with 
a smaller amount of ferrite. The microstructure of the Astaloy CrM material with 0.3% C 
showed a high occurrence of upper bainite with a small amount of ferritic grains. In the 
Astaloy CrM + 0.7% C material the microstructure consists of lower bainite, also with 
a limited occurrence of ferrite. 

 

  
a) AstCrL +0.3C b) AstCrL+0.7C 

  
c) AstCrM+0.3C d) AstCrM+0.7C 

Fig.2. Microstructure of the investigated materials Astaloy CrL and Astaloy CrM with 0.3% 
and 0.7% graphite addition. 

The effect of shot peening became evident on the surface by decreasing the 
porosity to a density of ~7.5 g.cm-3 and by hardening the surface as well. The surface 
macrohardness has risen to the values presented in Table 2. 
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Tab.2. Hardness and endurance limit of the investigated materials after shot peening. 

 AstCrL+0.3C AstCrL+0.7C AstCrM+0.3C AstCrM+0.7C 
HRB 71 93 102 105 
HV10 125 190 245 260 
HV 0.05 390 465 520 560 
Endurance limit [MPa] 720 1000 1200 1550 

 
The real influence of shot peening on the material can be found from measuring its 

microhardness in cross-section. The results obtained are presented in Fig.3. The values of 
microhardness show that hardness increased on the surface for all material variants. The 
highest slope is visible for the material with the lowest initial hardness, and this roughly 
linear trend is also retained for the material with the highest hardness value. This increase 
represents 185 HVM0.05 for the softest material and 90 HVM 0.05 for the hardest material. 
From the diagram in Fig.3 it is possible to subtract the approximate depth of the 
deformation strengthening, which varies up to the values of ~150 - 200 μm (applied as a 
criterion was the hardness increase compared to the hardness of the core). 

 

 
Fig.3. Microhardness profilograph. 

 
Fig.4. Life cycle contact fatigue curve. 
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The results of the contact fatigue for shot peened specimens are presented in Fig.4. 
It is visible that the service life of the sintered material reached 50·106 cycles of the value 
presented in Table 2.  
 

 
Fig.5. Comparison of the service life for sintered and shot peened materials. 

The highest increase was recorded for the shot peened Astaloy CrM + 0.7C 
sample, the value of its Hertzian contact stress of 1550 MPa represents an increase by more 
than l8% when compared to the same only sintered sample. A more remarkable increase in 
contact-fatigue resistance was determined also for the Astaloy CrL + 0.3C specimen, where 
there was attained a value of 9%. An increase of contact fatigue resistance values for the 
Astaloy CrL + 0.7C and Astaloy CrM + 0.3C specimens was approaching 4%. However, 
shot peening has improved the resistance of the sintered material by ~9.4 % at average. 
Summary influence of shot peening is visible from Fig.5. 

By the analysis of pittings that were formed in the tracks where the balls were 
rolled, it was possible to evaluate the mode how stress affected their size. Figure 6 
represents the dependence for each material variant considering the Hertzian stress. From 
the results it is obvious that the pitting size is not increased remarkably as the Hertzian 
stress increased. The pitting size in all specimens varies between the values of 200 – 300 
μm. In specimens with a relatively lower content of alloying elements of Cr and Mo 
(Astaloy CrL) the size of pittings with higher carbon content has increased, but in the 
specimens with higher Cr and Mo content (Astaloy CrM) the reverse effect occurred.  

In addition, in connection with determination of service life values, the 
measurements of width and track depth caused by rolling balls were also realized. 
Graphical presentation of the laboratory measurements of surface undulation in the track 
section were realized by automatic profilograph, Fig.7. Hereby, the special microscope 
made copies of the track and the track width was automatically measured in three places. 
Two specimens were selected from each material variant, those that were loaded at stresses 
of 1500 and 2000 MPa. An example of such output is in Fig.8. Summary of such attained 
values obtained are listed in Table 3. 
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Fig.6. Dependence of the pitting size on Hertzian stress level. 

 

 

 
Fig.7. Profilograph of the Astaloy CrM + 0.3C specimen – 2000 MPa. 

Tab.3. Values of track depths and widths for the given number of cycles. 

Load [MPa] 
1500 2000  1500 2000 1500 2000 

 
Material 

Track depth [μm] Track width [μm] Number of cycles ·106 
AstCrL+0.3C 56 62 814 834 9.68 5.4 
AstCrL+0.7C 16 85 565 845 19 7.5 
AstCrM+0.3C 20 75 550 829 45 13 
AstCrM+0.7C 46 58 750 800 60 16.2 
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The values on depths and width of the track were subsequently recounted in regard 
to the millions of cycles under which each specimen was loaded until pitting appeared, at 
both loads (1500 and 2000 MPa). The resultant values of these parameters referred to 1·106 
cycles were then plotted against material hardness, Fig.8. From these dependencies there is 
visible a decrease of track depth and width as well as an increase of specimen hardness. 
This behaviour is the same for both stresses of 1500 and 2000 MPa. If the dependencies are 
expressed in terms of carbon content, then the results are shown in Fig.9. 

Comparison of dependencies for 0.3% carbon content showed that in the Astaloy 
CrL specimens with lower content of alloying elements, the increase in load resulted in the 
more intensive increase of track depth when compared with Astaloy CrM specimens that 
correspond to the greater hardness of the Astaloy CrM + 0.3C specimen compared to that of 
the Astaloy CrL + 0.3C specimen. 

 

  
Fig.8. The dependence of track depth and width on specimen hardness in regard to 1·106 

cycles. 

  
Fig.9. The dependence of the track depth on the load for Astaloy CrL and Astaloy CrM 

specimens with 0.3% C and 0.7% C. 

The greatest track depth in regard to 1 million cycles is logically in the Astaloy CrL 
specimen. Dependence evaluation for 0.7% C content is analogous. The Astaloy CrL + 
0.7C specimen, with lower hardness when compared to the Astaloy CrM + 0.7C sample, 
showed more intensive depth growth as load increased. There is no significant difference 
between them, as it was in the previous case.  

Comparing the results, we have came to suggest that the logarithmical behaviour 
of the dependence between the load and the track depth for each material notices the 
analogy existing between the effect of load decrease and the increase in material hardness 
on the track depth. The same is valid for track width, as well.  
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It is possible to simply calculate the material wear from the track width and depth 
value. The obtained results have recounted the wear under 1·106 cycles and they referred to 
the stress applied, of course. In our case it was 1500 and 2000 MPa. The results are 
illustrated in Fig.10.  

From very low values of the material wear at a stress of 1500 MPa it could be 
assumed that this stress is too low for detailed evaluation of the wear level. The shallow 
tracks on specimens at this stress are a source of larger error in measurements as in the case 
of stress at 2000 MPa. At higher stress there can be seen a linear drop in the amount of 
wear as hardness increased. Between these characteristics the indirect proportion is valid.  

 

  
Fig.10. The dependence of wear on stress after 1·106 cycles. 

The measurement has an “error of beauty”. It is not possible to say that 
profilograph carried out through the track has determined the material wear. Track depth 
(and also width) consists of two features. The first one is formed by material deformation, 
e.g. by simple depression of material in the track place (mainly to the detriment of 
porosity). This depression is realized at the beginning. After that, by rolling balls the 
surface started to be worn. In spite of this, the dependence has a qualitative statement. 

Measurement of the material surfaces following the process of shot peening 
clearly showed a positive effect of this mechanism on the hardness increase and thus also a 
resistance to contact fatigue as well as wear. Even though the final improvement of 
resistance caused by the shot peening process has not been remarkable, it is possible to 
assume that this process in combination with further surface treatments of the sintered 
materials, like sintering with quenching, nitriding, carburizing or coating by some ceramics 
coats will cause a multiplying of positive effects. It is known that properties of sintered 
materials are improved with their density increase (lowering of porosity). The pores are 
namely the majority factor for initiation of fatigue cracks. All densification processes of the 
surface of these materials (also belonging among them shoot peening) offer the opportunity 
for improvement of investigated properties / contact fatigue and wear. 

CONCLUSION 
Contact fatigue tests on sintering Astaloy CrL and Astaloy CrM materials, having 

undergone surface treatment by shot peening and have shown that: 
• Surface hardening of materials by shot peening has improved their contact fatigue 

endurance to the proportion presented in Tables 1 and 2.  
• The improvement could be attributed partly to the increased hardness by deformation 

hardening and partly to the decrease in porosity up to the depth of 150 – 200 μm. 
• Damaging the surface at contact fatigue is done by pitting formation, the sizes of which 

varied between 200 – 300 μm, and was dependent on the Hertzian stress applied. A 
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smooth increase of pitting size was observed with the stress increase. It can be, however, 
assumed that the increase in stress is of higher importance for the increase of the pitting 
number. The results imply that the size of pittings is smaller for higher alloyed materials. 
The size of pittings increases more slowly as the stress increased.  

• The wear of the examined materials demonstrates itself as a secondary effect of track 
formation with a measurable width and depth. Increase of material hardness results in 
lower depth and width of the track. The relation between the hardness and the content of 
alloying elements and carbon, affecting material wear, is evident.  
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