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FATIGUE STRENGTH OF SINTERED IRON AND STEEL 

P. Beiss 

Abstract 
In ordinary die compacted iron and steel components a certain amount of 
porosity remains part of the microstructure, since the consolidation to full 
density is economically not feasible and could result in a loss of 
geometrical precision. For this reason, all mechanical properties depend 
on the part density and its distribution throughout the part as established 
during compaction, sintering and sizing. This overview deals with the 
effect of density on the endurance limit of this group of materials. As in 
most other net shape technologies, production parameters affect the 
performance. Some examples are discussed. Sufficient data are at hand to 
estimate the endurable stresses of mildly notched structures and the 
change of endurable amplitude with changing mean stresses. 
Keywords: Fatigue endurance limit, stress concentrations, mean stress 
sensitivity, effect of heat treating 

INTRODUCTION 
By far most the economically important powder metallurgical production 

method is the so-called die compaction process. Parts made from irregular iron and 
steel powders play a major role predominantly in automotive applications, because the 
combination of excellent precision and reproducibility, net shape capability by the 
most complex compaction technology and attractive strength levels by highest 
compressibility and elaborate alloying techniques, has defined an application niche 
where high cyclic stresses prevail over long periods of service time. 

In compaction, blends of metallic ingredients and solid state lubricants are 
pressed up to about 98.5 % of the theoretical density of the blend. During heating to the 
sintering temperature, the lubricants evaporate, copper as the most common alloying 
element melts, wets the reduced iron or steel particle surfaces and redistributes further 
by solid state diffusion, and also carbon, added in the form of fine graphite powder, 
starts dissolving in the austenitic surrounding. In the sites, where lubricant, copper, 
carbon or other dissolving particles were located prior to sintering, small pores remain, 
leaving behind a structure of roughly up to 85 to 90 % theoretical steel density. In 
general, the porosity is interconnected through the whole volume of the part. In 
structural parts, the pores are tolerated in spite of their internal notch effect, because 
recompaction to pore-free density by whatever method would spoil the economics of 
the process and bear the risk of losing precision. Thus, the porosity or the level of 
density in structural iron and steel parts is a design feature which must be taken into 
account in all highly stressed applications. 

The density dependence of most properties P can fairly reliably be expressed 
by a simple power law 

P/P0 = (ρ/ρ0)m       (1)    
where ρ is the density, m an empirical constant which is usually determined by 
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regression analysis and the subscript 0 denotes the pore-free state of full density. 
Figure 1 illustrates the principle behavior of porous parts. It is a general observation 
that all mechanical properties drop by more than just the percentage of reduction of 
load bearing cross-section caused by the pores. As a rule of thumb in the density range 
of technical interest, the fatigue strength is reduced by about 5 % by each percent of 
porosity. 

 

 
Fig.1. Effect of porosity on properties of porous parts. 

All endurance limits mentioned here are based on a failure probability of 50 
%, if the number of specimens permitted a statistical evaluation. In the majority of all 
published information no such criterion can be applied, and the values given in the 
papers were accepted. 

EFFECT OF DENSITY AND PROCESS DETAILS 
In the following section open symbols denote common or normal sintering 

conditions and filled symbols are so-called high temperature sintering. For this 
distinction a sintering parameter Ps was calculated from 

Ps = T (20 + logt (h))      (2) 
with T: thermodynamic temperature of sintering, t: sintering time in hours. The 
sintering conditions were rated normal for 27000 ≤ Ps < 29000 and high for Ps ≥ 29000. 
Dimensions are neglected. In this chapter only fully reversed endurance limits are 
considered with a stress ratio of R = −1. 
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Fig.2. Alternating fatigue strength of water 

atomized iron. 
Fig.3. Alternating fatigue strength of 

sponge iron. 

In Figures 2 and 3, plane bending results are compared for pure iron sintered 
under non-carburizing conditions [1-8]. In plane bending, rectangular sample cross-
sections are tested; therefore, the specimen surface is not modified by machining. This 
reflects real life much better than rotating bending with machined circular cross-
sections, where the surface is densified, work hardened and contains residual stresses. 
These effects increase the endurance limit by an unpredictable percentage depending 
on specimen size and machining conditions. Figures 2 and 3 illustrate two effects, the 
effect of the base powder and the effect of the sintering conditions. Obviously, the 
higher sintering temperatures provide better diffusion and will generally improve the 
fatigue properties. Sponge iron powder gives a statistically finer porosity at equal 
density than water atomized base powder, and thus, superior performance. It must, 
however, be born in mind that sponge iron has lower compressibility than water 
atomized iron powder and requires, therefore, higher compaction pressures for equal 
density. This can jeopardize the tooling, and water atomized powders are preferred for 
high density applications. With high densities, also in compacts of water atomized 
powders, the pores become more numerous, and the average pore size diminishes to an 
extent that the superiority of sponge iron based materials is lost. 

According to Fig.4 an addition of 1 to 2 % of copper raises the endurance limit 
of pure iron by about 50 % [9-15]. As in most other cases, the simple parabola eq. (1) 
is well suited for interpolating estimates with an exponent of m ≈ 5. In many instances 
this type of estimate is perfectly sufficient to determine an unknown endurance limit at 
a given density from limited existing data. 
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Fig.4. Effect of copper additions to pure 

iron. 
Fig.5. Rotating bending fatigue of Fe-Cu-C 

alloys. 

A further strength increase is achieved by carbon additions to Fe-Cu alloys 
yielding a fatigue strength level which is quite interesting already in general mechanical 
engineering. Results from rotating bending tests are gathered in Fig.5 mainly from non-
European sources [1,16-27], because rotating bending testing with its unforeseeable 
contribution to data scatter has fortunately not gained too much ground in Europe. 
Following the regression curve, with about 7.0 g/cm3 rotating bending fatigue strengths of 
about 200 N/mm2 are obtained. 

For highest fatigue performance with standardized chemical compositions, today 
pure iron powders are used to which 4 % Ni and 1.5 to 2 % Cu are bonded as very fine 
particles. In addition, these materials contain 0.5 to 1.5 % Mo either again as very fine 
powder bonded to the iron particle surface or as prealloyed base powder. In the case of 
molybdenum, prealloying the melt before water atomization can be an alternative to 
bonding elemental constituents, because the solid solution hardening by molybdenum is 
less pronounced than with other elements, and the compressibility of the powder is not 
deteriorated too much. Adding 0.5 to 0.7 % C to this type of steels yields plane bending 
endurance limits of about 220 to 250 N/mm2 at a density of 7.1 g/cm3 after sintering, 
provided the sintering atmosphere does not decarburize the part surface [13, 28 - 37]. With 
this alloy constellation, during cooling from the sintering heat a part of the microstructure is 
converted into bainite and martensite which provide greater strength. The details depend on 
the cooling rate between 800 and 500 °C after sintering. 

For a particular material of the latter alloy group, also axial fully reversed 
endurance limits have been reported [13, 30, 33, 35, 38-41], Fig.6. The low values around 
7.0 g/cm3 were presumably based on decarburized samples and were deleted from the 
regression analysis. Comparing plane bending results with the axial data from a European 
round robin test at a density of 7.08 g/cm3 with this steel, the plane bending strength was 
220 N/mm2 and the alternating axial endurance limit 194 N/mm2. This corresponds to a 
reduction of 12 %. 
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Fig.6. Axial fatigue strength of a Ni-Cu-Mo-C steel. 

EFFECT OF EXTERNAL NOTCHES 
External notches are commonly characterized by the stress concentration 

factor Kt which expresses the linear elastic peak stress in the notch root as a multiple of 
the nominal stress of a smooth bar of equal cross-section. To determine, the effect of 
external notches on the endurable stress, two S-N curves or endurance limits must be 
measured, one with smooth unnotched specimens and a second one with notched 
samples. Let σA be the endurance limit, then the ratio σA (Kt) / σA (Kt = 1) is a strength 
reduction factor for comparable geometrical stress concentrations and loading 
configurations. 

Figure 7 contains results of a larger number of sintered steels in the as-sintered 
condition as averages from up to 70 different data pairs with identical geometry. In this 
evaluation, only notches were accepted whose surfaces were manufactured the same 
way as the rest of the specimen surfaces and the corresponding smooth specimens. 
Machined notches, e.g. in machined surfaces were admitted provided that also the 
smooth counterpart was machined. Machined notches in as-sintered surfaces were 
rejected. With a single exception, based on 51 data pairs at a stress concentration of Kt 
= 2, all results fit into a narrow scatter band which lies clearly above the stress 
reduction in conventional quenched and tempered Cr-Mo alloyed steels of medium 
strength [9, 11-13, 15, 42-53]. The data on the conventional quenched and tempered 
steels were exclusively single values [53]. The lower sensitivity to external stress 
concentrations of sintered steels is caused by the internal notch effect of the pores in 
this family of materials. The typical strength reduction at Kt = 3 amounts to 62 % for 
the quenched and tempered conventional steels, but only 42 % for the sintered steels. 
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Fig.7. Effect of external notches on the reduction of the endurable stress amplitude. 

The deviation from the general trend with Kt = 2 requests closer consideration. To 
this end, all available data for Kt = 2 of as-sintered and heat treated samples are plotted in 
Fig.8 versus the alternating endurance limit of the unnotched version of each material 
investigated [9, 13, 43, 45, 46, 54, 55]. Evidently, materials with lower general strength 
respond less to external notches. These are mainly steels of low hardness and density. In the 
as-sintered condition the average is dominated by this material group which is not 
necessarily representative for present day production practice. In addition, Fig.9 proves that 
the strength reduction from external stress concentrations is not a fixed characteristic, but is 
noticeably affected by the porosity of the steel and the general strength level of the base 
material. This view is confirmed by investigations with heat treated sintered steels in [9, 44, 
47, 54, 55], where the endurance limit is lowered by 55 % with a stress concentration factor 
of Kt = 3. This is still better than for the conventional pore free steels, but clearly inferior to 
the as-sintered condition. 

 

 
Fig.8. Strength reduction by stress concentrations with Kt = 2 as affected by the base 

material strength. 
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EFFECT OF MEAN STRESSES 
To estimate the effect of average static stresses on the endurable amplitude, 

usually two endurance limits with different mean stresses are measured, e.g. σA (R = −1) 
and σA (R = 0). From these values, the slope of the endurable stress amplitude with varying 
average static stress is calculated as [σA (R = −1) − σA (R = 0)]/σA (R = 0). The result is 
often referred to as mean stress sensitivity, which is used for inter- and extrapolations to 
determine the endurable amplitude at a given mean stress. Often it has been postulated that 
the mean stress sensitivity is a linear function of the tensile strength. Since many fatigue 
tests have not been executed with the necessary diligence, there are many discrepancies and 
the evidence forwarded in favor of the tensile strength dependence is not overly 
trustworthy. Therefore, a different approach has recently been adopted: If the pulsating 
amplitude (R = 0) is plotted versus the alternating amplitude (R = −1) for fairly reliable data 
with at least 40 specimens per S-N curve, an almost scatter less degressive relationship is 
obtained, which can be described by a parabola. Including the effect of external notches via 
Kt, Fig.9 shows all data from [7, 9, 13, 14, 38, 43, 44, 49-51, 56-63] in the as sintered 
condition. The scatter of the less reliable data is responsible for the variation in Fig.9, 
nevertheless the general trend is fully confirmed. In this way it is possible to estimate the 
slope in Haigh diagrams for smooth and moderately notched components up to Kt = 3 in the 
as sintered condition, if the alternating bending or axial endurance limit is known. Sharper 
notches than Kt = 3 or other loading modes than axial and bending testing would deserve 
more attention.  

Also for heat treated sintered steels some data are accessible from [9, 44, 51, 55, 
59, 61, 62, 64-66] and are presented in Fig.10 Statistically, it is not justified to distinguish 
between case hardened and quenched plus tempered steels. Reliable data with more than 40 
samples per S-N curve are missing in this group, so there remains room for improvement. 
Yet, it is evident that heat treatments give a relative deterioration of the pulsating stress 
amplitude versus the as-sintered condition: Heat treated sintered steels are more sensitive to 
mean static tensile stresses. 

 

Fig.9. Relationship between pulsating and 
alternating stress amplitude in the as-

sintered condition. 

Fig.10. Relationship between pulsating and 
alternating stress amplitude after heat 

treatment. 

Haigh diagrams from axial tests comprising compressive mean stresses have 
scarcely been published, Fig.11 and 12 give a few examples. In Figure 11, the effect of 
carbon content at 7.4 g/cm3 density of a steel containing 4 % Ni, 1.5 % Cu and 0.5 % Mo is 
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compared with a lower alloyed grade of density 7.2 g/cm3 [38, 50]. With 0.8 % C the 
endurance limits are improved, provided the cooling rates after sintering were identical in 
both investigations. The copper and carbon alloyed steel shows inferior performance due to 
lower density and because of the missing martensite and bainite. 

Prealloyed Fe-Mo alloys are seriously considered as an alternative to the 
elementally blended and well established Ni-Cu-Mo alloyed powders for elevated strength 
applications. So far, only limited information on the fatigue behavior of that type of steel is 
available, some values are gathered in Fig.12 [49, 62, 65]. The denotation QT indicates a 
quenching and tempering treatment. Here the amplitudes seem to increase 
overproportionally with compressive mean stress. If, however, the original S-N curves are 
checked, it is a rather common feature that the curves with compressive mean stresses are 
based on very few samples and the endurance limits are often more guessed than measured.  

 

Fig.11. Haigh diagrams for sintered steels 
with high density. 

Fig.12. Haigh diagrams for a prealloyed 
1.5 % Mo steel with 0.5 % added carbon. 

Therefore, it is justified to approximate the stress amplitudes in Haigh diagrams 
for this family of materials by straight lines, the slope of which can rather safely be 
estimated from the equations given in Fig.9 and 10, if a usable alternating endurance limit 
is at hand. This procedure is feasible for smooth and moderately notched geometries, both 
in the as-sintered and in the heat treated condition. 

EFFECT OF CASE HARDENING  
In fatigue investigations, heat treatments open a whole new basket of independent 

variables, so it is not justified to expect precise statements on their effects. Some aspects 
have been mentioned already in connection with the Fig.7 to 10. For best fatigue 
performance, in Europe it is an established practice to compact without or with a very small 
percentage of carbon and case harden subsequently. During gas carburizing the carbon 
monoxide penetrates via interconnected porosity into the material and yields an ill-defined 
case depth. Nevertheless, the gain in fatigue strength is significant, when comparing with 
the non-heat treated condition. In Figure 13 results from plane bending tests with and 
without superimposed mean stresses are shown after case hardening [1, 9, 12, 35, 67-69]. 
The coordinates are divided in units of the peak stress Kt (σm + σA). Since the effect of case 
hardening depends on case depth and density, some of the scatter in Fig.13 is systematic in 
nature. As a rule of thumb, the peak stress can be increased from 100 to 300 N/mm2 or from 
200 to 400 N/mm2, both for bending and for axial loading, if the steel was carbon-free 
before the heat treatment. 



 Powder Metallurgy Progress, Vol.3 (2003), No 2 71 
 

 
Fig.13. Fatigue strength increase by case hardening. 

RATIO BETWEEN BENDING AND AXIAL DATA 
In many cases bending fatigue data are easier accessible than axial data, because 

bending testing equipment is more readily available. In the majority of FEM codes, 
however, the axial fatigue strength must be known. Therefore, something like a conversion 
factor would be most desirable to estimate axial strength values from existing bending data. 
Figure 14 tries to establish a correlation from tests, in which both loading modes were 
investigated, be it plane [9, 13, 33, 35, 51, 55, 59, 61] or rotating bending [18, 21, 23, 66]. 
Figure 14 pertains to smooth specimens in the as-sintered or in the quenched and tempered 
condition. With a certain scatter there is a proportionality between axial and bending 
strength amplitudes. We attribute the data variation mostly to insufficient experimental 
procedures and evaluations. For case hardened steels there are too few experimental results 
for a meaningful comparison. 
 

 
Fig.14. Ratio between axial and bending endurance limits for smooth specimens. 
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CONCLUSIONS 
Today, also for porous powder metallurgical steels, a certain volume of 

experimental fatigue test results is available to permit estimates of the endurance limit for 
many practical applications. The effects of composition are not understood in detail, yet the 
upper and lower limits are visible. The influence of density can quite reliably be predicted. 
Fair estimates are possible for moderately notched geometries. The slopes of Haigh 
diagrams are predictable and can linearly be extrapolated to compressive mean stresses. 
Axial endurance limits of smooth specimens can, with some uncertainty, be converted to 
bending values and vice versa for the as-sintered and the quenched and tempered condition.  
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