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FATIGUE CRACK INITIATION AND SHORT CRACK GROWTH 
IN SINTERED Fe-1.5Cr-0.2Mo-0.7C STEEL 

M. Kabátová, E. Dudrová, A. Wronski, R. Bidulský 

Abstract 
Fatigue properties of PM Fe-1.5Cr-0.2Mo-0.7C steel were determined in 
bending at 24Hz with R=-1 and the fatigue strength found to be ~ 240 
MPa, at which stress level no microcracks were detected in static loading. 
Microcracks, whose sizes ranged from <5 to ~20 microns, could nucleate 
below 100 cycles. Stress amplitudes, S, of 260 MPa were selected to 
investigate the progressing failure mechanism; specimens fatigued for 
1000, 5000, 15000, 24000 and 79300 [failure] cycles were examined in 
detail by replica microscopy in the regions where maximum stress was 
applied. Subsequently, fractographic examination identified the failure-
originating site, which could be associated with the crack system[s] 
observed on the “last” pre-failure replica micrograph. Detailed 
examination showed microcrack nucleation, subcritical growth and 
coalescence with continuing cycling to ~ 0.5 mm size. This subcritical 
crack extended conventionally to the critical size of ~ 3 mm, when the 
then estimated stress intensity factor, Ka, appeared to reach K1C, 
independently estimated to be ~36 MPa.m1/2, and thus the presented crack 
growth sequence illustrates good correlation between experimental data 
and the theoretical analysis. 
Keywords: sintered structural steel, microcracking, microstructural 
fracture mechanics, short fatigue crack growth 

INTRODUCTION 
The study of fatigue, including by the fractography in Powder Metallurgy, PM, 

materials [1-18], has generally followed the approach adopted for wrought materials. Much 
of the work on PM steels has been carried out on smooth specimens, generating S-N 
[Wöhler] curves, supplemented by fractographic examinations, including reports of fatigue 
striations [1,2]. These studies have yielded important information regarding the roles of 
[especially interconnected] porosity [1,3], the surface [1,3-5] and prior particle boundaries 
[4,6] in the failure mechanisms which have been described, analysed and modelled [4,7]. 
Generally [near]-surface pores and pore clusters have been identified as the failure 
initiation sites [1,3-5]. Fractographic examinations have shown fatigue cracks to initiate at 
several surface sites [8]. Pores have also been proposed to act as links for cracking through 
interpore ligaments [4]. Other fractographic studies on heterogeneous martensite-containing 
steels have indicated that fatigue cracks did not initiate at pores [7,9]. Fracture toughness of 
PM steels tends to be low, typically 20-35 MPa.m1/2, compared to their wrought 
counterparts. 

Recent studies by Polasik and Chawla et al [1,4] of PM binder-treated Fe-
0.85/0.5Mo-1.5Cu-1.75Ni-0.6C have extended the techniques employed to study fatigue 
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failure in PM materials by the use of a surface replication method to examine initiation and 
growth of microcracks, especially the role of surface porosity in these processes. They 
reported and discussed the effect of microstructural features such as pore size and shape 
and heterogeneous microstructure on crack growth and deflection, leading to a tortuous 
path upon the specimen surface [“c” dimension of the crack]. They went on to estimate ΔK 
and constructed da/dN- ΔK plots up to ΔK of 10 MPa.m1/2. The surface - initiated short 
fatigue cracks propagated much faster and at lower K than “long” fatigue cracks in the 
same material types. In their analyses they used the approach of Raju and Newman [19] to 
estimate crack depth “a”. Using a model developed by Sureh [20], they also analysed crack 
deflection, concluding that the effective stress intensity at the tip of a deflected crack must 
be increased significantly to achieve crack growth rates similar to those for undeflected 
cracks of similar size. Piotrowski et al [12], however, concluded earlier that the 
contribution to fatigue resistance from crack deflections is small. They measured crack 
growth rates through various microstructural constituents and found that in coarse pearlite 
the speed is three times lower than in Ni-rich regions of PM Fe-0.85Mo-2Ni-0.6C. 
Heterogeneous microstructure and porosity play a role in fatigue behaviour, and it is only 
when closed porosity remains [about >0.95 theoretical density] that a significant increase in 
anti-fatigue properties is achieved. 

In a recent study of static subcritical crack growth in PM Fe-1.5Cr-0.2Mo-0.7C 
[21], careful examination of fractographs; allied to data from surface replication, enabled us 
to investigate the behaviour, initiation, growth, arrest, coalescence and propagation of such 
cracks. These experimentally studied defects were idealised as semi-elliptical cracks and 
modelled according to Irwin’s analysis [22]. As this paper reports on the extension of our 
work to fatigue the same material, it is useful to summarise the findings in static behaviour. 
Surface replicas were prepared for specimens to be tested in three-point bending when the 
samples were unstressed and at several stress levels - up to 99.6% of the transverse rupture 
strength, TRS, of 1397 MPa. For each specimen, fractographic examination identified the 
failure-originating site, which could be associated with the crack system[s] observed on the 
“last” pre-failure micrograph. This same region was carefully examined on preceding 
micrographs and detailed examination showed nucleation of numerous microcracks at 
stresses starting just beyond the yield strength, ~ 620 MPa. The detected microcrack sizes 
ranged from <5 to ~20 microns and, with increasing applied stress, some microcracks 
became dormant at various applied stresses, whilst others grew subcritically to some 400 
microns, indicating a transition from “microstructurally short” [micro]crack to a “long” 
crack fracture mechanics regime. Of particular importance are observations of the 
coalescence of two and three of such microcrack systems to produce a critical, propagating 
crack. The then estimated stress intensity factor, Ka, could reach K1C, independently 
estimated to be ~36 MPa.m1/2. The observed crack growth and coalescence was stress step-
wise, thus, as this subcritical crack growth cannot easily be predicted or modelled, we did 
not attempt to use existing theoretical analyses and simulations, generally proposed to 
model fatigue [23-31]. 

EXPERIMENTAL PROCEDURES 
The material was Fe-1.5% Cr-0.2% Mo powder, Turbula mixed with 0.7% 

graphite addition, sintered at 1120°C. It is the same as that whose static subcritical crack 
growth was reported on in [21]. Rectangular specimens 40x5x11 (reducing to 5 at centre) 
were cyclically deformed in bending on a Schenck fatigue tester, operating at 24 Hz with 
R=-1, to determine the S-N curve. 
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For some specimens, plastic replicas were taken on both faces in the areas of the 
prospective maximum stress before testing and after the test was stopped at a selected 
number of cycles, N. The procedure was to deposit plastic replicas [21,32,33] on both 
polished specimen faces, remove the replicas, photograph the faces, cycle the specimen for 
a pre-selected number of cycles, unload, deposit and remove a new replica in the same 
region, and repeat the procedure at several higher cycles until failure of the specimen. Thus, 
4-6 replicas of the region where failure was expected to be initiated were made. These 
replicas were carbon sputtered before examination by optical microscopy.  

Using SEM fractography, the failure-initiating region was identified, always at the 
surface in these experiments, and surface F [for failure-initiation] designated, with the 
opposite face designated R. The same region [orthogonal to the fractograph] on both parts 
of the broken specimen was found and the fracture line photographed. The failure-
originating site was then identified and examined on the previously obtained replicas - and 
photographed. Quantitative data were available only for the microcrack axes, “2c”, on the 
specimen surface; these dimensions were transferred to the fractograph. Thus, at each N, 
one dimension of each microcrack was known and, considering the fractographic features, 
probable microstructure-determined microcrack fronts were sketched and crack depth, “a” 
axes, estimated when cycling was interrupted.  

RESULTS 
The previously determined [21] macroscopic static mechanical properties were: 

Rp0.2=617 and Rm=806 MPa, A=2.3%, TRS=1397 MPa, K1C of 36.2 MPa.m1/2 [determined 
in a 3-point bending test, following ASTM Standard E 399-83]. The microstructure 
illustrated in Fig.1, was comprised of mainly fine pearlite and upper and lower bainite. The 
combined carbon content of sintered specimens was 0.66% and the density ~7.15 g.cm-3. 
The S-N [Wöhler] curve, with a fatigue strength of 240 MPa at N=107 cycles, is presented 
in Fig.2. Microcracking was detected for some specimens examined after testing for only 
100 cycles, e.g. Fig.3, indicating that analyses should consider microcrack initiation from 
the first cycle. 
 

 
Fig.1. Microstructure of the Fe-1.5Cr-0.2Mo-0.7C: mainly of fine pearlite and bainite. 
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Fig,2. Wöhler curve in symmetric plane bending, R=-1. The fatigue strength, at 107 cycles, 

was ~240 MPa. 

Special consideration is given to specimens cycled at S=260 MPa for up to 79300 
cycles [generally run-out]. Detailed results will now be presented for one of the specimens 
cycled for 1000, 5000, 15000 24000 and 79300 cycles [failure], for which the SEM 
fractograph is presented as Fig.4. It is seen that the fatigue crack grew subcritically from a 
size, “a” of ~0,5 mm to ~ 3 mm, when catastrophic propagation took place. When the same 
region [orthogonal to the fractograph] was identified on the pre-failure replicas of surface 
F, it was photographed on the replicas obtained after 1000, 5000, 15000, and 24000 cycles 
of fatigue life. Numerous microcracks were found and those that eventually gave rise to the 
critical propagating crack, the microcrack system (a-g), identified. The peripheries of these 
growing and eventually coalescing microcracks are outlined on Fig.5, and Fig.6 shows the 
failure line: for c and (a+b) microcracks and for the coalesced microcrack system 
(d+e+f+g). The growth and coalescence of all these microcracks are illustrated in Fig.7.  

The microcracks were generally near elliptical, c-a, in shape. It is to be noted that, 
for the microcrack coalescence illustrated in Fig.7, 7 microcracks were initiated [Table 1] 
and, of these, (a+b) and (d+e+f) progressively joined before the final coalescence with c 
into the crack made up of (a+b+c+d+e+f+g). The microcrack sizes are recorded in Table 1; 
assuming near semi-elliptical geometry with the major axes, 2c, measured on micrographs 
of Fig.7 and the semi-minor axes, a, estimated from Figs.4 and 5. The stress intensity 
factors, Ka, at all stages of crack growth were estimated using the Irwin model for a surface 
semi-elliptical crack [22] and are recorded in Tab.1 

There are sizes and shapes [c and a axes] of the near-elliptical microcracks which 
grew and coalesced to form the fatigue crack (a+b+c+d+e+f+g), which then subsequently 
subcritically grew to the critical size. Values of N are generally in the upper bounds. Also 
presented are estimates of the stress intensity factor Ka. The catastrophic event occurred 
after 79300 cycles when the final Ka was attained ~ K1C [independently estimated]. 
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Fig.3. Microcrack initiation below 100 
cycles at S=312 MPa. 

 
 Fig.4. Fractographic identification of the 

failure initiating site. Note the idealised, 
irregular final [catastrophic] crack front 

periphery (c=~3 mm) and region of 
subcritical crack growth (c=0.5 mm), with 

the crack front also outlined. 

 
 

Fig.5. The three microcracks that coalesced 
to produce the 0.5 mm deep fatigue crack 

whose growth to catastrophic size is 
illustrated in Fig,4. Please note that the 

three microcracks themselves were formed 
by microcrack growth, c, and growth and 

coalescence (a+b) and (d+e+f+g). 

 

 
 Fig.6. The fracture line for c and (a+b) 

microcracks for the coalesced microcrack 
system (d+e+f+g). 
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Examinations of the replicas from the opposite face of the specimen, R, revealed 
the existence of a surface defect, a microcrack, even before fatigue testing began, Fig.8. By 
studying the fractograph and pre-failure replicas, Fig.8 it was found that the microcrack 
system emanating from this defect eventually joined the propagating fatigue crack 
described above, forming part of the failure surface, Fig.9. The microcrack “a” grew and 
coalesced with a neighbouring fatigue-nucleated microcrack “b”. The microcrack sizes and 
stress intensity factors Ka for this crack system, non-propagating catastrophically, but 
joining the growing critical crack, are presented in Table 2. It is seen that Ka reached then 
only 9.5 MPa.m1/2, whereas from the surface F, Ka attained the independently determined 
value of macroscopic fracture toughness, K1C, of ~36 MPa.m1/2 (Table 1).  

Tab.1. Sizes and shapes [c and a semi-axes] of the near-elliptical microcracks which grew 
and coalesced to form the fatigue crack (a+b+c+d+e+f+g), which subsequently subcritically 
grew to the critical size. Values of N are generally in the upper bounds. Also presented are 
estimates of the stress intensity factor Ka. The catastrophic event occurred after 79300 
cycles when the final Ka attained ~ K1C [independently estimated]. 

Number 
of 

cycles,N 

crack a b c d e f g 

c [µm] 52 25 73 41 39 41  
a [µm] 50 20 68 38 36 39  

a/c 0.96 0.80 0.93 0.92 0.91 0.94  
Φ 1.55 1.45 1.46 1.50 1.50 1.52  

 
 

1000 

Ka [MPa.m1/2] 4.7 2.8 5.1 3.9 3.8 4.0  
c [µm] 52 27 87 41 41 46 21 
a [µm] 50 23 85 39 36 43 20 

a/c 0.96 0.85 0.97 0.94 0.87 0.93 0.95 
Φ 1.55 1.50 1.54 1.52 1.47 1.52 1.55 

 
 
 

5000 
Ka [MPa.m1/2] 4.7 3.0 6.1 4.1 3.8 4.2 2.9 

c [µm] 179 104 190 21 
a [µm] 150 95 154 20 

a/c 0.84 0.91 0.81 0.95 
Φ 1.45 1.50 1.42 1.55 

 
 

15000 

Ka [MPa.m1/2] 7.5 6.2 7.5 2.9 
c [µm] 623 
a [µm] 500 

a/c 0.80 
Φ 1.42 

 
 

24000 

Ka [MPa.m1/2] 13.5 
c [µm] 3289 
a [µm] 3158 

a/c 0.96 
Φ 1.54 

 
 

79300 
[failure] 

Ka [MPa.m1/2] 36.8 
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1000 cycles 5000 cycles 15000 cycles 
Fig.7. The growth and coalescence of the failure-initiating microcracks. Their sizes and 

shapes, assuming near semi-elliptical geometry, are recorded in Table 1.  
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Before the test 
N = 0 cycles 

 

N = 1000 cycles 

 

N = 5000 cycles 

 

N = 15 000 cycles 

Fig.8. Growth of a surface defect, a microcrack “a”, in the face R, present even before 
fatigue testing began and of an adjoining microcrack “b”. 
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N = 79 300 cycles 

Fig.9. The microcrack “a” grew and coalesced with a neighbouring fatigue-nucleated 
microcrack “b”. 

Tab.2. Sizes and shapes [c and estimated a axes] of two microcracks, a and b, which grew 
and coalesced to form a non-propagating microcrack emanating from face R. Also 
presented are estimates of the Ka value, 9.5 MPa.m1/2.  

Number of 
cycles N 

Crack A b 

c [µm] 10 16 
a [µm] 10 15 

a/c 0.95 0.91 
Φ 1.53 1.49 

 
 

1000 

Ka [MPa.m1/2] 2.1 2.5 
c [µm] 21 52 
a [µm] 20 50 

a/c 0.95 0.96 
Φ 1.53 1.54 

 
 

5000 

Ka [MPa.m1/2] 2.9 4.6 
c [µm] 69 58 
a [µm] 60 55 

a/c 0.87 0.95 
Φ 1.47 1.53 

 
 

15000 

Ka [MPa.m1/2] 4.8 4.8 
c [µm] 477 
a [µm] 300 

a/c  0.63 
Φ 1.29 

 
 

79300 

Ka [MPa.m1/2] 9.5 
 

It is not possible to specify exactly when in the fatigue life the microcrack growth, 
arrest and coalescence occurred, only record actual new crack size “2c” after the interval 
ΔN between successive observations. Thus the stage at which microcrack coalescences took 
place, up to the final coalescence of 4 microcracks into the fatigue crack, can only be 
estimated. These postulates are plotted on the schematic of a-N dependence, Fig.10. From 
the data of Table 1 and estimates presented in Fig.10, [micro]crack growth rates were 
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estimated, and similarly, plots of log Δa/ΔN - logΔK for microcracks and the growing 
fatigue crack were made (Fig.11). It is to be noted that, as crack coalescence takes place, 
discontinuities in the plots result, and therefore Paris-type analysis and interpretation can be 
applied only to the last segment of such plots: a growing crack, from ~0.5 to ~3.0 mm.  

Examination of replicas removed at successively lower N also enabled the study of 
microcrack-microstructure interactions, Fig.12. Regions adjoining the fracture path 
contained non-propagating microcracks with features making microcracking difficult. 
 

 

 
Fig.10. A schematic of the initiation, growth and coalescence of the initial 7microcracks 

forming the fatigue crack of 0.5 mm depth (a) whose growth to catastrophic size is the last 
segment of the plot (b). 
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Fig.11. Plots of [micro]crack growth rate Δa/ΔN versus the stress intensity range ΔK for 

the initial 7 microcracks and the coalesced fatigue crack of initial ~ 0.5 mm depth growing 
to critical size of ~3 mm. 

DISCUSSION 
This paper deals mainly with mechanisms, but it is interesting at the outset to point 

out that the material investigated, Fe-1.5Cr-0.2Mo-0.7C, had a higher fatigue limit, 240 
MPa, than the similarly previously investigated Fe-0.5/0. 85Mo-1.5Cu-1.75Ni-0.6C with 
fatigue limits below 180 MPa [1,4]. Sintered densities, the main fatigue-influencing factor 
in PM materials, were 7.0- 7.1 g/cc in all cases. With the exception of the role of [molten] 
Cu, absent in our, also Ni-free, material, most of the micromechanical observations of 
Polasik and Chawla et al [1,4] correspond to ours. Thus microcrack initiation was 
associated with pores and pore clusters at or near the surface; additionally the role of 
[weak] interfaces need to be considered. Also expected is the role of slip bands [34], though 
we cannot report experimental evidence of this. Microplasticity has been associated with 
localized stress concentrations, necessarily present in porous materials [1,35]. An 
interesting aspect of microcrack initiation is its ease in fatigue in this material; in static 
loading the nucleation of [numerous] microcracks required stresses [just] beyond the yield 
strength, ~ 620 MPa, whereas in dynamic loading, micro cracks were detected, Fig.3, in 
under 100 cycles for S=312 MPa. Thus, similarities to microcrack generation in static and 
dynamic loading in this material, in spite of near-identical relevant microstructural features, 
are only superficial since the stresses are so markedly different. Expectedly, in agreement 
with previous work [1,4], for lower S, high cycle fatigue, microcrack initiation was more 
difficult, but not markedly so in this work, since S=260 MPa, N< 1000 (Table 1).  

In this communication we shall distinguish formally between microcracks and 
[even short] cracks. Microcracks are the fatigue-initiated “natural” defects, which can grow, 
arrest, and, importantly, coalesce. In all our fatigue observations, microcrack coalescence, 
frequently more than once, preceded the formation of the single fatigue crack. Only natural 
cracks are considered, in the case of S=260 MPa, microcrack growth and coalescence 
occurred to a crack size of 0.5 mm, which grew subcritically to ~ 3 mm. Microcrack growth 
proceded mainly along interfaces, with prior particle boundaries appearing to provide the 
easiest paths, Fig.12, as in static subcritical crack growth at substantially higher stresses 
[21]. The intermittent nature, including arrest, of microcrack growth is evidenced by fatigue 
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striations, Fig.12d. Similarly microcrack coalescence, obviously dependent also on the 
proximity of another microcrack, appeared more easily through the interface areas. 
Conversely, microcrack deflection and arrest were due to high-strength obstacles, in this 
material cementite lamellae in pearlite, Fig.12a. This corresponds to the Ni-rich regions 
reported in Fe-0.5/0. 85Mo-1.5Cu-1.75Ni-0.6C [1,4]. It appears that the same 
microstructural entities controlled subcritical fatigue crack growth, Figs.4 and 5, easiest 
along prior particle boundaries and obstructed by high-strength regions. Thus, fractographic 
features included ductile failure through sinter necks, cleavage and interparticle fracture, 
Fig.12d, as generally observed in PM steels. 
 

 
a b 

 
c d 

Fig.12. Examples of microcrack-microstructure interactions. (a) and (b) microcrack growth 
obstructed by high-strength regions, (c) microcrack growth proceded mainly along prior 

particle boundaries, (d) fractographic features including ductile failure through sinter necks, 
cleavage, interparticle fracture and striations in various fractured particle connections. 

Before considering da/dN behaviour, reference should be made to theoretical 
analyses and simulations [23-30] which consider that, in the fracture processes of brittle or 
quasi-brittle materials, the final failure is preceded by the coalescence of interacting 
microcracks, which form a fatal crack that propagates unstably. It appears [30], however, 
that details of crack growth cannot be accounted for in the statistical theories that have been 
developed for evolutionary damage associated with nucleation, growth and linking of 
microcracks [25,29]. Ma et al [30], after critically discussing previously published analyses 
[26-28] of growth, coalescence and strong interaction of microcracks, which predicted the 
critical facture load and failure path of brittle materials, reported a simulation of the failure 
process of brittle specimens containing numerous stochastically distributed microcracks and 
calculated the effective elastic moduli and the tensile strength. As to medium carbon steel, 
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Brown, Gao and Miller [31] analysed the coalescence of numerous short cracks to predict 
the fatigue lifetimes for multiaxial, variable amplitude, proportional loading. In an 
overview of various approaches to two- and three-dimensional crack interaction problems, 
Kachanov [24] derived solutions for closely spaced cracks, but argued that such solutions 
are not immediately relevant for the problems of crack coalescence. Since these analytical 
analyses and simulations tend to assume crack density and crack speed, whereas, as in.static 
microcrack growth and coalescence, these mechanisms were stress/fatigue cycle step-wise, 
they do not appear directly applicable to the now reported experimentally observed 
situations.  

[Micro]crack growth, da/dN behaviour, Fig.11 was in most aspects similar to that 
reported by Polasik and Chawla et al [1,4], as crack growth rates seemed to be higher for 
microstructurally “long” (in our case represented by the last segment: from ~0.5 to ~3.0 
mm) than for “short” microcracks. Some microcracks arrested, and subsequently continued 
to grow and coalesced. Perhaps the microcrack growth and coalescence behaviour is better 
represented by c-N plots, Fig.10, than by the conventional “long crack” da/dN plots. It is 
suggested that [probably quite difficult] modelling of “real” crack coalescence under 
increasing applied stress/cycling remains to be performed. 

SUMMARY  
Nucleation of microcracks, their growth and coalescence in sintered Fe-1.5Cr-

0.2Mo-0.7C steel, with a density of ~7.15 g.cm-3, was analysed in fatigue loading [simple 
plane bending] at 24 Hz with R=-1. The fatigue strength was found to be ~ 240 MPa. For 
the regions of maximum stress, optical micrographs were taken and surface replicas 
prepared for specimens when unstressed and after the known applied number of cycles. The 
stress amplitude, S=260 MPa, was selected for investigation of the details of the 
progressing failure mechanism using a specimen gradually fatigued for 1000, 5000, 15000, 
24000 and 79300 [failure] cycles. Then fractographic examination identified the failure-
originating site, which could be associated with the crack system[s] observed on the “last” 
pre-failure micrograph. This same region was carefully examined on the preceding 
micrographs and surface replicas.  

These showed that a fatigue crack grew subcritically from a size, “a” of ~0.5 mm 
to ~ 3 mm, when catastrophic propagation took place. When the same region (orthogonal to 
the fractograph) was identified on the pre-failure replicas, numerous microcracks were 
found. Some of those coalesced to [seven]microcrack systems, which gave rise to the 
critical propagating crack. The microcracks were generally near elliptical, with semi-axes, 
c-a, in shape. The stress intensity factors, Ka, at all stages of crack growth were estimated 
using the Irwin model, for a surface semi-elliptical crack. The catastrophic event occurred 
after 79300 cycles when the final Ka attained ~ K1C (independently estimated to be 36 
MPa.m-1/2).  

Schematic plots of a-N and log Δa/ΔN-logΔK dependences for microcracks and 
the growing fatigue crack showed that, as crack coalescence takes place, discontinuities in 
the plots result, and therefore Paris-type analysis and interpretation can be applied only to 
the last segment of such plots: a growing crack, from ~0.5 to ~3.0 mm.  
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