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Fe-1.5Cr-0.2Mo-0.7C STEEL 
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Abstract 
Static subcritical crack growth had been recently reported in structural 
PM steels from microcracks nucleated at stresses sometimes as low as 
40% of the fracture strength. The detected sizes ranged from <5 to ~20 
microns and, with increasing applied stress, static subcritical crack 
growth took place to some 400 microns, indicating a transition from 
“microstructurally short” crack to “long” crack regime. Similarities to 
Stage II fatigue crack growth were noted. A detailed study Fe-1.5Cr-
0.2Mo-0.7C now presented showed microcrack nucleation to take place 
only above the yield strength. Importantly also, in contrast to prevalent 
fatigue mechanisms in wrought materials, where, for multiple microcrack 
initiations, all but one of the microcracks usually become dormant, 
microcracks in this steel were observed not only to grow, but also to join 
up. This is illustrated in great detail by surface replica micrographs and 
scanning electron fractographs. The coalescence is seen to be associated 
with easy paths for crack growth, principally prior particle boundaries 
linking pores. Accordingly subcritical crack growth cannot easily be 
predicted or modelled. Ways of making subcritical crack growth more 
difficult, and hence improving both static and dynamic mechanical 
properties, are considered. 
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INTRODUCTION 
 Static subcritical crack growth had been established in sintered high 

speed steels [1] and, more recently, reported in structural steels [2]. In the former materials 
critical crack sizes were generally below 100 μm, hence in the “short crack” regime to 
which classical fracture mechanics analyses do not relate. PM structural steels reported on 
in the review presented at PM2004 [2] were based on Astaloy CrL, Fe-Cu and Distaloy AE. 
Fractographic observations were complemented by replica studies of the tensile surfaces of 
the progressively loaded bend specimens. These showed initiation, growth and joining of 
stress-induced microcracks. The nucleation of microcracks occurred at stresses sometimes 
as low as 40% of the fracture strength; their sizes ranged from <5 to ~20 μm. With 
increasing applied stress, static subcritical crack growth took place to some 400 μm, 
indicating a transition from “microstructurally short” crack to “long” crack regime. Fracture 
paths and fracture resistance were shown to be related to details of the complex, frequently 
inhomogeneous, microstructures comprising, ferrite, austenite, upper and lower bainite, 
martensite, pores and weak interfaces. 
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EXPERIMENTAL PROCEDURES 
The PM steel, whose microcracking is now reported on in detail, is the same as 

one of the materials reported on in PM2004 [2]: Fe-1.5Cr-0.2Mo-0.7C, sintered at 1120°C, 
but which was cooled at 50°C/min. This resulted in these mean macroscopic mechanical 
properties: Rp0.2 = 617 and Rm = 806 MPa, A = 2.3%, TRS=1397 MPa, K1C of 36.2 
MPa.m1/2 and fatigue limit of 241 MPa. The microstructure comprised mainly fine pearlite 
with proeutectoid ferrite and upper and lower bainite, and is illustrated in Fig.1. Porosity 
was ~7% with open porosity at ~5%. Rectangular beam specimens 22 x 6 x 5.6 mm3 were 
deformed in three-point bending. The procedure was to deposit a plastic replica [1,2] on the 
tensile face in the area of the prospective maximum stress, remove the replica, load the 
specimen to ~ 40% of the fracture stress, unload, deposit and remove a new replica in the 
same region, and repeat the procedure at several higher loads until failure of the specimen. 
Thus 4-6 replicas of the region on the tensile face where failure was surface-initiated were 
made. These replicas were carbon sputtered before examination by optical microscopy. 
Using SEM fractography, the failure-initiating region was then identified. 

 

 
Fig.1. Microstructure of the Fe-1.5Cr-0.2Mo-0.7C, sintered at 1120°C and cooled at 50°C/min, 

consisting mainly of fine pearlite with proeutectoid ferrite and upper and lower bainite. 

RESULTS 
The SEM fractographs from both parts of the broken specimen are presented as 

Fig.2, with the periphery of the critical crack outlined. Coalescence of two microcrack 
systems to give the irregular critical crack periphery is evident. It was thus possible to find the 
same region (orthogonal to the fractograph) on both parts of the broken specimen and 
photograph the fracture line on both broken parts. Then the same region was found on the 
replica taken at the highest pre-failure stress, examined and photographed. Numerous 
microcracks were found, starting with minute microcrack initiation when the specimen was 
stressed to 65% of the fracture strength (i.e. for this material stressed beyond Rp0.2). Fig.3 is 
taken from one such sequence, with replicas of the same region deposited before the specimen 
was stressed (a), and after loading to 65% (b) and 88% (c) of the fracture strength, TRS, of 
1487 MPa. Nine interacting microcracks are evident. Another sequence, presented in Fig.4, 
illustrates the nucleation, growth and coalescence of adjoining 7 microcracks.  Examination of 
replicas removed at successively lower stresses enabled also the study of microcrack-
microstructure interactions (e.g. Fig.5). Regions adjoining the fracture path contained non-
propagating microcracks with features making microcracking difficult. 
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Fig.2. Fractographic identification of the failure-initiating region (site). Presented are both 

parts of the broken specimen with the front of the critical crack sketched. 

 

 

Fig.3a. Surface replica of the region which 
includes the failure initiating microcrack, 
deposited on the unstressed specimen. 

 

Fig.3b. Surface replica of the region which 
includes the failure-initiating microcrack, 
deposited after loading to 65% of the failure 
strength – note initiated minute microcracks a 
and b. 
 

 

Fig.3c. Surface replica of the region in which 
a microcrack, to become failure-initiating was 
nucleated after the specimen was loaded to 
88% of the failure strength. Note growing 
microcracks a and b and fresh microcracks d 
and i.  
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a) 0% b) 78% 

 
c) 92% d) 95% 

e) 98% f) Fractograph, i.e. 100% 
Fig.4.a-e. Surface replicas of the region in which a microcrack, to coalesce become failure-
initiating was nucleated (a) and after the specimen was loaded to (b) 78%, (c) 92%, (d) 95% 
and (e) 98% of the failure strength. Note growing microcracks and fresh microcracks as the 

stress is increased, (f) fractograph with the sites of the microcracks indicated.  
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(a) A pore stopping a growing microcrack. 

 
(b) Microcrack joining two pores. 

 
(c) Microcrack. Following prior particle boundaries. 

 
(d) Microcrack growing along an interface. 

Fig.5a-d. Examples of microcrack-microstructure interactions. 
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Fig.6a. Failure-originating site with the growth and coalescence of microcracks at the 

indicated fractions of the fracture strength sketched. 

 
Fig.6b. A schematic of the growth and coalescence of microcracks at the indicated fractions 

of the fracture strength.  

 
Fig.7. The other portion of the failure-originating site comprising 7 microcracks. 
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Quantitative data were available only for the microcrack axes, 2c, on the tensile 
face; these dimensions were transferred to the fractograph. Thus, at each stress level, one 
dimension of each microcrack was known, and, considering the fractographic features, 
probable microstructure-determined microcrack fronts were sketched for each stress level at 
which loading was interrupted (Fig.6). The microcracks were generally near elliptical, c-a, 
in shape and, in the failure-initiating zone, even the shallow tended to become semicircular. 
It is to be noted that, for the microcrack coalescence illustrated in Fig.6, 9 microcracks were 
initiated (Tab.1) and, of these, h+k, d+i, (d+i)+a+b progressively coalesced into the 
microcrack (a+b+d+i+f+h+j+k+e). The process is schematically illustrated in Fig.6b, in 
which the percentages refer to the fracture strength, and summarised in Table 1. 
Simultaneously nearby 7 microcracks, (Figs.4 and 7) coalesced and Tab.2 similarly 
summarizes their initiation, growth and coalescence data. Then these two microcrack 
systems joined up to form the critical crack, initially of irregular periphery (Fig.2), which 
propagated catastrophically.  

Tab.1. Sizes and shapes [c and a axes] of the near-elliptical failure-initiating microcracks 
forming and coalescing as the tensile stress is raised from 65 to 98% of the fracture strength 
in bending. Also presented are estimates of the stress intensity factor Ka rising to 0.6K1C. 

Crack Applied load  
σ 

[MPa] 

c,  a [μm] 
Ka 

[MPa.m1/2] h k a d i b j e f 
c   2   5    
a   2   4    

971 
(65%) 

Ka   3.1   4.0    
c   9.5 1.5  5   3.5 
a   7 1  4   3.5 1166 

(78%) Ka   5.6 2.0  4.4   4.6 
c 4  20 4.5 1.5 7.5 3.5  4 
a 2  13 4 1 7 3  3.5 1312 

(88%) Ka 2.5  7.3 4.9 3.5 6.6 4.1  4.5 
c 4  20 4.5 1.5 9 3.5  4.5 
a 2  13 4 1.5 9 3  3.5 1361 

(92%) Ka 2.6  7.3 4.9 3.2 7.9 4.2  4.2 
c 5 10.5 20 4.5 2.5 19 3.5  4.5 
a 4 10 13 4 2.5 14 3  3.5 109 

(95%) Ka 4.6 8.1 7.3 4.9 4.2 8.1 4.2  4.2 
c 6.5 16.5 25 10 19 3.5 2.5 4.5 
a 6 15 17 8 14 3 2 3.5 

1457 
(98%) 

Ka 6.2 9.7 8.4 6.5 8.0 4.1 3.2 4.2 
c 108 
a 88 1487 

(100%) Ka 21.4 
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Tab.2. Sizes and shapes (c and a axes) of the near-elliptical failure-initiating microcracks 
forming and coalescing as the tensile stress is raised from 65 to 98% of the fracture strength 
in bending. Also presented are estimates of the stress intensity factor Ka rising to 0.7K1C. 

Crack Applied load  
σ 

[MPa] 

c,  a [μm] 
Ka 

[MPa.m1/2] a b c d e f g 
c 9.5       
a 6.5       

971 
(65%) 

Ka 3.2       
c 10 9 1.5 3.5 10 8.5 10 
a 7 7 1.5 3 7 6 7 1166 

(78%) Ka 3.4 3.4 3.0 3.3 3.4 3.2 3.3 
c 12.5 9 2 12 10.5 13.5 11 
a 9 7 2 10 8 10 8 1312 

(88%) Ka 3.6 4.1 3.7 5.8 4.1 4.2 3.5 
c 13 9 2 12.5 10.5 19 11.5 
a 9.5 7 2 10.5 8.2 14 8.5 1361 

(92%) Ka 3.6 4.1 3.7 6.0 4.3 4.6 3.6 
c 13 9.5 4 13 10.5 20 12 
a 10 7.5 4 11 8.5 16 9 1409 

(95%) Ka 4.3 4.1 5.3 6.1 4.8 6.3 3.6 
c 14 10 8 15 11 23 20 
a 11 8 8 13 9 19 16 1457 

(98%) Ka 4.6 4.2 7.6 6.9 4.8 7.4 5.9 
c 160 
a 140 1487 

(100%) Ka 23.0 

DISCUSSION 
The similarities of the subcritical crack growth now reported with Stage 2 fatigue 

behaviour, in contrast to Fe-Ni-Cu-Mo-C alloys [2], are only superficial, since, importantly, 
in this material pronounced microcracking was detected only after macroscopic yielding: at 
65% TRS, 971 MPa, compared to the fatigue limit of 241 MPa. In analysing mechanical 
properties of ceramics undergoing static subcritical crack growth, ceramists [3] refer to R-
curve behaviour and estimate the nominal stress intensity factor, Ka. Tables 1 and 2 record 
the sizes and shapes (c and a axes) of the near-elliptical failure-initiating microcracks 
forming and coalescing as the tensile stress is raised from 65 to 98% of the fracture strength 
in bending. For each microcrack of Figs.6 and 7, Ka was estimated using Irwin’s [4] 
analysis for semi-elliptical cracks, as previously by used by us [1,2]. It is to be noted that 
individual crack growth did not result in Ka exceeding 10 MPa.m1/2. Fracture mechanics 
indicates that the critical surface crack size for the material now studied is 150-200 µm, 
possibly just into the “long crack” fracture mechanics regime. It is only through 
coalescence of microcracks that Ka of ~ 0.6 and ~ 0.7K1C was reached (Tables 1 and 2). The 
final coalescence increased Ka, but, because of the very irregular crack periphery, no 
attempt at calculating Ka can be made.  

Density and details of composition, microstructure, heat treatment, etc appear 
significant in the phenomenon of subcritical crack growth and there are insufficient data to 
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recommend a processing strategy. As the indications are that prior particle boundaries, and 
their contamination, play a significant role in providing easy paths for microcrack growth 
and coalescence. It is suggested that particular attention should be paid to their cleanliness 
and increasing their coherency and surface area. It is further suggested that modelling of 
crack coalescence under increasing applied stress is required. 
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