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ABSTRACT 

Mechanistic implications associated with resistance to fatigue 

crack growth in three different microstructures of dual-phase Fe/2Si/ 

O.lC steel have been examined. The tests have been conducted at both 

near-threshold ($ 10-6 mm/cycle) and high (~ 10-6-10- 4 mm/cycle) growth 

rates as well as at low and high load ratios. The above tests have 

been accompanied by fatigue crack closure measurements at different 

stress intensities, 6K. Both fine globular and coarse dual-phase 

structures demonstrate exceptionally high resistance to crack growth 

at near-threshold and mid-growth regions - perhaps the highest ever 

observed in steels. The crack growth resistance has been observed to 

be closely related to fracture surface roughness and crack closure 

levels. The implications of such observations have been discussed in 

terms of four mutually competitive mechanisms, namely, roughness 

induced closure, roughness + plasticity induced closure, crack deflec-

tion and intrinsic microstructural characteristics. 
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NOMENCLATURE 

a length of the main crack 

aO initial crack length 

ap projected crack length from the tip 

total length of the crack surface from the notch tip 

length of the deflected segment 

S length of the linear segment 

e angle of deflection from the plane of maximum tensile stress 

W specimen width 

B specimen thickness 

a crack len9th to specimen width ratio 

Pmax maximum applied load during fatigue cycle 

Pmin minimum applied load during fatigue cycle 

Pcl load corresponding to crack closure in a fatigue cycle 

~P applied load range 

~x maximum stress i ntens ity during fati gue cycl e 

Kmin minimum stress intensity during fatigue cycle 

Kcl stress intensity to cause fatigue crack closure 

Keff effective stress intensity factor 

~K stress intensity range (~ax - Kmin ) 

effective stress intensity range (~ax - Kcl ) 

~KO threshold stress intensity range for no crack growth 

~KI nominal Mode I stress intensity factor range 

~KI average stress intensity factor range in a segment 

y non-dimensional surface roughness factor 

x ratio of Mode II tc Mode I displacement 

-iv-
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R 

~r 

da/dN 

dc/dN 

dc/dN 

load ratio (Kmin/~ax) 

critical load ratio above which roughness-induced crack 
closure cannot occur 

fatigue crack growth rate per cycle 

nominal crack growth rate 

average growth rate of a deflected crack 
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1. INTRODUCTION 

1.1. Significance of Fatigue Threshold 

It is well established that fatigue crack propagation rates 

(da/dN) of a microscopically long crack can be characterized in terms 

of the alternating stress intensity factor, ~K. (1) In steel~ this 

results in a sigmoidal variation in growth rate with respect to ~K, 

demonstrating three regimes with characteristic primary crack growth 

mechanisms, Fig. 1. (2) The very low crack growth rates, below 

1. 

10-6 mm/cycle, as represented in Regime A, have lately been of particu-

lar interest to investigators. Here the local crack growth rates 

approach a single lattice spacing per cycle. The corresponding stress 

intensity range is referred as the so-called threshold value ~Ko' below 

which cracks remain dormant or propagate at experimentally-undetectable 

rates. 

When the concept of threshold and ultra-low propagation rate data 

are utilized with the defect tolerance approach in design or for 

fracture control procedures in situations involving high frequency/low 

amplitude loadings, the distinct lack of reliable engineering data has 

been a considerable limitation. Nevertheless, the use of such data has 

been found to be vital in applications such as large scale nuclear and 

coal conversion pressure vessels, turbine shafts, turbine blades, 

alternator rotors, aircraft structures, chattering of tandem cold mill 

rolls and acoustic fatigue of welds in gas circulators of nuclear 

reactors where high frequency low amplitude loading conditions may 

prevail. (2) 
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1.2. Review of Microstructural Influence on ~Ko 

Recent studies have shown that near-threshold crack growth rates 

are sensitive to several mechanical and microstructural variables, such 

as mean stress or load ratio, residual stresses, frequency, environment, 

monotonic and cyclic yield strength, crack size, grain size, inclusions, 

etc. Among the microstructural variables, the grain size has received 

much attention from several investigators. (3-18) At low growth rates 

and low load ratios, several workers(3,6,7,13.14,17) have observed 

improved resistance to near-threshold crack propagation with coarser 

grain sizes. Generally speaking, both ferrite and prior austenite 

grain size appear to demonstrate the same trend. (3,14) However, in 

high strength steels a decrease in ~Ko with increasing prior austenite 

grains is observed. (4) In most of the studies, the crack profile near 

threshold is found to be associated with a rough and zig-zag growth. 

The degree of roughness seems to increase with grain size. Various 

explanations have been provided supporting such observations of rough

ness, grain size and threshold ~Ko' Masounave and Bailon(3) have 

considered near-threshold growth confined to specific crystallographic 

planes. As a result, in coarse structures greater deviation of the 

crack path from the plane of maximum tensile stress takes place. 

According to Lucas and Gerberich(6) the grain size effect is attributed 

to sub-grain cell structure. Lindigkeit et al. (61) used the slip 

reversibility argument where the resistance to crack propagation is 

considered to be due to decrease in the rate of accumulation of 

dislocation locally ahead of the crack tip. During the unloading part 

of the cycle the dislocations are expected to move backwards in coarse 
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grains. Such a phenomenon is restricted in smaller grain sized 

materials due to secondary slip planes in the same or adjacent grains. 

For high strength steels this effect is explained through generation 

of atomic hydrogen at the crack tip. (10,11) On the other hand, for 

high strength steels where a decrease in crack growth rate near thresh

old with smaller grain size has been observed by Carlson and Ritchie, (4) 

the effect of grain refinement to improve resistance to crack propaga

tion has been considered as a possibility. 

As a consequence of these micromechanisms which are possibly 

occurring near the threshold region, an increased near-threshold crack 

growth resistance can be explained due to possible closure effects, 

(22,53,55) where some closure of the crack surface may take place at 

positive loads during the unloading cycle. As the load ratio is 

increased, however, the crack remains open during the majority of 

the cycle and the role of crack closure is expected to diminish 

Significantly. (2,5,7,12) 

The grain size to yield strength relation in steel is well under

stood. Also, evidence has been provided(15,16) showing that increasing 

the yield strength of steel decreases its threshold values. As a result, 

if a coarse grained material is used for better resistance to fatigue 

crack growth applications, the strength has to be sacrificed or vice 

versa. In most cases a compromise is the only solution. However, 

recent investigations carried out on dual-phase steels (ferrite, 

a + martensite, a l )(8,19-21) have revealed several interesting 

phenomena related to the significance of microstructure in controlling 

fatigue crack growth in the near-threshold region. It introduces a 



very promising way of .improving the fatigue threshold of low carbon 

steels without compromising other mechanical properties. Suzuki and 

McEvily(19) observed in AISI 1018 steel, a dual phase microstructure 

with continuous martensite network results in an increase in strength 

and threshold level as compared to a continuous ferrite network. The 
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continuous a' network was suggested to exert a strong constraint upon 

the degree of plastic deformation ata crack tip resulting in smaller 

plastic zone size and hence higher 6Ko. Such effects have further been 

investi gated for a number of steel compositions and mi crostructures. (20) 

These authors have attributed high 6Ko values for duplex a l network 

structure due to the tortuous path taken by crack front near-threshold 

and correspondi ng closure effects. Such effects become 1 ess pronounced 

with an increase in martensite volume fraction. The results of 

Wasynczuk(2l) demonstrate that threshold stress intensities for fatigue 

crack growth in AISIl018 dual phase steel s are unaffected by changes 

in the distribution and volume fraction of martensite and 0y. However, 

comparing with a different steel (Fe/2Si/0.lC), having a similar 

microstructure, higher threshold is observed. This steel demonstrates 

a rougher crack path. The high threshold is attributed to possible 

roughness induced crack closure. (22) A consistently conmon feature 

observed in all the above mentioned works is that in Regime A the 

crack grows through both ferrite and martensite phases. 

The results of different dual phase microstructures discussed so 

far are difficult to compare. Besides different distributions and 

volume fractions and a and a l phases, the important variables such as 

grain size and strength were not always controlled, thus possibly 
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influencing the results. Further, all the tests were performed at low 

load ratios (characterized by R = ~in/Kmax)' where closure mechanisms 

{5,22,54} are suggested to predominate near the threshold. Therefore, 

the conclusions are likely to suppress the understanding of any other 

mechanism, if associated with microstructure. Hence the existing 

information does not permit one to perceive all the mechanistic aspects 

of microstructure during crack extension under cyclic loading. It 

necessitates further insight, which could possibly lead to setting 

guidelines for designing superior fatigue resistant microstructure of 

dual-phase steels. 

1.3. Characteristics of Dual-Phase Steels 

The characteristic features of dual-phase (a + a ' ) microstructure 

are that they contain ferrite (a) as the ductile matrix with strong and 

tough second phase of low carbon martensite (a l
). (23,24) Dislocated 

martensite is preferred for obtaining optimum properties. (25) Such a 

structure gives highly desirable tensile properties, such as continuous 

yielding from a low yield strength, high initial strain hardening rates 

and excellent combination of ultimate tensile strength with ductility. 

(26-29) Several workers(26-38) have correlated structure (volume 

fraction, shape, size and distribution of second phase) - property 

(monotonic tension, hardness, Charpy impact, fractography, S-N curves 

for fatigue) of dual phase steels and the results are well established. 

In the present work, to study the effect of phrases on fatigue 

crack growth, Fe/2Si/0.lC steel has been selected. The tests are per-

formed on three types of dual phase microstructures viz. intermediate 

quenched, step quenched and intercritically annealed. (30) 
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1.4. Objective of the Present Work 

In light of the above discussions, it is clear that with the 

limited extent of information available in the literature, it is not 

possible to make any viable mechanistic interpretation of microstruc

tural influence of dual phase steels on fatigue crack propagation rate. 

The purpose of the present work is therefore to: 

(i) establish reliable data base for programming a con

trolled experiment (where the variables such as grain 

size and yield strength are fixed) to understand the 

mechanism of microstructurally-influenced fatigue 

crack growth; 

(ii) obtain guidelines to design a superior"fatigue 

resistance microstructure. 
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2. EXPERIMENTAL PROCEDURE 

2.1. Material Preparation 

The material chosen for this investigation was Fe/2Si/O.1C steel, 

the nominal composition of which is given in Table I. The material was 

supplied by Sandia National Laboratory, Albuquerque, New Mexico, and 

designated as 12-1-38. The vacuum induction melted steel was fully 

killed with rare earth and cast in 23 kg (50 lb) ingot. The as cast 

ingot was vacuum arc remelted and homogenized at 1100°C for 16 hours ln 

an argon-atmosphere. The ingot was then hot-forged in the 850 o -l050°C 

range to 76.2 mm (3 inch) square bars and controlled rolled (from 950°C 

to 790°C) to 13.3 mm (0.525 inch) thick plate befo~e being received at 

Berkeley. Oversized compact tension and tensile blanks were removed 

from the plate in L-T orientation. The blank dimensions were 

approximately 12.7 mm x 70 mm x 76 mm (~ in x 2 3/4 in x 3 in) and 

12.7 mm x 12.7 mm x 70 mm (~ in x ~ in x 2 3/4 in), respectively. 

2.2. Heat Treatment 

All the blanks were wrapped in stainless steel packets and 

homogenized at l200°C for 20 hrs and air cooled to ambient temperature, 

in order to (a) ensure same microstructure and grain size to start with 

and (b) protect the blanks from surface oxidation and decarburization. 

Dual-phase, ferrite + martensite, microstructures were obtained through 

three different heat treatment cycles, viz. intermediate quenching (IQ), 

step quenching (SQ) and intercritical annealing (IA), as shown in Figure 

2(a). Based on the available information, (30) the exact time-temperature 

parameters of these cycles \'Jere establ ished through trial and error 
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such that the variation of yield strength of the materials with three 

different microstructures is minimum. Also, in order to obtain the 

same prior austenite grain size, the austenitizing time and temperature 

were kept constant for all three cycles. The heat treatments of dual-

phase structures were performed in an electrical resistance vertical 

tube furnace under argon atmosphere. The blanks (two numbers of compact 

tension and one tensile - per set), pertaining to a heat treatment 

cycle, were simultaneously treated. 

2.3. Machining 

Both the tensile and comp~ct tension (CT) specimens were finally 

machined following_heat treatment by removing a surface layer of 3.2 mm 

from all faces and edges. The purpose ·of this machining was to 

minimize any influence of residual stress due to heat treatment. (40) 

Care was taken with the depth of cut and cooling in order to refrain 

from generation of any localized stress during machining. 

2.4. Mechanical Testing 

2.4.1. Tensile Testing 

Cylindrical sub-size tensile specimens of 12.7 mm gauge length and 

3 mm gauge diameter, in accordance with ASTM specification E8-69, (41) 

were used (Fig. 3(a)). The loading direction of the specimen was kept 

perpendicular to the rolling direction of the material. Tests were 

conducted at room temperature using a ITT Floor Model Instron screw 

machine (44.4 kN capacity), with a crosshead speed of 0.05 mm/sec and a 

full scale load of 910 kg. The engineering yield strength was 
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determined as 0.2% offset value. Four specimens were tested for each 

heat treatment. 

2.4.2. Fatigue Crack Propagation 

Compact tension specimens in L-T orientation, as per ASTM Standard 

399-78a, (39) has been used (Fig. 3(b)). Fatigue crack propagation 

experiments were performed on a 98 kN electro-servo-hydraulic MTS 

testing machine operating under load control and 9.8 kN range. Tests 

were conducted at room temperature (22°C) and laboratory air. The 

frequency used was 50 Hz and wave shape was sinusoidal. Crack growth 

was monitored using dc electrical-potential technique(43-46) capable of 

detecting increments in crack length of the order of 0.01 mm. The 

experimental setup is demonstrated in Figure 4. Near-threshold growth 

rates were approached using a load-shedding (decreasing stress intensity) 

technique in which a procedure of successive load (or 6K) reduction, 

initially in decrements of 10% and near 6Ko' in decrements of 5%, 

followed by crack growth was performed. Details of this experimental 

procedure have been described elsewhere. (2,21 ,47,48) The tests were 

conducted at load ratios (R = K . /K ) of 0.05 and 0.75 where K. and ml n max ml n 

Kmax are the minimum and the maximum stress intensities during each 

cycle. The stress intensity range 6K was dete~ined using the following 
. (42) expreSSlon: 

6K = 6P(2 + a) (0.886 + 4.64a _ l3.32a2 + 14.72a3 - 5.6a4) 
BIW (1 - a)3/2 

where 6P - applied load range 

B - specimen thickness 

w - specimen width 
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and a = a/W, i.e., the crack length to width ratio; this expression 

is valid for a/W ? 0.2. (52) 

During load changing, the actual 6K was calculated at the 

corresponding crack length a, determined from electrical potential cali

brations. (44-46) In order to minimize premature crack arrest and crack 

growth retardation effects due to residual compressive stresses generated 

in front of the crack tip, the crack length increments - over which 

measurements of growth rate are taken - were kept at least four times 

larger than the monotonic plastic zone size generated at the previous 

load level. The threshold stress intensity, 6Ko' was defined at the 

highest alternating stress intensity at which no crack growth could be 

detected within 107 cycles; or in terms of a maximum crack growth rate 

of 10-8 mm/cycle. (2) For each fatigue test a pair of fatigue crack 

growth rate, da/dN vs. al ternate stress intensity, 6K curves were 

obtained, referring to low and high load ratios. It is important to 

note that the projected crack length (ao + ap) is considered for 6K 

calculations. The total length of crack surface (ao + aT) provides only 

* an indication of the 'degree of roughness,' when compared to projected 

length for different crack profiles. The differences in these crack 

lengths, which is a consequence of fracture surface roughness, is 

schematically shown in Fig. 5. 

In the present ~et of experiments, the near-threshold growth data 

were obtained at two different load ratios from the same fatigue test. 

The specimens were first subjected to low R (= 0.05) and 6K correspond-

ing to mid-growth regime. Once the threshold was obtained at low R, 

both K and K. were readjusted for high R (= 0.75). Then, by max mln 

* Degree of roughness, as presented in Table III, is defined as the per-
centage change in projected crack length due to roughness and is 
expressed as ((aT - ap/ap) x 100), where aT = total length of crack 
surface and ap = projected crack length. 



subsequent load shedding - in decrements of 5% - the near-threshold 

regime data were obtained at high R. Once the threshold was reached, 
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keeping the same Kmax ' the Kmin was reduced corresponding to R = 0.05. 

Then by incremental load-shedding mid-growth range data were obtained. 

The tests were terminated at 6K corresponding to the crack growth rate 

of 10-4 mm/cycle.· Using this procedure, two specimens were tested for 

each heat treatment in order to cross check the results. 

2.4.3. Crack Closure Measurements 

A set of six strain gages were fixed in pairs at three locations 

on the compact tension (CT) specimen such that at each point one gage 

records strain parallel and the other perpendicular to the loading axis. 

The gages were of CEA-06-062WT-120 specification, 1200 ± o.s/n with a 

gage factor of 2.10. The two flat faces and the back face of the test 

specimens were chosen for gage fixing. The gage leads were connected 

to the strain meter at constant temperature (22°C) throughout the test. 

Details about the setup is elaborated in the schematic diagram (Fig.' 

6(a)) and actual arrangement (Fig. 7). The entire setup is completed 

before commencing fatigue crack growth experiments. Zero setting with 

respect to dummy gage "las performed. \~ith the fa ti gue test in progress, 

strains were measured corresponding to a wide range of 6K from mid-

growth regime to near-threshold. 

Hhen strain measurements for a specific 6K were to be performed, 

the MTS machine was parked idle at zero span. The load limits P and max 

P. for that 6K was determined. Corresponding to one cycle, the mln 
machine load was first increased and then decreased manually. At small 

increments of loads, between P. ~ P ~ P . , the strain at each gage mln max mln 
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was recorded. Relative strain vs. load plots were obtained for each 

gage, as shown in Figure 6(b). The load corresponding to the change in 

slope of the curve gives the closure load, Pc1 . A mean of Pcl obtained 

from the narrowest scatter of six such values was considered for 

calculating Kc1 . 

2.5. Optical Metallography 

Three specimens were removed from every CT specimen once the 

fatigue test was completed. Two of these specimens were prepared for 

surface and cross section metallography so that the homogeneity of 

microstructure and volum~ fraction of ferrite and martensite phases 

could be investigated. The third specimen contained the entire crack 

path, from the notch to the crack tip at the end of the test. This 

specimen was prepared with the objective to estimate the true crack 

profile length as compared to point-to-point direct crack length 

(refer to Section 2.4.2) and also to observe the characteristics of 

fatigue crack path at different ~K values. Due precautions were taken 

while sectioning and polishing these specimens in order to protect the 

crack profiles from gettinq damaged. Both etched and unetched micro-

graphs were obtained. 5% Nital was used as etchant. In order to 

estimate the prior austenite grain size, an intermediate quenched 

specimen was polished and attacked with ferric chloride etchant 

(6.25% FeC1 3 + 18.75% HCl + H20). (49) 

Quantitative metallography techniques(50,5l) were employed to 

detennine the volume fraction of the two phases, ferrite particle size 

and prior austenite grain size. The total length of meandered crack 



surface was measured from X80 times magnified image using a marker 

chain. A Ziess Amtex optical microscope was used. 

2.6. Scanning Electron Microscopy (SEM) 

13 

After optically investigating the crack profile, the cracked 

specimens were broken open in liquid nitrogen for studying the fracture 

surface aspects and variation in fracture mode during crack growth at 

different 6K values. The observations were made using AMR-1000 and 

ISI-DS-130 scanning electron microscopes (SEM), operating at 20 and 

25 kV, respectively. 
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3. RESULTS 

3.1. Mechanical Properties 

3.1.1. Uniaxial Tensile Tests 

The engineering stress-strain curves for three different micro-

structures are shown in Figure 8. The yield strength of the three 

microstructures vary in a close range from 590 MPa to 635 MPa. Con

sistent with previous investigations(30) t~e shape of the step quenched 

curve demonstrates the highest strain hardening rate and highest tensile 

strength while the intermediate quenched structure shows the opposite. 

The intercritically annealed structure has properties in between these 

two. The tensile test data are given in Table II. 

3.1.2. Fatigue Crack Propagation 

The fatigue crack propagation curves (da/dN vs. 6K) for IQ, SQ 

and IA microstructures are summarized in Figure 9. The curves are 

plotted for both high (R = 0.75) and low (R = 0.05) load ratios and 

the threshold values at high and low load ratios for the three types of 

microstructure are given in Table III. Referring to the data at R = 0.05, 

in the mid-range of growth rates, the Paris law relationship(1) applies 

and the slope of IQ and SQ are found to be almost parallel while the IA 

has a steeper slope. The respective slopes, as determined from crack 

growth curves (Fig. 9), are shown in Table III. The SQ and IA curves 

intersect, demonstrating the same crack growth in mid-growth region, 

at 6K ~ 26 MPalm. 
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3.1.3. Crack Closure Measurements 

The Kcl values at different ~K were obtained for each microstruc

ture. The relations obtained between ~K and KC1/Kmax are shown in 

Figure 10. It should be noted that when no closure had been observed 

for certain ~K (i.e., the elastic compliance curve of Figure 6b has a 

constant slope) the corresponding Kcl was considered as I zero . I Hence, 

Figure 10 shows that crack closure was not observed at R = 0.75. In low 

load ratios (R = 0.05) the closure phenomenon rapidly increases as ~K 

approaches threshold ~Ko' Near-threshold, maximum closure was observed 

in step quenched structure (Kcl/Kmax ~ 0.83) and minimum for inter

mediate quenched structure (Kcl/Kmax ~ 0.74). The closure level of 

intercritically annealed structure was inbetween (K 11K ~ 0.78), but c max 

had a steeper decline with increasing ~K. The IA and SQ closure curves 

intersect at ~K ~ 25.5 MPalrTI. 

3.2. Metallography 

3.2.1. Crack Profile (Optical) 

The crack profiles (both etched and unetched) of the three micro-

structures are presented in Figure 11. During the fatigue test, 

premature retardation in crack propagation rate had been observed under 

standard load shedding procedure. At these points, crack growth rates 

decreased abruptly below 10-6 mm/cycle at relatively high 6K. Such 

relevant points are shown on the crack paths with an asterisk (*). 

Arrows on the crack paths indicate corresponding ~K at different load 

ratios. These premature crack growth retardation and 6Ko points for 

intermediate quenched, step quenched and intercritically annealed 

structure, at higher magnification, are shown in Figures 12a-c, 13a-e 
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and 14a-e, respectively. Each feature is presented in unetched condi

tion to observe the crack shape and the etched condition to observe 

the influence of microstructure. The following interesting features 

could be observed from Figures 11 to 14: 

(a) The crack propagate~ in the ferrite as well as martensite, 

independent of the applied 6K or load ratio and as such 

have no preference for either of the two phases. Such an 

observation is common in all three microstructures. 

(b) Crack deflections, i.e., meandering from the plane of 

maximum tensile stress, have been observed in all three 

microstructures at mid-growth and near-threshold regions. 

However, the degree of deflection (viz. kinked length and 

angle) varied significantly from one structure to another 

(ref. Figs. 15 to 17). 

The intermediate quenched structure shows few such 

deflections and comparatively smooth crack path. The 

step quenched structure shows the roughest and the most 

tortuous crack path. Here the crack deviates signifi

cantly from the plane of maximum tensile stress. Such 

effect is more pronounced near threshold (at both high 

and low R). The in tercriti ca 11 y annealed structure 

showed roughness inbetween the above two structures, with 

an increasing trend as the threshold 6Ko was approached. 

The indication of a 'degree of roughness' (as defined 

earlier) of individual structure is presented in Table III. 
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(c) All the premature crack growth retardation points and both 

the thresholds at low and high load ratios, corresponding 

to the three different crack profiles, are found to be 

associated with the deflected regions of crack path. How

ever, the crack profiles (Fig. 11) show many other deflected 

regions where crack growth retardation was not observed. 

(d) The etched microstructures of step quenched (Figs. 13 and 

16) and intercritically annealed (Figs. 14 and 17) materials 

revealed that ferrite/ferrite or ferrite/martensite inter

faces are preferred crack deflection sites. Some 

exceptions (Fig. 16a and b) do show deflection within a 

ferrite or martensite for step quenched material. Such 

features were not observed in intermediate quenched material 

(Figs. 12 and 15). 

3.2.2. Quantitative Metallography 

Figure 2b demonstrates the etched microstructures obtained from 

the three heat treatment cycles of dual-phase steel. The light and dark 

areas refer to ferrite (a) and martensite (a'), respectively. Table IV 

presents the quantitative metallography results viz. prior austenite 

grain size, ferrite particle size and volume fraction of martensite of 

the three heat treatments. It should be observed that since all three 

heat treatments had the same austenitizing temperature (1150°C) and time 

(60 min), the prior austenite grain size is considered to be the same. 

As a result, the presented data refer to the observations made on the 

intermediate quenched microstructure. 
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3.3. Fractography 

The representative fatigue fractograph of the three microstructures 

are shown near-threshold ~Ko (Fig. IS) and mid-growth region (Fig. 19). 

Essentially~ a cleavage type transgranular mode at near-threshold levels 

could be distinguished from typical "hill-and-valley" type facets. At 

near-threshold stress intensities, the SQ shows (Fig. lSc) maximum 

coarseness of fracture surface topography and appear to be consisting 

of so-called "shear facets.,,(20) Such facets are not so prominent in 

the IQ and IA structure. Although the IA structure (Fig. lSe) does not 

show a very coarse topography, a continuous deflection in the crack face 

is observed. The IQ shows a comparatively less rough surface (Fig. lSa). 

In the mid growth region, the SQ continue to show similar characteristics 

as near threshold while IA and IQ are fair1y smooth as compared to 

near-threshold. The observations under scanning electron microscopy are 

in close agreement with optical microscopic analysis. 
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4. DISCUSSION 

From the current studies on fatigue crack propagation in dual-

phase steel, it is apparent that any variation in microstructure has a 

remarkable influence on resistance to fatigue crack growth. By 

suitably designing a microstructure, the threshold 6Ko could be increased 

without altering the yield strength of the material. This effect is 

predominant both in the near-threshold and mid-growth regions. 

In the present investigation, microstructural influences have been 

observed in IQ, SQ and IA structures in Fej2SijO.lC steel having similar 

yield strength and prior austenite grain size. This approach is con-

sidered appropriate in order to understand the exact mechanisms 

associated with microstructures in influencing fatigue crack growth. 

Contributions due to any variation in yield strength and grain size --

h · h 1 . t 1 f t' k t' (2,3 5 6 17) w lC p ay very lmpor ant ro es on a 19ue crac propaga lon ", 

-- may not enable unequivocal interpretation of results. 

4.1. Influence of Microstructure at Low Load Ratio (R = 0.05) 

4.1.1. Near-Threshold Region 

The current results reveal that IA and SQ microstructures have 

almost two fold increase in threshold values (6K = 17.1 ~ 19.5 MPalm) 
o 

as compared to IQ structure (Fig. 9 and Table III). To the author's 

knowledge, this is the highest threshold ever observed in a low strength 

steel. The differences in threshold 6K of the three microstructures . 0 

are in experimental analogy with crack closure measurements (Fig. 10 

and Table III). 
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During fatigue crack growth, some closure of the crack faces may 

occur at positive loads of the loadingcycle.(41,53,59) It implies 

that, should physical contact between the mating crack surfaces occur 

at positive loads of a fatigue cycle as a result of the local fracture 

process, the dri vi ng force for crack extensi on woul d be effecti ve 1 y 

limited at the crack tip. The result of this is a reduction in the 

stress intensity range, responsible for crack propagation, from a nomi-

nal value 6K (= K - K . ) to an effective value 6K ff (= K - K ) max mln e max cl' 
where Kcl is the stress intensity to close the crack and is ~ ~in. 

The significance of crack closure in influencing fatigue crack growth 

has long been known. (2,65) Accordingly, several "microscopic" 

mechanisms of closure have been identified based on the role of: 

(a) plasticity induced in the wake of an advancing crack(53) 

(plasticity-induced crack closure); 

(b) corrosion debris formed on the fracture surface(47,54,62) 

(oxide-induced crack closure); 

(c) fracture surface asperities(55,56) (roughness induced 

crack closure). 

The effect of oxide and roughness is prevalent near-threshold 

stress intensities due to the single shear (Mode I + Mode II) character 

of the crack extension mechanisms(54-56,64) and from the small magnitude 

of the associated crack tip opening displacements. 

These mechanisms may operate alone or in combination in order to 

reduce fatigue crack growth rate. However, the metallographic and 

fractographic features obtained after threshold tests (Figs. 11 to 14 

and 18) exhibit that as the crack growth rate approaches threshold, the 
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crack becomes increasingly rougher and tortuous. Therefore, it is 

apparent that the closure levels observed near threshold is pertinent 

to "roughness induced crack c1osure." 

Comparison of the different levels of crack closures (Kc1/Kmax) 

at threshold (Fig. 10) and relative crack surface asperities (Figs. 12b, 

13d and 14c) of the three microstructures reveals that with increasing 

crack asperities there is an increase in closure level. This observa

tion supports the two-dimensional geometric model (22) for predicting 

crack closure near-threshold due to fracture surface roughness. The 

model expresses crack closure as: 

K /K = ~ c1 max ,~ 

where Kcl = stress intensity to close crack, 

Kmax = maximum stress intensity, 

y = average height/width of crack asperity, 

and x = Mode II/Mode I displacement. 

From the above results and discussions it can be inferred that 

microstructure could be suitably designed to promote rougher crack paths. 

Such a geometry aids roughness-induced crack closure to playa vital 

role in improving the near-threshold ~Ko. 

4.1.2. Mid-Growth Region 

A particularly striking difference in the crack growth rate (above 

10-6 mm/cycle) of the three microstructures (Fig. 9) ;s sUDported by the 

corresponding crack closure results (Fig. 10) and crack path roughness 
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(Fig. 11) at similar nominal ~K. This could lead to the inferrence 

that closure due to crack geomet.ry continues to playa dominant role in 

2ontrolling the crack growth rate at mid-growth region. Mechanisms 

like roughness-induced crack closure may be activated at the larger 

~CTOD's associated with crack growth at such high 6K levels, (59) pro

vided sufficient degree of faceted fracture morphology exists. However, 

such an effect is most prevalent at near-threshold stress intensities. , 

Also, at mid-growth region, where plane stress conditions often exist, 

plasticity in the wake of the crack tip is likely to influence fatigue 

crack closure. Nevertheless, Elber's concept(53) needs to be extended 

further in order to explain the roughness dependence of closure at 

higher ~K. The following explanation has been suggested: 

Mechani sms underlyi ng pl asti c deformation due to res i dua 1 stretch 

of material in the wake of an advancing crack are well understood. (53,56) 

If the crack face ;s smooth -- without kinks (as in the case of the IQ 

structure) -- such deformation would then be identical on the two faces 

of the crack, i.e., a mirror image. However, when a rough crack surface 

occurs as observed in microstructurally sensitive materials, viz. IA and 

SQ structures, the deformation is not likely to be the same on the two 

faces. As a result, in the decreasing part of the cyclic loading a mis

match could be created between the two faces causing crack closure. For 

the same nominal ~K these closure values are expected to increase with 

an increase in fracture surface roughness and a decrease in yield 

strength of the microstructural phases forming those asperities. 

Similar agreement between the experimental data suggests that a 

rough crack geometry -- whi ch presumably causes crack closure due. to 
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heterogeneous plastic flow in crack asperities -- contribute in reducing 

crack propagation rate in mid-growth region. 

4.2. Influence of Microstructure at High Load Ratio (R = 0.75) 

As the load ratio is raised to R = 0.75, the near-threshold 

fatigue data (excluding the influence of crack deflection, which will 

be discussed later) for the three microstructures (Fig. 9) exhibit a 

considerable decrease in 6Ko values. The fact that the concurrent 

closure measurements confirm Kcl/~x = 0 apparently indicates that 

minimum stress intensity ~in has exceeded Kcl and the crack remains 

open during the entire loading cycle. Therefore, critical load ratio 

for these structures Rcr is ~ 0.75, where the near-threshold growth is 

not influenced by closure. However, at this stage reasons for the 

narrow range of variation in 6Ko values of the three structures, appear 

to arise from crack deflection (a situation where the effective crack 

driving force is presumably governed by the "intrinsic characteristic 

of the individual microstructure"). 

In such drastically varying microstructures of the same material 

(where the crack geometry is influenced and non-continuum mechanism of 

growth prevails) there exists a likelihood that certain "intrinsic 

microstructural characteristics" exert considerable influence. These 

could be: (a) micro-residual stresses; (b) effective shear stresses 

within the slip plane; (c) interface characteristics between ferrite/ 

ferri te and ferrite/martens ite i nterphases as we 11 as withi n each phase, 

and (d) reactivity of each structure to environment. An analysis of the 

tangible contribution of each of these factors towards effective 6K and 

crack growth rate, however, is beyond the scope of the present work. 
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4.3. Evidence Supporting Influence of IICrack Deflection" 

Characterization of fatigue crack advance under nominally Mode I 

loading conditions is generally based on the premise that the path of 

the crack is linear and that its plane of growth is normal to the 

loading axis. However, as observed in the present experiment using IQ, 

SQ and IA structures, pronounced deflection or branching of the crack 

can occur due to local microstructural discontinuities. These results 

along with several existing evidence indicate that deflections in crack 

profile can cause marked alteration in fracture behavior in certain 

cyclic loading situations where crack growth along the deflected 

trajectory occurs over several thousand cycles. Under such circumstances, 

both the value of the stress intensity factor (computed from a linear 

crack profile) and the measured crack propagation rates (which ignore 

deflection in crack path) are substantially in error. The role of 

fatigue crack growth under purely tensile (Mode I) external (far-field) 

loading condition has recently been examined by Suresh(57) and models 

have been suggested to predict fatigue crack growth rates for various 

degrees of deflection. Variation in fatigue growth behavior arising 

from the tilted crack can be estimated knowing the angle of deflection 

(8), length of deflected segment (D) and length of linear segment (S). 

The effective driving force is then expressed as 

where 6K1 is nominal Mode I stress intensity factor range 

and 6Keff is effective stress intensity factor range controlling 

crack growth rate. 
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Corresponding measured average crack growth rate: 

= ( 0 cose + S)(dc) 
o + S dN 

The predicted variations in fatigue behavior arising from deflec

tion are compared here with the present experimental results (Fig. 20). 

The IQ structure leads to a predominantly linear crack profile during 

fatigue cycling. The fatigue behavior for this heat treatment is 

modelled as a reference for an undeflected crack (8 ~ 0) in Figure 20. 

Changing the heat treatment of this steel to obtain SQ structure has 

been observed to cause pronounced deflections in crack path during the 

entire range of fatigue crack propagation (Fig. 11). A typical example 

of the tortuous crack path for this material is illustrated in Figure 

16e which shows the crack profile with deflection at 6K~ 6Ko. Con

sidering the pronounced deflections in crack path in the SQ structure 

and taking typical values of angles of tilt 8 ~ 45°-75° (occurring over 

several grains through the specimen cross section) and 0 ~ S ~ 0.25-0.5, 

it can be inferred from the model that the remainder of the differences 

in the fatigue behavior of these two materials is accounted for by crack 

deflection phenomena. ' 

For each microstructure (Fig. 11), the influence of deflection on 

resistance to crack growth is evident from the corresponding fatigue 

curves (Fi g. 9). The curve shi fts to the ri ght as the 'degree of 

roughness' increases. Thus, non-linearities in crack path seem to 

cause a SUbstantial influence on the apparent fatigue growth character-

istics (consistent with the predictions of the deflection models), in 
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addition to the effects of the ensuing crack closure and intrinsic 

microstructural factors. 

4.3.1. Premature Crack Retardation - A Deflection Effect 

It follows from the above discussion that pronounced crack deflec-
-. 

tion during fatigue can lower the stress intensity range to such an 

extent that significant retardation in crack growth rate (or even com

plete crack arrest) can occur at high nominal 6K. Such transient 

retardations in crack growth rate have been observed in the current 

investigation ~- at times even in mid-growth regions. These anomalous 

and unreproducible results are invariably traced back to be associated 

with crack deflections. The asterisks (*) in Figures 11 to 14 represent 

such points along with corresponding nominal 6K values. 

This localized crack growth retardation is an important character-

istic of microstructurally sensitive materials which promotes a rough 

and tortuous path. Therefore, considering material selection purely 

based upon fatigue crack resistance properties, although IA has the 

highest resistance until an applied 6K '\, 26 MPalril, the SQ could be more 

favorable, since it shows the maximum probability of a high 6Ko in real 

application. This offers an additional safety factor from the defect 

tolerance point of view. 

In terms of recommended procedures for measuring near-threshold 

fatigue crack growth and threshold 6Ko values, such transient retarda-

tions could have important consequences especially while testing 

microstructurally sensitive material~. If and when such localized 

regions arise, it is suggested to increase nominal 6K adequately (thus 

involving variable amplitude loading) and reobtaining the data points 

by subsequent standard load shedding procedure. 
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4.4. Relative Dominance of Different Mechanisms on Fatigue Crack Growth 

So far evidence has been provided to understand the mechanism of 

microstructurally-influenced fatigue crack growth in dual-phase steel . 
. 

It is suggested that the crack growth rate is controlled by the following 

four mechanisms which appear to have various degrees of influence on the 

three microstructures and at different growth conditions. 

(a) Roughness induced closure operative near threshold and 

at low load ratios. Its relative influence is SQ > IA > IQ. 

(b) Crack closure at mid-growth range, possibly due to 

plastically damaging crack faces, causing mismatch. 

Effective at low load ratios. The influence is 

IA > SQ > IQ (at 6K'~ 26 MPalffi) and SQ > IA > IQ (at 

6K ~ 26 MPalffi). 

(c) Crack deflection effects operative through Regimes I and 

II and at different load ratios. Here, IA > SQ > IQ. 

(d) Intrinsic microstructural characteristics in both the 

regimes and is independent of the load ratio. Here, 

IA > SQ > IQ. 

4.5. Microstructural Influence on Crack Geometry 

The current investigation suggests that the effect of closure and 

deflection on fatigue crack growth rate is fundamentally linked with a 

rough crack surface. An attempt has been made to understand the possible 

mechanisms underlying such characteristic microstructural sensitivity 

towards cyclic loading conditions, based upon the metallographic and 

fractographic evidence (Figs. 11 to 19) of the three different micro-

structures of dual-phase steel. 
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In the near-threshoZd region the roughness asperities have been 

well documented by a number of investigators.(3,7,17,19-21,55,60,61 ,63) 

Crack growth in this region is suggested to be confined to specific 

crystallographic planes(3) and hence depends upon grain-to-grain 

orientation. As a result, in coarse structures greater crack asperities 

(i.e., a rougher crack path) would be more favorable. Therefore, in 

each microstructure it is necessary to consider the different regions 

with the same orientation. Table IV shows SQ having very large size 

ferrite particles (103 ~m), thus explaining the possible reason for its 

characteristic roughness asperities. However, a similar argument fails 

to explain the increase in crack asperities near-threshold in IA 

structure where ferrite particle size is rather small (27 ~m). 

In the mid-growth regiori, although pla~tic zone size is very 

large and the possibility of occurrence of a single slip system is 

rather remote, the SQ structure continues to demonstrate a very rough 

crack path (Figs. 11, 16 and 18). There exists a possibility that 

large size martensite particles (Fig. 2b) cause constraints at the 

crack tip. The effect of hard second phase particle on plastiC zone 

size and shape has been well documented. (58) It is likely that due to 

the presence of coarse martensite in continuous ferrite (the micro-· 

structural feature of SQ structure) a similar effect might prevail 

under certain distributions of martensite particles. This could lead 

the crack to deflect from the plane of maximum tensile stress. Deflec-

tion at high growth rates could also be due to twinned martensite or 

interlath retained austenite -- which would introduce weak directional 

properties in the local crack vicinity. Presence of such phases have 

been documented in the SQ structure. (30) 
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The foregoing discussion emphasizes the importance of microstruc

ture of dual-phase steels, which significantly influences crack closure 

and deflection mechanisms during fatigue crack propagation. Based upon 

this study it has been possible to design microstructures viz. IA and 

SQ which demonstrate exceptionally high resistance to fatigue crack 

growth both at near-threshold and mid-growth regions. Such improvements 

are the highest ever observed in steels. 
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5. CONCLUS IONS 

Based on a study of the effect of dual-phase microstructures on 

fatigue crack growth in Fe/2Si/0.1C steel, the following conclusions 

may be drawn: 

(1) For a constant yield strength and prior austenite grain size, 

the fatigue crack propagation rate is greatly influenced by different 

microstructural shape, size and distribution of ferrite and martensite. 

Such effects are relevant to near~threshold as well as in mid-growth 

regions. 

(2) Microstructural effects on fatigue crack growth appear to be 

more pronounced at low load ratios. Crack closure seems to support 

such observation. 

(3) Fracture surface roughness plays a dominant role in influenc

ing fatigue crack resistance of a microstructure. 

(4) Crack deflection is expected to contribute in reducing crack 

growth rate in Regime A and Regime B. 

(5) In low load ratios and near-threshold the closure phenomena 

appear to be due to roughness induced crack closure, where contributions 

due to ~ode II displacement is significant in causing mismatch between 

fracture surfaces. 

(6) In low load ratios and mid-growth region, the closure observ

ed is attributed presumably to the mismatch caused by heterogeneous 

plastic deformation behind the crack tip. 

(7) Differences in fatigue curves at high load ratio tend to 

suggest that certain intrinsic microstructural characteristics viz. 

micro-residual stresses, effective shear stresses within the slip 
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planes, coherency of interface between ferrite and martensite particles 

and reactivity of each structure to environment -- whose tangible 

contribution is not investigated apparently play an important role 

in governing fatigue crack growth rate. 

(8) A material, with favorably distributed large size second 

phase particles, could promote premature crack arrest even at mid

growth region. From the defect tolerance approach such microstructure 

may be considered more appropriate for fatigue crack resistance 

applications. 

(9) The microstructures designed through intercritical annealing 

(IA) and step quenching (SQ) heat-treatments of low carbon dual phase 

steel exhibit the highest resistance to fatigue crack growth ever 

observed in steels, without compromising on yield strength values. 
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Table I: Composition of Fe/2Si/0.1C Steel 

Eler.1ents C Si Mn S P Cr Ni Mo V 

wt. % 0.09 2.01 <0.005 <0.005 0.005 <0.005 0.06 0.03 <0.01 

Table II: Tensile Test Results 

Material Str~cture 
Yield Strength Tensile Strength % Reduction 

MPa ~1Pa in Area 

Intermediate Quenching 590 805 70.8 

Step Ouenching 635 900 33.2 

Intercritical Annealing 615 827 52.9 

.. 
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Table III: Fatigue Test Results 

Near-Threshold 6K (MPalril) Paris KC1/Kmax 0 Law Degree of 
Material Low R High R Exponent* Roughness at 6Ko Structure . m ** (= 0.05) (= 0.75) (R=0.05) 

IQ 10.7 4.9 4.8 3.26 0.74 

SQ 17.1 5.1 5.3 15.41 0.83 
IA 19.5 5.7 9.3 8.49 0.78 

*Derived from crack growth data at R = 0.05 above 10-6 mm/cycle by 
regression fit to Paris relationship: 

da m 
dN a: (6K) 

** Degree of Roughness = [(aT ~ apl!a pJ x 100. 

Table IV: Quantitative Metallography Results 

~laterial 
~1artensite Ferrite Prior Austenite 

Structure Vol. Fract. Particle Size Grain Size 
(%) l1m ].lm 

IQ 58 9 237 

SQ 32 103 237 
IA 44 27 237 
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Fig. 1. Schematic variation of fatigue crack growth rate with stress 
intensity range of steels (ref. 47) . 
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Figure 2. Dual-Phase Fe/2Si/O.lC steel. (a) Heat treatment cycles; 
(b) optical micrographs. 
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Figure 3. Dimensions of (a) subsize cylindrical tensile test specimen 
and (b) compact tension specimen for fatigue test. 



Figure 4. Experimental set-up for fatigue crack growth test and 
closure measurement. 
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Figure 5. Schematic diagram of crack profile measurement. (a) Actual 
crack profile; (b) projected crack length, ap; and (c) total 
1 ength of crack surface, ar 
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Figure 7. Actual arrangement of strain gages on CT specimen. (a) 
General view and (b) during test. 

XBB 833-2254A 

..", 
Ul 

-



, 
46 

1ooor---------------------------------------~ 

800 

-
~ 600 
:i -
(/') 
(/') 
w 
n: .... 
(/') 400 

200 
I - INTERMEDIATE QUENCHED 
2 - STEP QUENCHED 
3 - INTERCRITICALL Y ANNEALED 

CTy 
at 0.2% offset 

590 MPa 
635 II 

615 II 

120 

80 _ 

40 

O--------~--~~--~----~----~-----L----~O 
o 10 20 

% STRAIN 
30 

XBL 833-8790 

Figure 8. Engineering stress-strain curves for Fe/2Si/O.lC dual phase 
steel with three different microstructures. 
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Figure 16. High magnification investigation of crack path in SQ 
(a)-(f). 
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XBB 834-3600 

Figure 18. SEM fractographs of IQ, SQ and IA near-threshold ~K. (a), 
( c) and (e) at 1 ow rn a g n if i cat ion and (b), ( d) and (f) at 
high rnagnification. The arrows indicate crack propagati on 
direction. 
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Mid Growth Region: 

XBB 834-3599A 

Figure 19. SEM fractographs of IQ, SQ and IA in mid-growth region. 
( a ), (c) and (e) at 1 ow mag n if i cat ion and (b), ( d) and (f) 
at high magnification. The arrows indicate crack propaga
tion direction. 
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Figure 20. Predicted growth rate behavior of the step quenched (SQ) 
microstructure at R = 0.05, due to crack deflection effects 
only . 
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