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ROLE OF CRACK TIP SHIELDING IN THE INITIATION AND GROWTH 
OF LONG AND SMALL FATIGUE CRACKS IN COMPOSITE MICROSTRUCTURES 

Ji an Ku Shang, J.-L. Tzou, and R. 0. Ritchie 

ABSTRACT 

The role of crack tip shielding in retarding the initiation 

and growth of fatigue cracks has been examined in metallic composite 

microstructures (consisting of hard and soft phases), with the 

objective of achieving maximum resistance to fatigue. Specifically,· 

duplex fe.rritic-martensitic structures have been de vel oped in AISI 

1008 and 1015 mild steels to promote shielding without loss in 

strength. The shielding is developed primarily from crack deflection 

and resultant crack closure, such that unusually high long crack 

propagation resistance is obtained. It is found that the fatigue 

threshold 6KTH in AISI 1008 can be increased by more than 100% to 

over 20 MPal!il, without sacrifice in strength, representing the 

highest ambient temperature threshold reported for a metallic alloy 

to date. Similar but smaller increases are found in AISI 1015. The 

effect of the dual-phase microstructures on crack initiation and 
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small crack (10 to 1000 um) growth, however, is markedly different, 

characteristic .of behavior influenced by the mutual competition of 

intrinsic and extrinsic (shielding) "toughening" mechanisms. 

Accordingly, the composite microstructures which appear to show the 

highest resistance to the growth of long cracks, show the lowest 

resistance to crack initiation and small crack growth. In general, 

dual-phase steels are found to display remarkable fatigue properties, 

with fatigue limits as high as 58% of the tensile strengths and 

fatigue thresholds in the range of 13 to 20 MPalril. 
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I. INTRODUCTION 

Crack extension is generally considered to be driven by the 

presence of a •crack driving force• and opposed by the resistance of 

the microstructure, where the driving force is globally defined by a 

characterizing parameter, such as the stress intensity K1, describing 

the dominant crack tip stress and deformation fields. It is thus 

the perception that toughening, or restriction of crack growth, is 

achieved by increasing the inherent microstructural resistance, e.g., 

by coarsening particle spacings, etc. (intrinsic •toughening•*): 

*"Toughening" is used here in a general sense to imply mechanisms 
which impede crack extension, and thus is applied to both sub
critical and critical behavior. 

However, in many cases, the actual source of toughness arises from a 

process of crack tip shielding, where crack extension is impeded by 

mechanical, microstructural and environmental factors which locally 

reduce the crack driving force (extrinsic •toughening•) (1,2). 

Notable examples under monotonic loading are transformation 

toughening in ceram.ics (3,4) and 1 igament toughening in composites 

(5) (Fig. 1). 

Crack tip shielding processes are also of importance under 

cyclic loading, but relate primarily to crack deflection (6) and 

crack closure from wedging, bridging and sliding phenomena between 

crack surfaces (7-15). Specific closure mechanisms can involve the 

wedging action of corrosion debris (8-10), fracture surface 
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asperities (11-13) and fluid pressure (14), and the presence of 

cyclic plasticity in the crack wake (15). With the exception of the 

latter, all are enhanced at low stress intensities due to smaller 

crack tip opening displacements (CTOD) and the greater tendency of 

cracks to follow a microstructurally-sensitive or crystallographic 

crack path. 

For fatigue crack advance under small-scale yielding~ the 

effect of shielding is locally to reduce the nominal range of stress 

intensity, ~K, given by Kmax - Kmin• to some effective value, ~Keff! 

actually experienced at the tip, although computation of t.Keff 

depends critically on the dominant mechanism of shielding. For 

example, crack deflection produces a multiplicative reduction in Mode 

I stress. intensities, i.e.; ~K is reduced by a decrease in Kmax and. a 

smaller decreaset in Kmin' which may berexpected to have· an equal 

effect throughout the ra·nge of growth rates (unless· the crack path 

morphology changes). Bridging or sliding mechanisms, conversely, 

lower ~K by a decrease in Kmax and an increase in Kmin· Most closure 

mechanisms, however, involve principally wedging, where ~K is reduced 

by an effective increase in Kmin· Here ~Keff is defined in terms of 

a stress intensity Kcl to cause first contact of· the crack surfaces 

as Kmax- Kcl (1,7). These mechanisms predominate at lower growth 

rates where wedge sizes are comparable with CTODs. 

Since shielding acts primarily on the wake of the crack, a 

direct implication is crack-size dependent behavior. This leads to 

resistance-curve fracture toughness behavior, where the driving force 

2 



to sustain cracking increases with an increase i-n crack length; 

anomalous •small crack• behavior, where at the same nominal driving 

force, small cracks propagate faster than long cracks, due to their 

higher local driving force from diminished shielding; and a 

contrasting role of •icrostructural factors in influencing crack 

initiation and small crack growth compared to long crack growth. 

The objective of the present work is to show that by designing 

composite microstructures to promote crack tip shielding, exceptional 

fatigue crack growth properties can be achieved without compromise in 

strength or crack initiation resistance. This concept is 

demonstrated by utilizing duplex microstructures in common 

engineering mild steels to obtain fatigue thresholds higher than any 

known metallic material reported to date •. 

II. EXPERIMENTAL PROCEDURES 

AISI-SAE 1008 and 1015 mild steels, of composition shown in 

Table I, were received as 22 mm thick hot rolled plate. Oversize 

Specimen blanks were austenitized 1 hat 1100°C (to Obtain a prior 

austenite grain size of~ 50 ~m), air cooled to room temperature, and 

then intercritically annealed for 1 h before iced-brine quenching. 

The intercritical annealing temperatures were chosen between 760° and 

850°C in order to vary both the volume fraction of martensite 

(between 25 and 70S) and carbon content in this phase. The 

resulting duplex ferritic/martensitic microstructures are illustrated 

in Fig. 2. Essentially, air cooling from 1100°C results in a fine 
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Table I. Co•position in Wt Pet of AISI 1008 atid 1015 Mild Steels 

Steel 

AISI 1008 

AISI 1015 

c 

0.08 

0.14 

Mn 

0.26 

0. 77 

Si 

0.20 

0.21 

p 

0.01 

0.02 

s 

0.01 

0.01 

Al Cr 

0.04 0.02 

distribution of hypo-eutectoid ferrite plus pearlite which, on 

annealing in the {a+ y) region, causes austenite to nucleate on 

carbide/ferrite interfaces, giving a fine globular martensite (a') ort 

ferrite grain boundaries. The ferritic phase, however; is virtually 

continuous in encapsulating the martensite, and has an average grain 

size in a 11 s true tures between 50 and 90 um. Resu 1 ts on the dup 1 ex 

microstructures were compared with conventionally normalized 

structures {containing OS martensite.), obtained by air cooling from 

ll00°C {1 h). Quantitative metallography and mechanical property 

data are listed in Tables II and III, respectively. 

To minimize residual stresses, test specimens were machined 

following the final ice-brine quench (a surface layer of at least 3 

mm was removed from all faces and edges), and then were stress

relieved for 2 hat 200°C. As subsequent fatigue surface showed 

1 ittle influence of crack front curvature, such procedures were 

considered to be effective. 

Fatigue crack growth tests on 1 ong {?. 20 mm) cracks were 

p e r f o r me d u s i n g 1 2 . 7 mm t h i c k com p a c t C ( T) s p e c i me n s ( L - T 

orientation), tested under load control in electroservo-hydraulic 
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Table II. Microstructural Characteristics of Intercritically 
Annealed AISI 1008 and 1015 Dual-Phase Steels 

Annealing Martensite Carbon Content 
Steel Tern(!. Vol. Fraction in Martensite 

(Oc) (pet) (pet) 

AISI 1008 793 26 0.35 
829 46 0.19 
850 67 0.14 

AISI 1015 760 31 0.53 
808 53 0.28 
824 67 0.22 

Table III. A.bient Te•perature Mechanical Properties of 
Intercritically Annealed AISI 1008 and 1015 Mild Steels 

Martensite Yield Redn. 
Steel Vol. Fraction Strength U.T.S. in Area Elongation 

(pet) 
(0.2Soffset) 

(MPa) (MPa) (pet) 
{14 nm gauge) 

(pet) 

AIS I 1008 26 346 477 79 24 
46 360 479 73 28 
67 410 560 72 24 

(normalized) 0 203 349 74 32 

AIS I 1015 31 392 555 66 26 
53 427 602 73 28 
67 433 603 72 22 

(normalized) 0 265 422 70 31 

testing machines at a frequency of 50 Hz (sine wave). Tests were 

conducted, over a range of growth rates from lo- 11 to Io-6 m/cycle, 

in controlled room air (22°C, 45% relative humidity), with a load 
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ratio R of 0.05. Fatigue threshold stress intensity ranges (L\KrH), 

defined at a maximum growth rate of lo-ll m/cycle, were approached 

using manual load shedding procedures,* with crack lengths 

* Near-threshold growth rates were determined under decreasing L\K 
conditions, using a step-wise decrease in ~K of less than 5 pet at 
each step. At each load level, the crack was propagated a distance 
of at least 3 times the computed maximum plastic zone size formed at 
the previous load level. Following definition of the threshold, 
growth rates were additionally measured" under increasing t.K 
cond it 1 ons. 

continuously monitored using d.c. electrical potential methods. 

Simultaneous measurement of crack closure was achieved ·using the 

back-face strain technique {1,16). With such a technique, the 

closure stress intensity (Kcl} is defined during unloading at first 

contact of.the fracture surfaces from the· load corresponding to the 

initial deviation from linearity of the elastic compliance curve, 

derived from a strain gauge mounted on the back face of the specimen 

( 1}. 

Fatigue crack growth tests on mi crostructura 11 y-sma 11 ("' 10 to 

1000 lJIIl} cracks were performed using small 6.4 mm thick four-point 

bend specimens (with maximum bending stress at surface less than 

0.95 of the yield stress), cycled under identical load ratio, 

frequency and environmental conditions as the C(T} samples. The 

initiation and early growth of naturally-occurring surface cracks in 

these specimens was monitored by periodic replication of the top 

surface using cellulose replicas. Replicas were subsequently gold 

6 



... 

coated to permit better resolution. Due to crack meandering, surface 

crack 1 ength was measured as the projected 1 ength normal to' the 

tensile bending stress. Stress intensities were computed from the 

Newman and Raju (17) solution for semi-elliptical surface flaws. An 

a/c (half surface length to crack depth ratio) of 1 was assumed, 

based on studies of crack geometry by serial sectioning. The use of 

K was deemed to be appropriate as computed cyclic plastic zone sizes 

remained small compared to crack length, i.e., in the range 0.7 to 20 

11m for crack sizes of 10 to 1000 urn, respectively. 

Fatigue crack initiation properties were evaluated from (smooth 

bar) fatigue limit d~ta, determined from constant amplitude S/N 

curves. Tests were performed on 6.4 mm diameter unnotched tensile 

specimens, using a closed loop resonant testing machine, operating at 

a frequency of 110 Hz and a 1 oad ratio of 0.05. A 11 s pee imens were 

manually polished along the longitudinal axis (stress axis) and 

electropolished in acetic chromium trioxide solution to eliminate 

tangential scratches. The fatigue 1 imit was defined as the highest 

stress amplitude which did not cause failure of the specimen within 

108 eye 1 es.* 

*subsequent scanning electron microscopy often revealed that crack 
nucleation had occurred in the ferrite with the crack arresting in 
the martensite • 

Crack path morphologies were examined on metallographic 

sections, taken at the specimen center thickness perpendicular to the 
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fracture surface (on cracks previously impregnated with epoxy). 

Measurements were made of the fraction of cracking in the martensite 

and the degree of fracture surface roughness. The 1 atter was 

assessed in terms of the mean angle of crack deflection from the 

plane of maximum tensile stress, and the 1 ineal surface roughness, 

measured as the ratio of the tota 1 1 ength of crack to the projected 

length along the plane of maximum tensile stress. The extent of 

crack surface corrosion deposits was estimated using scanning Auger 

Spectroscopy with an Ar+ sputtering rate of 1000 ~/min. The excess 

oxide thickness was computed using a tantalum oxide standard, 

assuming a Pill ing-Bedworth ratio of "'2.0 for iron.* 

*since one unit of iron oxidizes to roughly two volumes of oxide 
(e.g., Pilling-Bedworth ratio for Fe203 = 2.13), the oxide thickness 
measurements on one ha 1 f of the fracture surface represent 
approximately the total excess material, assuming only thickness
direction growth and equal thicknesses on each crack face {10). 

III. RESULTS AID DISCUSSION 

A. Long Crack Behavior 

Growth Rates: The variation in long crack fatigue crack propagation 

rates, da/dN, with the nominal stress intensity range, b.K, for the 

AISI 1008 and 1015 steels is shown in Fig. 3. Results for the duplex 

microstructures are compared with those for normalized structures, 

a n d i n b o t h s t e e 1 s s h o w h i g h e r b.K T H v a 1 u e s ( T a b 1 e I V ) a n d 

progressively lower growth rates as the threshold is approached. 
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Table IV. Fatigue Threshold Data in lntercritically Annealed 
AISI 1008 and 1015 Dual Phase Steels 

Martensite Growth Threshold Initiation Threshold 
Steel Vol. Fract. t.KTH Fatigue Limit, .1crTHI2 

Nominal Effective R=O.S R=-1* t.~nyuTs 
(pet) ~MPa~} --rMPa;--

AISI 1008 26 20.1 2.6 145 219 0.46 
46 12.9 6.0 169 277 0.58 
67 13.3 4.6 147 206 0.37 

(normalized) 0 9.2 3.0 

AISI 1015 31 15.5 6.1 186 283 0.51 
53 18.1 4.0 174 226 0.38 
67 14.7 3.7 190 291 0.48 

(normalized) 0 12.3 4.4 

* Computed from R = 0.05 value using the Goodman relationship (24). 

Behavior~ however, is dependent on the volume fraction of martensite. 

The dual-phase 26 pet martensite structure in AISI 1008 has the 

lowest growth rates over the entire range (from threshold to near 

instability), with a threshold t.KTH of over 20 MPa/iil (Fig. 3a). This 

is to be compared with a value of 9.2 MPalrii in normalized AISI 1008, 

and represents a 120 pet increase. Growth rate behavior in the dual-

phase 46 and 67 pet martensite structures is less spectacular, but 

thresholds are still 40 to 45 pet higher than in the normalized 

steel. A similar influence of duplex microstructure is apparent in 

AISI 1015 steel (Fig. 3b), although differences are not as large; .the 

dual-phase 53 pet martensite structure shows the lowest growth rates, 
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with a t.KrH value of over 18 MPa/iii, 47 pet higher than in the 

* norma 1 i zed structure. 

*It is important to note here that~ contrary to behavior usually 
reported for steels (18), in both AISI 1008 and 1015 steels, the 
duplex microstructures show higher thresholds than the normalized 
structures, despite having yield strengths which are 48 to 102 pet 
higher. Based on previously reported results (19-23), this appears 
to be a characteristic of dual-phase steels. 

Crack Closure: Corresponding back-face measurements of crac~ 

closure, plotted as the effective load ratio, KcliKmax' as a function 

of t.K, are shown in Fig. 4, and indicate very high levels of crack 

tip shielding in the dual-phase structures. Characteristic of wedge 

shielding behavior (10), closure is enhanced as the CTOD decreases, 

i.e., with progressively decreasing tJ<, with the Kcl valu-es at 

threshold approaching as much as 90 pet of Kmax· For both·steels, 

the ranking of structures in terms of highest closure 1 evel s (at 

fixed t.K) exactly coincides with their ranking in terms of lowest 

growth rates and highest thresholds. In particular, closure levels 

in the duplex 26 pet martensite structure in AISI 1008 were 

exceptionally high and exceeded KcliKmax values of 0.5 at t.K levels 

as high as 30 MPaliii (Fig. 4b), consistent with the very low growth 

r a t e be h a v i or and h i g h t h res h o 1 d s h own by t h i s m i c r o s t r u c t u r e. I n 

fact, the computed tJ<eff at the threshold in this structure was a 

mere 2.6 MPa/iii, i.e., a factor of 8 times smaller than the nominal 

t.KrH· Moreover, compared to the wide variation in nominal thresholds, 
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effective thresholds (after allowing for closure) varied only from 

2.6 to 6.0 MPalrii in the two steels. Corresponding levels of crack 

closure in the normalized steels were always lower (at fixed 6K) than 

corresponding levels in the duplex structures; effective thresholds 

were approximately 4 MPalm. 

Fracture Surface and Crack Path Morphology: SEM fractographs of 

fatigue surfaces at low (near 6KrH) and high (25 to 30 MPaliii) 6K 

levels are shown in Fig. 5 for the dual-phase structures in AISI 1008 

with highest and lowest thresholds, i.e., the 26 and 46 pet 

martensite structures, respectively. Corresponding crack path 

profiles are shown in Fig. 6, and are quantitatively analyzed in 

Table V. At low 6K, fatigue surfaces in the 26 pet martensite 

structure exhibited a rough 11 hill and valley'' type fracture, with an 

associated zig-zag path primarily through the ferrite (Figs. 5a,6a). 

Such fractures show high 1 i nea 1 roughness and high crack deflection 

angles (Table V), characteristic of extensive crack closure induced 

by asperity wedging (roughness-induced closure). In contrast, 

surfaces in the 46 pet martensite structure resembled quasi-cleavage, 

were relatively planar (i.e., low crack deflection angles), and 

involved crack growth predominately in the martensite (Figs. 5b,6b). 

At high 6K, the crack path in both structures favored the ferrite 

phase and showed evidence of ductile striations (e.g., Fig. 5d). 

Fracture surfaces in the 26 pet martensite structure were similar to 

those at 1 ow 6K (Fig. 5c), with the crack path showing marked crack 
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Table V. Crack Path Morphology Measurements in AISI 1008 Steel 

Low D.K (near D.KrH} High D.K (25-30 MPaliii} 

Mean Crack Mean Crack 
Lineal Angular Path Lineal Angular Path 

Structure Roughness Deviation in a' Roughness Deviation in a' 
(deg} (pet} (deg} (pet) 

26% a• 1.25 550 - 600 15 1.08 350 - 400 26 

46% a.• 1.17 200 - 250 74 1.17 200 - 250 41 

deflection on encountering the martensite phase (Fig. 6c), whereas 

in the 46 pet martensite structure they remained relatively planar 

(Fig. 6d). 

Fracture surfaces in AISr 1015 steel displayed the same general 

characteristics as in AISI 1008. However, the 31 pet martensite 

structure shows extensive cleavage fracture in the ferrite during 

crack growth at high ~K (Fig. 7). 

Near-threshold fracture surfaces were also characterized by 

extensive fretting corrosion deposits. Auger spectroscopy 

measurements of the debris indicated similar thickness profiles in 

both 26 and 46 pet martensite structures, i.e., a peak in excess 

oxide thickness ("-0.8 IJm) close to· ~KTH' and a thickness comparable 

with the natural 1 imiting oxide thickness (<0.05 IJm) at high growth 

rates. These results, together with the lineal roughness data, are 

plotted as a function of da/dN and crack length in Fig. 8. 
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Comparison of the peak excess oxide thicknesses and the mean 

fracture surface asperity sizes in AISI 1008 with computed crack tip 

opening displacements at the threshold (Table VI) gives a clear 

indication of the sources of crack tip shielding in these 

microstructures. First, the increased mean crack deflection angle 

and 1 ineal roughness in the 26 pet martensite structure suggests 

enhanced shielding by crack deflection and meandering, respectively, 

compared to the 46 pet martensite structure. Such shielding can 

remain effective at higher growth rates (1), although in the present 

case its effect will be diminished by 1 ess deflection at high t.K. 

Second, the tortuosity in crack path, and consequently much 1 arger 

asperity sizes, will promote progressively higher levels of 

roughness-induced crack closure in the 26 pet martensite structure as 

t.K is reduced (Fig. 9), consistent with the measured Kcl data (Fig. 

4a). Peak oxide thicknesses areal so comparable with cyclic CTOD 

levels close to t.KTH• indicating additional wedge shielding from 

Table VI. Mean Asperity, Oxide Debris and CTOD's Sizes Associated 
with AKTH in Dual-Phase AISI 1008 Steel 

Threshold CTOD* Mean Asperity Excess Oxide 
Structure t.KTH t.Keff max cyclic Size Thickness --

(MPa/ni) (J.lm) (J.lm) (\.lm) 

26% a' 20.1 2.6 3.0 1.4 1.8 0.80 

46% a' 12.9 6.0 1.2 0.5 0.2 0.81 
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oxide-induced closure. However, since oxide thicknesses are only 

significant close to 6KTH {Fig. 8), contributions from this mechanism 

will be specific to very low growth rates. 

B. Crack Initiation (S/N) Behavior 

S/N curves for the dua 1-phase structures in AISI 1008 and 1015 

are shown in Fig. 10. Values of the unnotched 108 cycle fatigue 

limit (6crrH/2), representing a threshold for crack initiation 

{26,27), are listed in Table IV. It is pertinent to note that the 46 

pet martensite structure in AISI 1008 and the 67 pet martensite 

structure in AISI 1015 show the highest fatigue 1 imits {i.e., 6crrH/2 

~ 0.5 and 0~6 UTS, respectively), yet these structures show the 

1 owest va 1 ues _of 6KTH· In fact, the ranking of the duplex structures· 

in-each steel with respect to crack initiation thresholds is exactly 

the opposite that: for (long) crack propagation thresholds. This is 

illustrated in Fig. 11 for the AISI 1008 steel, and is characteristic 

of crack growth behavior dominated by crack tip shielding. Unnotched 

fatigue 1 imits effectively characterize the intrinsic resistance to 

fatigue, si nee without major cracks, shie 1 ding cannot be effective. 

Long crack growth thresholds {at low R), conversely, are controlled 

far more by extrinsic shielding processes, which rarely have the same 

dependence on mi eros true ture. However, by subtracting out the 

extrinsic contribution from closure, crack initiation and crack 

growth thresholds can be seen to show the same trends with 

microstructure {Fig. 11). 
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C. Sma 11 Crack Behavior 

Results of the small crack tests performed on the dual-phase 26 

and 46 pet martensite structures in AISI 1008 are plotted in Fig. 12. 

Considerable scatter is apparent in crack growth rates, 

characteristic of naturally-occurring microstructurally-small cracks 

which undergo frequent impedence at grain boundaries and at 

ferrite/martensite interfaces. For example, cracks tended to undergo 

marked changes in direction to avoid martensitic regions (e.g., areas 

marked A in Fig. 13), or when blunted and locally arrested at ferrite 

grain boundaries, as shown by the hea~y slip-band activity in areas 

marked Bin these figures. However, it is clear that the small 

cracks propagate at stress intensity ranges as low as 1.5 MPalrii, well 

below the long crack thresholds. Moreover, they show indications of 

progressively decreasing growth rates during their initial growth 

stage (a.$20 \.lm), characteristic of small crack behavior (1,28-34). 

Such decelerations have been attributed to crack shape evolution 

during initial growth (30,31), where the crack depth grows faster 

than on the surface until the equilibrium crack configuration is 

reached, and to the development of crack tip shielding with the 

generation of a crack wake (1,29,30). 

Similar to the contrasting effects of duplex microstructure on 

long crack thresholds and fatigue limits, small cracks appe·ar to 

grow faster (at a given 6K) in the 26 pet martensite structure, 

whereas exactly the reverse is true for long crack growth. Again, 

this is characteristic of fatigue behavior controlled by the mutual 
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competition of extrinsic and intrinsic processes. Crack tip 

shielding, via mechanisms such as roughness-induced crack closure, 

will be relatively ineffective for small cracks by virtue of their 

restricted wake, such that behavior, in contrast to long cracks, will 

be more influenced by intrinsic mechanisms. This distinction between 

the behavior ·Of long and small cracks in terms of a differing 

influence of crack closure can be appreciated in Fig.14, where the 

small crack growth rates are compared with long crack growth rates 

plotted as a function of 6Keff• It is apparent, at least in the 26 

pet martensite structure, that once long crack data are corrected for 

closure, good correspondence is achieved between long and small crack 

results. (The same appears to be true for the 46 pet martensite 

structure, a 1 though the 1 ong cracks arrest before an overlap of data 

occurs). 

Although care must be exercised in interpreting growth rate data 

plotted as a function of 6Keff' due to experimental uncertainities in 

the measurement of Kcl' the present results do show that small 

cracks, even after allowing for closure, can propagate below the 

1 ong crack ( ~eff) thresho 1 d (Fig. 14 ). Simi 1 ar behavior has been 

reported for microstructurally-small cracks in aluminum alloys 

(1,28,32), and indicates that shielding via crack closure does not 

completely rationalize the enhanced growth rates of small flaws 

(although it clearly provides a major contribution). The nature of 

the other contributing mechanisms is currently uncertain (1,28), 

although naturally-occurring small cracks, unlike pre-existing long 
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cracks, tend to nucleate at the "soft spots'' in the microstructure 

and grow into the most favorably orientated grains (33). 

Furthermore, lrr situ measurements on microstructurally-small cracks 

in aluminum alloys (28,34) have indicated higher crack tip cyclic 

plastic strains, compared to long cracks at the same ~K. 

IV. INTRINSIC VS. EXTRINSIC TOUGHENING 

The intent of this study has been to show how composite 

microstructures in plain carbon steels can induce unusally good 

fatigue properties, through the enhancement of both intrinsic and 

extrinsic ''toughening" mechanisms. In fact, with respect to long 

crack growth behavior, the specific properties of the dual-phase 26 

pet martensite microstructure in AISI 1008 steel represent the 

highest fatigue threshold reported to date for a metallic alloy, 

namely a ~KTH value above 20 MPa/lli (Fig. 15). In Fig. 15, it is also 

apparent that a unique characteristic of duplex microstructures is 

that their superior crack growth properties can be obtained without 

compromise in strength. 

The outstanding long crack growth properties in dual-phase 

ferrous microstructures (see also refs. 19-23) are clearly derived 

extri ns i ca 11 y through the deve 1 opment of a meandering crack path, 

i.e., from crack tip shielding resulting from reductions in local 

stress intensity primarily from crack deflection and resulting 

roughness-induced crack closure from asperity wedging, with an 

additional contribution from oxide-induced closure. The relative 
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contributions from deflection and closure are estimated by comparing 

the normal 'ized structure in AISI 1008, where the crack path is 

predominantly linear, with the dual-phase 26 and 46 pet martensite 

structures, which exhibit lineal roughnesses of approximately 1.2 and 

1.3, respectively. Experimental growth rate data for these two 

structures are first corrected for closure by plotting as a function 

of ilKeff• using the back-face strain measurements of Kcl (Fig. 16a). 

Next, predictions of the effect of crack deflection are applied to 

the nominally 1 inear crack path of the normalized structure (Fig. 

16b}, using two-dimensional linear elastic models (6). Here, by 

considering repeated crack segments involving a deflection angle e, 

a deflected distance D, and an undeflected distance S, the effective 

stress intensity range, (6K) 0 , and growth rate, (da/dN) 0, of an 

idealized deflected crack are given by (6}: 

(ilK)o = lo cos~(!/~) + sj (ilK)L 

(da/dN)o = [0 
cgs! ; 5] (da/dN)L 

(la) 

(1 b) 

where ( ilK)L and (da/dN)L are the nomina 1 stress intensity range and 

growth rate of the 1 inear undefl ected Mode I crack, respectively. 

Quantifying the degree of deflection is complicated by the non

uniform nature of crack path meandering. However, selecting extreme 

values of the angle of tilt e to vary between 0 and 75°, with D/(D + 

S) between 0 and 0.75, predictions of the effect of de flection a 1 one 
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on crack growth b·ehavior can be obtained. The results in Fig. 16b 

suggest that the contribution to shielding from deflection alone 

remains relatively small compared to that due to crack closure. 

However, it is important to note that, while deflection is not a 

major extrinsic 11 toughen i ng 11 mechanism ~ se, its occurrence 

generally promotes other, more potent, shielding mechanisms, such as 

roughness-induced crack closure during fatigue or crack bridging in 

ceramics (35). 

With reference to the AIS I 1008 stee 1, a 1 though the duplex 26 

pet martensite structure displays optimum (long) crack growth 

properties due principally to the extrinsic mechanisms of crack 

deflection and closure, in terms of intrinsic fatigue resistance, t~e 

46 pet martensite structure apparently is superior. This is shown by 

its higher fatigue 1 imit (Fig. 10), marginally slower small crack 

growth rates (Fig. 11), lower long crack growth rates (as a function 

of ~Keff) and higher long crack effective threshold (once closure has 

been removed) (Fig. 14). Enhanced extrinsic 11 toughening 11 in the dual 

phase 26 pet martensite structure can be attributed to the crack 

preferentially following the softer phase (the ferrite is continuous 

in this structure) and to crack deflection at ferritic/martensitic 

interfaces, both of which induce the tortuous crack path.* In the 46 

*The incorporation of a continuous soft phase is also used in the 
toughening of ceramic composites. For example, in tungsten carbide, 
the addition of cobalt as a continuous soft phase induces a tortuous 
crack path in the metal, which imparts significant extrinsic 
toughening from deflection and associated crack bridging. 
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pet martensite structure, where the near-threshold crack path favors 

the martensite, crack extension is intrinsically slower, presumably 

due to the higher strength of this phase. This is consistent with 

studies (26,27) which have identified the fatigue limit in dual-phase 

steels with the presence of microcracks, which initiate in the 

ferrite yet arrest in the martensite. However, higher volume 

fractions of martensite do not appear to offer further advantages 

(20). 

Finally, the fatigue behavior of dual-phase steels is an 

exce 11 ent example of extrinsic "toughening" (2). The mechanisms of 

such toughening are largely dependent on such variables as crack 

size, geometry, CTOD, etc., and thus, unlike intrinsic toughening, 

are not a property of the material'. Where this approach can be 

utilized, i.e., with materials of 1 ow intrinsic toughness or where 

crack growth occurs at low stress intensities, the very potent effect 

of crack tip shielding mechanisms in inducing superior long crack 

growth properties must be tempered with significantly enhanced small 

crack effects, and contrasting effects of microstructure on crack 

initiation and crack growth. Similar behavior is to be expected in 

other microstructures which show significant crack path meandering. 

This is apparent in other dual-phase microstructures, such as duplex 

a./6 titanium alloys (36), or where crack deflection can be induced 

crystallographically. An excellent example of the latter case is in 

coherent particle hardened materials showing marked planar slip 

behavior, such as aluminum-lithium alloys, which, compared to 
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traditional aluminum alloys, display superior long fatigue crack 

growth properties (37-40), yet very high small crack growth rates 

( 32,40). 

Y. COICLUSIOIS 

Based on an investigation into the role of crack tip shielding 

in influencing the initiation and growth of long (.G 20 mm) and 

naturally-occurring small (10 to 1000 ~m) fatigue cracks in composite 

ferritic-martensitic microstructures in AISI 1008 and 1015 mild 

steels, the following conclusions can be made: 

1. Dual-phase microstructures in AISI 1008, containing between 26 

and 67 pet martensite, were found to have superior long fatigue 

crack growth properties (and higher yi e 1 d strengths) compared to 

conventional normalized structures, with fatigue threshold 6KTH 

values (at R = 0.05) at least 40 pet higher. The 26 pet 

martensite structure displayed a (nominal) threshold of 6KTH = 

20.1 MPalrii, representing the highest thresho 1 d reported to date 

for a meta 11 ic materia 1. 

2. Long crack growth results for dual-phase microstructures in AISI 

1015, containing between 31 and 67 pet martensite, were similar, 

with thresholds between 20 and 47 pet higher (with higher yield 

strengths), compared to the normalized structure. Optimum 

properties were achieved with the 53 pet martensite structure, 

which displayed a (nominal) threshold of 6KrH = 18.1 MPaliii. 
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3. The excellent long crack growth properties in duplex 

microstructures were found to be consistent with very high 

measured levels of crack closure (i.e., Kcl values approachtng 

0.9 Kmax as 6KrH was approached). At fixed 6K, the ranking of 

the microstructures in terms of lowest growth rates was identical 

to that in terms of highest closure levels. 

4. Such high measured levels of crack closure in the dual-phase 

microstructures were consistent with an increased tortuosity of 

crack path. Such tortuosity, which was induced by preferential 

crack paths in the softer ferrite, and/or from marked crack 

deflection at ferrite/ferrite and ferrite/martensite interfaces, 

was considered to result in a significant contribution to crack 

tip shielding, from both crack deflection and roughness-induced 

crack closure. Using simple modeling concepts, the contribution 

to shielding from, closure was estimated to be the more 

significant. 

5. From smooth bar S/N tests on the duplex microstructures, fatigue 

1 imits {representing an effective threshold stress for crack 

initiation) were found to be in the range of 0.4 to 0.6 of the 

UTS. In both steels, the ranking of the microstructures with 

highest resistance to crack initiation was exactly the opposite 

to that for crack growth {based on da/dN vs. 6K data). When 

analyzed in terms of 6Keff {after correcting for closure), 
' 

however, the rankings of the microstructures in terms of crack 

initiation and growth became identical. 

22 



.. 

•, 

6. In the duplex 26 and 46 pet martensite structures in AISI 1008, 

small cracks were observed to propagate at stress intensity 

ranges as low as 1.5 MPalrii, almost an order of magnitude lower 

than the (nominal) long crack t.KTH thresholds. However, when 

plotted in terms of t.Keff (after correcting for closure), close 

correspo~dence was achieved between long and small crack growth 

rate behavior (except below t.KTH,eff). No evidence of an 

intrinsic threshold for small crack growth was apparent. Despite 

the fact that long crack growth rates were significantly slower 

(at fixed t.K) in the 26 pet martensite structure, small crack 

growth rates were marginally faster. 

7. The contrasting effects of duplex microstructure on resistance to 

long crack growth, compared to crack initiation and small crack 

growth, are characteristic of behavior governed by the mutual 

competition of extrinsic and intrinsic "toughening" mechanisms. 

The most potent crack tip shielding, which impedes long crack 

growth, is achieved from crack tortuosity, via preferential crack 

paths in the ferrite. However, as shielding is of minimal 

significance for cracks of limited wake, optimum crack initiation 

and small crack resistance is apparent where cracks primarily 

intersect the martensite. 
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E X T R I N S I C TOUGHENING ME CHAN ISMS 

I. CRACK DEFLECTION AND MEANDERING 

2. ZONE SHIELDING 

transformation toughening 

microcrack toughening 

crack wake plasticity 

crack field void formation 

residual stress fields 

crack tip dislocation shielding 

3. CONTACT SHIELDING 

- wedging: 

corrosion debris-induced crack closure 

crack surface roughness -induced closure 

- bridging: 

ligament or fiber toughening 

-sliding: 

sliding crack surface interference 

- wedging +bridging : 

fluid pressure-induced crack closure 

4. COMBINED ZONE AND CONTACT SHIELDING 

-plasticity- induced crack closure 

-phase transformation-induced closure 

nttttt 

HH 
111t 

.; -----.< ~ 

H~~H·H 

tttttttt 

XBL861-7432 

Fig. 1. Schematic representation of the classes and mechanisms of 
crack tip shi e 1 ding (after refs. 1 ,2). 
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Anneal: 793 °C 

Martensite : 26% 
C in o.': 0.35% 

· Anneal : 760°C 
Martensite: 31 % 

C in d: 0 .53% 

TIME 0 .1 

(ol Intercriticol Annealing Cycle -

AISI 1008 STEEL 

AISI 

829 °C 

46% 
0 .19% 

1015 STEEL 

808°C 
53% 

0 .28% 

(b) Ferrite/Martensite Duplex Microstructures 

0 .2 
wt% C 

0 .3 

850 °C 

67% 
0.14% 

824°C 
67% 
0 .22% 

XBB 862-1023A 

fig. 2. Intercritical heat treatment sequences and resulting duplex 
ferritic/martensitic microstructures in AISI 1008 and 1015 
mild steels. (Microstructures etched in 2 pet nital). 

28 



L'>K (kaHn"") 

10.2 -~ 1P 20 30 40 

Q) 
0 AISI 1008 STEEL >. R•0.05 :· 10.4 
0 Vol. Freet • ..... 

10.3 E .s Mar~ensite 

• 0"/•(Normallzad) z 
"0 0 26% 

') ,p~ 
10.5 

..... 
Ill 10.4 6 46•.4 "0 .----[;1--:7 
u,j 0 67% Yo/ 
~ 

Q) 

//0/ 
10.6 u 

a: >. 

10.5 
0 

:I: -.-;;~ 1}/0 0/ 
..... 

1- §. 
~ d.~. // <>"\ z 
0 
a: Normalized _ / B/ 26%a' 10.7 ~ 
CJ 

Ill 

10·& ~~.. I ~~o of "0 

::.::: 
0 
<01( 

•I ! " "" 11attlce--a: • ' 0 10.8 

0 •/ • I 67%a' I opaclng 

w 10.7 par crcle 
::> • 6 0 
CJ 6 

~ 
6 
A o 10"9 

1.1.. • • • 9 Threshold t.KTH 
1o·• 

5 10 20 30 40 50 
(a) STRESS INTENSITY RANGE, t. K (MPa-m'") 

t.K (kai-in"') 

10.2- ~ 1p 20 30 40 

G) 
u AISI 1015 STEEL >. R•0.05 - 10.4 

0 Vol. Fract . ..... 
10.3 E Martensite .s • 0•.4(Normalind) 

,)'~ 
z /@l~ 
"0 0 3W. 10" 5 

..... II) 

Ill 1o·• 6 53% 4 "0 

u,j 0 87% 87%a' o / G) 

~ ~ h/' 10"6 u 
a: 

"~/ 
>. 

31%a' 
0 

:I: 10.5 
..... 

', :§. 
1-
~ z 
0 10.7 "0 

a: 'iii ~ 
..... 
Ill 

CJ 10.6 Normalized :w J. "0 

::.::: /0 .. 
0 ;a~/~ ~ \ <01( 11attlce-
a: I 110 ( ...... 

10.8 

0 
apaclng 

w 10.7 
par crcla 

::> 
CJ : r6' 
~ 10"9 

1.1.. • • • ~ Threshold t.KTH 
10-a 

5 10 20 30 40 50 

(b) STRESS INTENSITY RANGE, t. K (MPa-m"") 

XBL 869"11701 

Fig. 3. Comparison of fatigue (long) crack propagation rates 
(da/dN), as a function of the nominal stress intensity range 
( l'.K), in normalized and duplex ferritic/martensitic 
microstructures in a) AISI 1008 and b) AISI 1015 steels. 
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Fig. 4. Experimental back-face strain measurements of crack closure 
corresponding to long crack growth rates in Figs. 3 and 4, 
showing variation of closure stress intensity (Kcl), 
normalized by the maximum stress intensity (Kmax), as a 
function of stress intensity range (6K) for a) AISI 1008 and 
b) AISI 1015 steels. Note how closure is progressively 
enhanced with decreasing 6K, approaching Kcl/Kmax levels of 
0.9. 
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XBB 8610-7953 

Fig. 5. Scanning electron micrographs of fatigue crack propagation 
in AISI 1008 steel in the duplex 26 pet martensite structure 
a t a ) !::¥.. = 21 M P a /iii ( c 1 o s e to 6 K T H ), a n d b) 6K = 3 0 M P alffi, 
and j_n the duplex 46 pet martensite structure at c) 6K = 13 
MPa/m (close to 6KTH), and d) 6K = 25 MPalffi. Arrow 
indicates general direction of crack growth. 
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XBB 8610-7954 

Fig. 6. Crack path profiles of fatigue crack propagation in AISI 
1008 steel in the duplex 26 pet martensite structure at a) 
t.K = 21 MPalffi (close to t.KrH), and b) t.K = 30 MPaliii, and in 
the duplex 46 pet martensite structure at c) 6K = 13 MPalili 
(close to t.KrH), and d) t.K = 25 MPalrii. Arrow indicates 
9eneral direction of crack growth. (Etched in 2 pet nital). 
(The width of the crack may not be representative in these 
micrographs as crack path sections naturally must be taken 
following completion of the entire fatigue test.) 
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XBB 8610-7956 

Fig. 7. a) Scanning electron fractograph and b) crack pat h profile 
sho wing cleavage fracture in the ferrite duri ng fatigue 
c r a ck propagation at 6K = 25 MPaliTi in duplex 31 pet 
mart ensite microstructure in AISI 1015 steel. Arrow 
ind icates general direction of crack growth. (Mi crog r aph 
etched in 2 pet nital). 
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with crack length (measured from notch) for duplex 26 and 46 
pet martensite microstructures in AISI 1008 steel. 
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XBB 8610-7957 

Fig. 9. Micrograph of the crack path morphology in dual-phase AISI 
1008 steel, showing crack wedging from fracture surface 
asperity contact (roughness-induced crack closure), which is 
promoted by the deflected nature of the crack path. Arrow 
indicates general direction of crack growth. (Etched in 2 
pet nital ). 
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Fig. 11. Variation of nominal and effective fatigue crack growth 
thresholds (~KTH and 6KTH,eff , respectively) and smooth bar 
fatigue limits (~OTH/2) with volume fraction of martensite 
for duplex ferritic/martensitic microstructures in AISI 
1008 steel. Note that, whereas the nominal thresholds for 
crack initiation (~arH/2) and crack growth (~KrH) show 
opposite dependencies on microstructure, when corrected for 
closure the crack initiation and growth thresholds (~orH/2 
and ~KTH,eff) show similar dependencies. 
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XBB 8610-7958 

Fig. 13. Small fatigu e crack growth in a) duplex 26 pet martensite 
and b) 46 pet martensite microstructures in AISI 1008 
stee 1, showing preferenti a 1 growth in the ferrite, abrupt 
crack deflectio n at the martensite phase (regions A), and 
slip band activity, blunting and deflection at ferrite 
grain bounda ries (regions B). Arrow indicates dire c t ion of 
applied tensile stress. (Etched in 2 pet nital ). 
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Fig . 14. Comparison of long (~20 mm) and naturally-occurring small 
(10 to 1000 \-lm) fatigue crack growth in a) duplex 26 pet 
martensite and b) duplex 46 pet martensite microstructures 
in AISI 1008 steel as a function of nominal and effective 
stress intensity ranges (L'.K and l'.Keff, respectively). Note 
the correspondence of 1 ong and sma 11 crack data when 
analysed in terms of l'.Keff (l'. Keff > MrH,eff). 
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pearlitic, bainitic and martensitic steels. Threshold data 
obtai ned from refs. 18-23. 
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Fig. 16. Respective roles of crack closure and crack deflection in 
influencing long fatigue crack growth in duplex 26 and 46 
pet martensite microstructures, compared to the normalized 
structure, in AISI 1008 steel, showing a) experimental 
da/dN data versus nomina 1 6K (from Fig. 3a ), corrected for 
c 1 osure in terms of da/dN versus 6Keff; and b) predictions 
of the effect of crack deflection, using two-dimensional 
1 inear elastic deflection model (Eq. 1 (7)), for e between 
0 and 75 deg with D/(D + S) between 0 and 0.75. 
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