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CHAPTER I

INTRODUCTION

Fatigue crack propagation _n metals is almost always accompanied hy

plastic deformation unless the conditions strongly favor brittle fracture.

The extent of this plastic deformation depends on testing conditions,

specimen geometry and mlcrostructural characteristics of the metal studied.

The analysis of the plastic zone is crucial to the understanding of fatigue

crack propagation behavior as it governs the crack £rowth kinetics.

This research was undertaken to study the fatigue crack propagation in

a silicon-iron alloy. This alloy with varying Si contents (from 2.5% to 4%

Si) has been extensively used in fatigue studies (1-5) as it closely

represents the behavior of low and medium strength stels. An attempt was

made to characterize the damage evolution.

EXPERIMENTAL PROCESURE

The a]loy used in this investigation had 2.6 wt. % Si. The

as-recelved material was hot-rolled and pickled and exhibited a

heterogeneous grain structure, typical of hot rolled metals. Its tensile

properties were evaluated for both transverse and longitudinal directions.

Microstructural characteristics and tensile properties are given in Table

i.

(*)Alloy supplied by Republic Steel Corporation, now LTV Steel Corp.
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TABLEI.

I_ATERIALCHARACTERISTICS

- PHASE:FERRITE

FERRI'IEISTHEMOSTDUCTILEAMONGTHEPHASESINSTEELS.

ITHASA SIGNIFICANTA_IOUNTOFDEFORMABILITY.

- HISTORY:HOTROLLEDANDPICKLED.

DUETOHOTROLLING,THEREHASBEEr_PARTIALRECPXSTALLI-

ZATIONWIIICHGAVERISETOA NONUNIFOPJ_GRAINSTRUCTURE.

- GRAINSIZE:

MEANINTERCEPTLENGTH,pro

LONGITUDIIJALDIR. 72

TRANSVERSE_' 53

NORF'AL " 31

_XIMUM MINIMUM,pm
LENGTH 2000 10

WIDTH 300 10

THICKNESS 80 5
TRANSVERSELONGITUDINAL

- YIELDSTRESS: 517MPA. 482MPA.

- ELASTICMODULUS: 2.31x105MPA.1.96XI05MPA.

Figure 1 illustrates geometry of the specimen used in fatigue crack

propagation studies. The specimens were mechanically polished prior to

fatigue testing to obtain a mirror surface to be able to observe the damage

evolution during fatigue crack propagation. No attempt was made to study

the initiation of cracks, therefore accelerated cond_tlons were used to

initiate the cracks. Fatigue tests were conducted in laboratory air with a

servo-hydraullc MTS machine. Crack propa_atlon was monitored with a
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|25 mr,l. 2 ram.

Figure I. Specimen geometry

traveling mlcro_cope and was recorded on a video tape using a camera

attached to the microscope. Specimens were cycled in tenslon-tension, at a

frequency of 5 Hz with an R ratio of 0.I at two different maximum load

levels: Pmax = 0.6 Py, 0.4 Py. 0.6 Py was used as the maximum load for

acceleration of crack initiation in all tests. An X-Y recorder was

employed to record load vs. displacement curves during the test.

Fracture surfaces were examined with both optical and scanning

electron mlcrosccpy. The side surfaces were also examined to characterize

the shape and size of the surface plactlclty. An evaluation of the

through-thlckness plastic zone is reported in Chapter III.



CHAPTERII

CRACK LAYER CHARACTERIZATION

Kinetics of stable crack growth in longitudinal and transverse

specimens for two different maximum load levels are plotted in Figure 2.

There is not much difference between longitudinal and transverse directions

as far as growth kinetics is concerned. It should be noted that tensile

properties along and perpendicular to the rolling direction are not

significantly different either. Longitudinal specimens which have a

slightly lower yield stress and elastic modulus exhibit slightly higher

crack growth rates.
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Figure 2, cont°d.

The variation of width and length of the plastic zone as a function of

crack length is illustrated in Figures 3-4. The plots clearly show the

extent of plastic deformation that accompanies crack growth. The width of

the plastic zone for longitudinal and transverse specimens is not

significantly different where as the length (this is not the length of the

zone along crack axis) shows a noticable difference.

Examples of damage evolution during crack propagation are shown in

Figure 5 for two longitudinal specimens fatigued at different stress

amplitudes. As can be seen from these sketches the plastic zone expands
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and changes shape as the crack grows. Expansion coefficient and distortion

parameter are given by

l

e = in (_LpWp/4)I/2 (I)

I2 = in CLP/_)l/z (2)

where Ip is the length and wp is the width of the plastic zone (6) and are

plotted as a function of crack length in Figures 6 and 7.

Energy release rates were also evaluated, using the load displacement

curves recorded during fatigue crack propagation. The variation of energy

release rate with crack length is illustrated in Figure 8. Energy release

rate at a given crack length is found to be higher when crack propagation

is accompanied by larger plastic zone.

The fracture surfaces of both transverse and longitudinal specimens

showed increasing evidence of cleavage with increasing crack length,

particularly along the mld-thlckness. The side surfaces were examined with

both optical and scanning electron microscopy. The roughness that develops

during crack propagation is illustrated in Figure 9.

I0
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Figure 9, (a) Optical, (b) SEM micrographs of surface damage introduced

by fatigue crack propagation.
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CHAPTER III

PLASTIC ZONE CHARACTERIZATION

The geometrical characterization of the plastic zone is easy to

perform on the surface, but it represents only the plane stress condition.

Stress state gradually changes through the thickness, from plane stress to

plane strain, and theory predicts that the zone size decreases gradually

until it reaches that of plane strain condition at mld-thlckness. It is

therefore necessary to use other techniques to examine experimentally the

plastic zone through the thickness. Most of these techniques can be

applied directly to cross sections perpendicular to the fracture surface

and crack growth directions.

There are several techniques which can be applied to the study of

plastic zones, and those which were employed in this project are discussed

below.

MICROHARDNESS MEASUREMENTS

Change in the hardness can be an indicator of the plastic deformation

experienced by the material. Consequently, microhardness has been used as

a tool to measure plastic zone size by some investigators (7-11). There is

one condition wP.ich has to be satisfied for this method to be effective:

Material to be studied must either work-harden or work-soften, if any

change in hardness is to be detected after fatigue. Austenitlc and

maraging steels are examples of work-hardening and softening materials,

respectively.

Geometrical characterization of the plastic zone can be readily

carried out by hardness measurements on fatigued specimens as illustrated

19
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in Figure I0. Unfortunately, hardness is not very sensitive to small

changes of plastic strain. Therefore, careful standardization is required

if damage density is to be obtained.

For this method to be properly applied, the fol]ow|ng should be

considered: Indentations must be sufficiently large to mln_mize the error

in measurements of indentation size. However, they should also be spaced

• closely together for an accurate determination of plastic zone boundary.

Because the plastic field of an indentation itself strain-hardens the

material around it, there is a limit to how close indentations can be

placed. Two indentations must be apart by about four to five times the

diagonal or diameter. Hence, small loads should be used to produce small

indentations. As a result, one should find an optimum indentation size,

i.e. optimum load.

Hardness measurements were carried out on cross sections of fatigue

specimens, perpendicular to fracture surface and crack propagation

direction. A load of 50 g. was used. The same tests were performed on

side surfaces.

Hardness, as mentioned earlier, can be an indicator and even a measure

of plastic deformation. It is a material property for given conditions.

However, it should be kept in mind that a hardness reading is represen-

tative only of a small area from which it is taken. Therefore the

homogenity of the material plays an important role and the size of the

indentation is sJgnificant in hardness testing.

In order to determine plastic zone boundary very precisely and to

minimize error in measurements without violating hardness testing rules, 50

g Was used as the testing load. This load produced indentations of about

18 + 3 m (diagonal). This is comparable to and in most cases even

21



smaller than the mean intercept length of the grain structure.

Hardness measurements on as received material along different

directions are shown in Figure Ii. The values reported are averages of 12

readings in each case. Hardness varies in a range of as much as I00 vlcker

units. For vertical cross sections of fatigued specimens, hardness tests

were carried out systematically to detect gradients. The surface

observations of the plastic zones served as boundary conditions which were

used in the Justification of the hardness readings on cross sections. We

know that the extent of plasticity in the interior of the specimen can not

exceed that at the free surface. Figure i0 illustrates the expected

gradients. Hardness readings on cross sections at different distances from

the notch (increasing crack length) are shown in Figures 12 - 13. Hardness

< 213 HV

264 HV

€

287 HV '

ROLLINGDIRECTION

Figure 11. Averagehardnessdistributionon as-receivedmaterial.
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increases in general as we go away from the notch both along mld-thlckness

and along the edge. No apparent gradients can be defined for short crack

lengths and the hardness fluctuates significantly in most cases. The

average hardness levels are slightly different from those of the as

received material. Hardness gradients develop as distance from the notch,
J

i,e. crack length, increases, as shown in Figures 12, 13. However, in most
t :

• cases, the hardness distribution exhibits a great deal of variation within

very short dlst_nces.

The hardness tests carried out on the side surface also exhibit

similar characteristics except in a few cases where a certain pattern can

be observed which may correlate with the roughness that develops on the

surface during fatigue crack propagation. An example is illustrated in

Figure 14.

The hardness measurements do not yield consistency for an accurate

determination of the plastic zone boundary, although in some cases general

conclusions can be drawn from the plots. This can be explained by the

non-unlform nature of the structure. Hot rolling has produced partial

recrystallization. Consequently some grains are straln-free and soft and

some are deformed and hard. Since the indentations are small with respect

to the average grain size, the hardness distribution in most cases is a

reflection of partial recrystalllzatlon both in as received and fatigued

conditions. As will be discussed later, annealing heat treatment smoothens

the hardness distribution and narrows down the range within which hardness

fluctuates, by allowing further recrystalllzation.

ETCHING STUDIES

Etching technique relies on the fact that dislocations multiply

rapidly as the metal undergoes plastic strain. The point where a

23
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Figure 13. Hardnessprofilesalong the edge on cross sections (a) 3.5

mm., (b) 5 mm., (c) 7mm., (d) 9 mm. from the notch.
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dislocation intersects the free surface may be relatively anodlc or

cathodic to certain etchants, particularly when impurity atoms are

segregated to the dislocation. This results in the formation of etch pits,

whose density on the surface is a sensitive indicator of the prior strain

at or close to that surface (3,5,12). At low strains, one can observe etch

pits from individual dislocations and a one to one correlation can be

" obtained. If the material is deformed to a large extent, pits are so dense

that they can no longer be resolved; Etching in such a case, merely darkens

the surface. Also, a one to one correlation is no longer given.

A vertical cross section similar to that used in hardness analysis was

used in etching studies. The piece was aged at 160 ° C for 1 hour to allow

the segregation of interstltials to dislocations for decoration purpose.

Then it was etched electrolytically in Morris solution (25 g chromium

trioxide, 133 cc acetic acid, 7 cc H20). Etching occurs at approximately 5

v in 3-15 minutes without agitation. It is important to keep the solution

temperature at about 20@c or below it. This method reveals the dislocation

slip bands by prential etching.

The etching pattern of a vertical cross section is illustrated in

Figure 15. The selectively attacked region is along mld-thickness in

addition to the region underneath the fracture surface llne and periodic

bands down the cross section. These bands may correlate with the surface

. rumpling and may be associated with surface hardness patterns. However,

etching effect suggests that the deformation caused by hot rolling is

relatively large with respect to the damage induced by fatigue crack

propagation.

RECRYSTALLIZATION TECHNIQUE

The deforme_ state is a condition of higher internal energy than the
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Figure 15. Etching pattern of a vertical cross section from a fatigued

specimen.
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undeformed state. Although the deformed structure is mechanically stable,

it is thermodynamically unstable. With increasing temperature, the

deformed state recovers from its unstable condition. Eventually, the metal

softens and reverts to a strain free condition.

Recrystalllzation is the replacement of the deformed structure by a

new set of straln-free grains. This is readily detected by metallographic

• methods and is evidenced by a decrease in hardness or strength.

Recrystallization can be used as a technique to study the plastic zones of

fatigue cracks. Among the variables that influence recrystalllzation

behavior, the amount of prior deformation, temperature and time of

annealing are significant. Time and temperature can be controlled during

the heat treatment. Prior deformation is that of fatigue crack propagation

for fatigued specimens and is expected to be a function of distance from

fracture surface and notch.

For a given annealing condition (time, temperature), there is a

critical amount of deformation for recrystalllzatlon to take place. The

smaller the degree of deformation is, the higher is the required

temperature (and/or longer is the annealing time) for recrystallization.

The recrystalllzed grain size depends mainly on the degree of prior

deformation and to a lesser extent on the annealing temperature. Above the

critical deformation, the recrystallized grain size decreases with

• increasing prior strain.

The aspects of recrystallization listed above can be utilized in two

different ways to study the plastic zones (13).

i. Step Annealing: A specific time and temperature can be used to

recrystalllze the regions which are deformed above a critical level (Figure

16a).
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2. Grain Size: Annealing heat treatment can be carried out under

such conditions (t,T) that the whole structure recrystallizes. In this

case depending on the prior deformation the resulting grain size of

different regions will be different (Figure 16b).

Hardness can also be used as an indication of recrystalllzatlon and

can be coupled with step annealing technique for geometrical characterl-

• zation of the plastic zone. In samples annealed after fatigue, the

hardness gradiellts would be opposite to those obtained from fatigued

specimens (Figure 16c).

As received material was found to recrystallize completely at

temperatures above 1500°F. Vertical cross sections therefore, were

annealed at temperatures ranging from 1200°F to 1450°F for I to 3 hours to

allow selective recrystallization. In other words, the prior strain

history of the material was accounted for, and regions with additional

fatigue deformation were allowed to recrystalllze during annealing heat

treatment. Cross sections were then etched to examine the grain structure.

Hardness measurements were also carried out on these cross sections to

determine potential hardness gradients.

The optical mlcrographs of specimens annealed after fatigue are

illustrated in Figures 17, 18, 19 and 20. Regions with relatively small

• and equiaxed grains are believed to have experienced a larger deformation.

The fact that grain shape was elongated prior to annealing makes it

possible to detect recrystallized regions because they have equiaxed

grains.

Figures 17 and 18 illustrate the microstructures of two vertical cross

sections 3 and g mm away from the notch respectively. The specimen was

fatigued at Pmax = 0.6 Py and annealed at 1375'F for 2.5 hrs. The extent
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Figure 17. Microstructure of a vertical cross section 3mm. from the notch
after annealing at 13750 F for 2.5 hrs.



Figure 18. Microstructure of a vertical cross section 8 rom. from the notch
after annealing at 13750 F for 2.5 hrs.



of recrystallization is larger on the cross section 8 mm away from the

notch and this indicates that this section represents a higher deformation

region.

Figure 19 represents the same conditions as in Figure 17 except that

the annealing temperature was increased to 1400'F whereas the duration of

heat treatment was 2 hrs. instead of 2.5 hrs. Temperature of annealing is

a far more influential variable than time and its increase causes some

recrystallizaiton which was not observed in Figure 17.

Figure 19. Microstructureof a verticalcross section 3 mm. from the notch,

after annealingat 1400°F for 2 hrs.

Another micrograph taken from the side surface is shown in Figure 20.

The grain size is very large next to the fracture surface edge and gets

smaller as we go away from the edge. It could be that grain growth started

along the edge whereas recrystallization was still in progress in the rest

of the surface. This explanation applies to a very thin surface layer
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Figure 20. Microstructureof a side surfaceafter annealing.

which might have undergone heavier deformation.

Hardness analysis on annealed smaples has shown that under the same

annealing conditions; the hardness level of the cross sections further away

from the notch (heavily deformed) is lower than closer to it (lightly

deformed). This is opposite to what was found from hardness analysis on

fatigued but not annealed specimens. More deformed cross sections have

been influenced by recrystallization to a greater extent and the hardness

drop has been larger. The variation of hardness within short distances,

ie.e scatter, was also reduced. Examples to the above are illustrated in

Figure 21.

COMPRESSION METHOD

Cross sections of fatigued specimens can be compressed in the

transverse direction to about their yield strength. Because of residual

back stress on dislocations, previously active slip systems can pop out of
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Figure 21. Hardness profiles along mid-thickness on a vertical cross section

(a) 3 mn., (b) 8 mm. from the notch, after annealing at 1375°F

for 2.5 hrs.
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the polished cross-sectional surface, and it permits to observe the

evolution of sllp lines (14). The method relies on the fact that the

microstructure contains residual stresses in fatigued specimens, whereas it

is strain-free before fatlgue. For non-deformed metals, it takes a stress

above the yield point to activate slip to produce permanent deformation.

However a lower stress can accomplish this in the plastic zone of a

" fatigued specimen.

Fatigued specimens were sectioned to produce cross sections at 90

degrees as well as cross sections at some angle with respect to the

fracture surface. These cross sections were polished to mirror quality,

and the specimens were compressed in the transverse direction to different

stress levels to initiate sllp. For comparison, these tests were repeated

on as received material.

The compression load was applied in two fashions: (1) Fatigued and as

received specimens were loaded to the same level and then examined

carefully with optical microscope. The load was high enough to produce

sufficient sllp activity on the polished surface• The density of sllp

lines was to be compared in this test. (ll) Fatigued and as recleved

specimens were loaded until roughness initiated on the free surface of the

cross section. During the compression test, the surfaces were observed

with a magnifier. The load at which roughness initiated on the polished

surface was to be compared for the two kinds of specimens.

For an evaluation of compression tests results, it was assumed that

the yield strength of Fe-2.6 Si alloy in compression is equal to that in

tension. Fatigued specimens have undergone permanent shape changes at

lower stress levels than the as received specimens. At low stresses ,

entenslve roughness in the form of surface rumpling which correlated with
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grain structure was observed. However individual slip lines were difficult

to find unless the stress was increased to about the yield point. An

example of slip lines that evolve on a polished surface upon compression is

illustrated in Figure 22. The stress level at which any surface activity

Figure 22. Slip lines that evolvedon a verticalcross sectionof a

fatigued specimenwhen compressedto about its yield point.

starts is believed to be a function of prior strain history of the

specimen. These tests have confirmed that it takes less stress to activate

slip systems in a previously deformed specimen.

TRANSMISSION ELECTRON MICROSCOPY

TEM techniques can be employed to quantity the damage through the

thickness as a function of location with respect to fracture surface and

notch. Thin foils at different depths from the fracture surface and at

different distances from the notch can be examined to evaluate the amount

of damage in terms of dislocation density and cell wall thickness.
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Dislocations are often distributed rather homogenously in the very early

stages of fatigue and tend to form hetergeneous configurations, clusters

before a cell structure develops (15, 16). However the application of TEM

techniques for geometrical characterization of the plastic zone is not

practical.

Thin foils were prepared from right underneath the fracture surface

next to the notch, as shown in Figure 23. A thin loll was obtained from

the as received material with the same relative position for comparison

purposes. These foils were examined with a Phillps 400T microscope at 120

KV.

FRACTURESURFACE

[i __1.5 ram.

Figure23. Illustrationof samplingof thinfoilsexaminedin this

investigation.

Figures 24 and 25 show the dislocation structures of as received and

fatigued specimens. Thin foils in both cases represent the mld-thlckness

of the plate specimens. Dislocation density of the as received material is

very high at mid-thickness and has not increased due to fatigue. In fact,

the electron micrographs suggest that it might have decreased. The cyclic
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Figure 24. Dislocation structure of as-received material.
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b

Figure 25. Dislocation configurations in fatigued specimen. Note the

sub-boundaries in (b).
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strain rates, as dictated by frequency of fatigue tests, together with room

temperature testing might have favored the low temperature regima of

deformation for b.c.c, structures. In this regime, the glide of screw

dislocations is impeded and therefore the multipllcatlon of dislocations is

a difficult process and is unlikely. Some subboundaries observed in

fatigued specimens might have served as a sink for dislocations and helped
4

to reduce the dislocation density. Such subboundaries were not observed in

as received materlal.

CONCLUSIONS

Kinetics and plasticity aspects of fatigue crack propagation in

Fe-2.6%wt Si has been obtained. Crack growth rates were found to be

slightly higher in longitudinal direction as would be expected from the

inferior tensile properties in this direction. Plastic zone evolution in

transverse and longitudinal specimens has shown many similarities. Crack

tip plastic zone under cyclic loading conditions does not only translate

but it expands and changes shape with crack propagation.

Several techniques were employed in the through-thlckness study of

plastic zones. Due to the fact that specimens were in hot-rolled condition

and that they exhibited laminar grain structure the interpretation of re-

suits were difficult. The degree of mid-thickness deformation in parti-

cular, from hot-rolling process was comparable to the deformation induced

by fatigue crack propagation. It is believed that these techniques would

yield very useful and meaninful results when applied to completely

strain-free, uniform-structure materials. A study on through-thickness

characterization of plastic zones in annealed (strain-free) silicon-iron is

underway.
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