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CYCLIC DUCTILITY, CYCLIC STRENGTH AND FATIGUE
CRACK PROPAGATION OF METALS AND ALLOYS
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Fatigue crack propdgation has been related to the cyclic stress-

ABSTRACT

strain and life-strain response of materials by means of a ductility exhaustion
mechanism. The da/dn relationship has been derived from the assumption

that an elemental crack|extention occurs when the sum of the fractional

fatigue 1ife of an e]eﬁent at various cycles is equal to unity. Experimental
fatigue crack propaé&tion data of representative metals and alloys have been
compared with,tﬁét predicted from their lTow cycle fatigue properties. The

threshold behavior has been explained in terms of the existance of a threshold

plastic strain amplitude.
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INTRODUCTION

Fatigue crack propagation (FCP) has been studied on various materials
for the last two decades. It has been almost universally recognized that
fatigue crack propagation for a particular material is a function of the stress
intensity factor, and experimental results are normally presented as log plots
of fatigue crack growth rate (FCGR) per cycle (da/dn) versus the stress intensity
factor range (AK) as shown schematically in Figure 1. An engineering material
spends a negligible fraction of its 1ife in region III and this stage is of
least interest. There is a threshold AKth value below which the crack does not
measurably grow. The da/dn increases rapidly after AKep and is sensitive to
both the environment and the Kmax:Kmin ratio (R ratio). The Ay decreases and
da/dn value increases with the R ratio. A similar change also occurs when the
environment is made more aggressive. There is an intermediate range of AK

(1)

(Region II) where the crack growth data appears to follow the Paris equation:

da/dn = A (aK)P (1)

Experimental results(z's) have shown that the exponent p varies from two
to four. Various attempts have been made to calculate the da/dn values from ‘
monotonic and cyclic properties of materials and also to calculate the exponent
p of equation (1)(7'17). However there has been 1ittle concentrated effort to
find a theoretical basis for AKth’ to predict da/dn values for low AK region,
or to explain the effect of R ratio and environment on the crack propagation
rate.

(13) assume that cumulative damage by strain cycling causes the

Liu and Iino
crack to propagate. The material of a finite element in the reverse plastic
zone (RPZ) ahead of the crack-tip experiences cyclic strain of increasing

magnitude as the crack propagates toward it. If each cycle produces damage to




2

the material and if one uses Miner’s(lg)

(19,20)

cumulative damage law and Coffin-

cyclic life-strain response (CLSR) law, an expression for FCGR
(13)

Manson's
may be derived. Liu and Iino arrived at an equation for da/dn with p = 2.
This is not satisfactory even for the intermediate AK range, since in reality

(12) modified Liu and Iino's approach

p may vary from 2 to 4. Majumdar and Morrow
by introducing a microstructure parameter, p*. They argue that continuum
mechanics and bulk properties cannot be used to analyze a zone up to a distance
of p* ahead of the crack tip. Then they simply ignore the part of the fatigue
1ife experienced by the material in this zone even though it experiences the
most acute fatigue cycling. In some cases (especially at lower AK) this zone
may become an appreciable fraction of the reverse plastic zone and Majumdar

and Morrow's @odification drastically reduces the da/dn calculated for the lower
AK. values. This results in an increase in the exponent p from the constant
va]J; of 2 predicted by Liu and Iino. However, one éannot ignore this important
area ahead of the crack tip just because the analysis does not hold. In this

(13) model is used and the fatigue

paper a modification of the same Liu and Iino
crack propagation behavior is correlated with CLSR and CSSR (cyclic stress-
strain response) parameters (i.e., low cycle fatigue data) without ignoring

any part of the RPZ ahead of the crack tip.

THE PROPOSED FATIGUE CRACK PROPAGATION MODEL
Fatigue Crack Propagation Rate: It is assumed that the reverse plastic
zone ahead of a propagating crack tip is composed of small elements which undefgo
uniaxial cyclic plastic deformation. Crack extension occurs due to the
exhaustion of cyclic ductility in these elements. The dimension of each element

along the crack path is taken as the crack extension per cycle (da/dn). The




cyclic strain amplitude of an element (Ae) depends upon its distance (x) from

the crack tip and the applied stress intensity range (AK).
In order to estimate the relationship between Ae and x, Majumdar and

(12) used Rice's(g) model for a stationary crack loaded in antiplane shear

Morrow
(mode III) under small scale yielding. From an analogy between mode I and III

they derived

Ao.AE=ﬁ-¥-§—m (2)
where Ac and Ae are the cyclic stress and strain ranges at a distance x from
the crack tip,
n' is the cyclic strain hardening exponent, and
E is Young's modulus.

The strain amplitude can be divided into plastic and elastic components

Ae

n
>
™

+
B>
™

¢ (3)

Assuming that AEe is negligible compared to AEp and that there is no effect
of the strain amplitude calculated by equation (2) for x < p* (where p* is the
"microstructure size") Majundar and Morrow(lz) deduced an equation for FCGR which

may be written as
P Y

& “=g
e- [ ‘Lz\—irf) dx (4)

where RP is the RPZ size, and c and s'f are the cyclic ductility exponent and

cyclic ductility co-efficient (the CLSR parameters) respectively. The lower limit




of integration in (4) was assumed to be p* because it was considered the
lower limit for x, below which continuum analysis and bulk fatigue properties
are not applicable. However, this author feels that the contribution of the
cyclic strain within the distance of p* ahead of the crack tip may not be
negligible and the model presented herein used the following approach to
incorporate the effect of this strain.

Assuming that cyclic stress and strain may be related by the CSSR parameters

k' and n' from
bo = k(a3 )" (5)
and using equations (2), (3) and (5) we obtain:

A
ol . B - (6)
(Aep)n + E"(Aep) 5

where A = (aK2) / (1+n')nEk'. Equation (6) should predict the approximate

cyclic plastic strain for a continuum, and represents strain as a continuously
decreasing function of distance. However, in metals and alloys, this is an over-
simplification, and may result in a significant error. For example, let us
consider the deformation around a crack tip in a single phase polycrystalline
material deforming by planar slip. Slip bands will possibly cross the entire
grain in which the crack tip exists. There may be similar bands formed in other
grains further away from the, crack tip (Figure 2). Under strain cycling the _
dislocations move all along these bands and there will be a tendency to equalize
the strain amplitude in an individual structural region in the RPZ. Therefore
one should consider the crack tip area to be composed of these regions (hence
forth called microstructural deformation zones or MDZ). A1l the elements in each

MDZ can be assumed to have the same amount of cyclic plastic deformation. This
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is schematically shown in Figure 3. In this figure the average position of a

linear crack tip with respect to the matrix is shown. The actual MDZ size
varies from one point to another on the crack tip, and an average size (p') will
be considered in order to estimate FCGR. o' for the n-th order MDZ's (o' )
depends upon the microstructure or the distribution of the major deformation
barriers. The average size of all the first order MDZ's (51') will be the
average distance between the crack tip and the nearest barriers. When grain
boundaries are the major barrier 51' is equal to half of the grain size. For
a material with large precipitates 51' will be equal to half of their mean free
path.

In order to estimate the strain amplitude for the elements in an MDZ (Aepn)
the following assumptions are made.

i) The crack blunts to a radius of " given by

By = Crack-tip opening displacement + 2 = %5572
where oy' is the cyclic yield strength (~ k'(0.004)"l/2), and the
average n-th order zone begin at x = r,_; and ends at x = r_ =
B
ii) The strain amplitude in a zone is equal to the average of the strain

amplitude calculated for the zone from equation (6).

iii) The cross sectional area of the zone which™is to be used for averaging
will be boun& by Tines with equations y = + qu (see Figure 3). Since
the shape of RPZ may be approximated to an ellipse, q can be taken to

be equal to %.
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Assuming AK to be constant, the total amount of strain cycling for an

element before the crack tip arrives will be equal to the summation of the strain

cycling of all the elements in the RPZ at one cycle. Therefore, for fracture
the summation of the fraction of 1ife per cycle for all of these elements should
be unity. This fraction of fatigue 1ife for an element in the n-th order MDZ

will be given by the Coffin-Manson relation as:

-1
Ae C
] (R n
¥, " 2
where Nf is the number of cycles to failure for a specimen with a constant
strain amplitude of Aepn
Summing up a]]-% values for all the elements from lst order MDZ to the end of
f
the RPZ,
- p " |
O Ae c
. n n
1= dajdn - 2 (—E"zaf )
- Ry
Ae (o
or da _ & 9 Pn
n=1

where Bepn is given by equations (6) and (7).




Since the RPZ is finite, the contribution of higher order MDZ's will be
negligible in most cases and equation (8) can be numerically solved.

The Threshold Phenomenon: At low AK the cyclic plastic deformation may
be considered to be contained in the first order MDZ's. There exists a threshold

for the plastic strain range (Ac_. ) below which deformation may be completely

reversable and fatigue damage isp:gt accumulated(ZI), and when AK is

reduced some of the first order MDZ's will have Aepl (as calculated by equation 7)
which will be smaller than Aepth. The crack tip will have to drag along these
MDZ's and an accelerated reduction of CGR will be observed (Point B of Figure 1).
When AK is further reduced (Point A of Figure 1), the majority of the first MDZ's
will be deformed by cyclic strain smaller than Ae and the crack will not

Pth
measurably grow. This will possibly be the case when the 1lst order MDZ's with

the size of average grain diameter have Ae_, = Ae_ , and AK h will be given by
pl Pth t

the relation:

r0+D r°+D

- L
Ae = Be K® dx// X% dx (9)
Pth p
x=ry REEy

AK,, 2
th 1
T 7 R ~ r | T
(T+n")nEK (Aep)n s E (Aep)zn

where x =

and D = average grain diameter or particle spacing.

One may readily deduce from equation (9) that the threshold increases with
increasing cyclic strength and increasing grain size.

Limitations of the Model: The major source of error for the calculations
presented in this work is possibly in calculation of strain amplitudes for an
MDZ (equation 7). Even if the consideration of an average size for each order

MDZ is assumed to hold good, the calculation of Ae.. by averaging the strain
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amplitude obtained from equation (6) over one such average MDZ may not be
appropriate. It is only a first approximation at best. (The reverse plastic
zone size obtained by Rice's equation is found to be much smaller than actual

(22,23)

measured zone sizes indicating that his analysis may not hold good for the

FCG experiments.) A more rigorous derivation of Ae__ may be necessary.

pn
The cyclic 1ife-strain response (CLSR) and the cyclic stress-strain response

(CSSR) of a material as obtained from a Low Cycle Fatigue (LCF) test may not be

duplicated in the cyclic plastic zone of a FCP Test. Specifically, there is

usually a break in both the Ae_ vs. Nf and Ao vs. Ae_ curves due to strain locali-

P
zation at low strain amplitudes of the LCF test.(24'27) However, it is the
author's belief that if one plots the actual local response and not an overall
response in the case of macroscopic strain localization, a more or less uniform
CLSR and CSSR will be obtained for all Asp ranges if the mechanism involved is
considered to be constant. Therefore to transfer LCF type data to FCP test
predictions one should use data from the high strain amplitude range extra-
polated to all ranges.

The predicted FCGR is for local crack growth behavior whereas the experi-
mental data is usually for overall growth. In an FCP experiment the FCGR is
measured along the overall crack growth direction whereas locally, the crack
may or may not grow in the same direction. For a tortuous crack path the
actual growth rate may be a factor of two or more higher than the measured over-
all growth. Therefore, it may be expected that for some cases the calculated
growth rate may overestimate the measured growth value by this magnitude. If
the crack is tortuous and one uses the standard equation for a straight crack

normal to the stress axis, another apparent overestimation of FCGR by equation (8)

will occur. Environmental factors have not been considered.




When considering the size of MDZ one has to consider the distribution
of effective barriers. This may change from low AK level to high AK Tevel.
For single crystals and large grained materials the first MDZ size should be

considered to be the plastic zone size.

CALCULATIONS AND DISCUSSION

The Effects of Various Parameters: Figure 4 shows the effect of various
CSSR and CLSR parameters on FCGR. In each diagram only one variable is changed
(at increments of 50%). Even though it is unlikely that only one parameter may
be varied in an actual experiment, this figure allows one to observe the effect
of considerable changes in a particular parameter. It is interesting to note
that c has a larger effect than ef‘, and cy' has a larger effect than either n'
or E. Figure 5a shows the effect of changing c and ef' in such a way that

material 1 has the highest cyclic 1ife at low Ae_, and material 3 has the highest

P

cyclic life at high Ae It is found that the FCGR is lowest for material 1 at

low AK, and for materiZI 3 at high AK. Figure 5b shows the effect of changing
cy' and n' in a similar fashion; however, the effect of this change on FCGR seems
negligible for any AK range.

Figure 6 shows the effect of the changes in microstructure. For the model
presented here the microstructural parameter, o' has a strong effect provided
the other parameters do not change (Figure 6a). For most materials both oy'
and ef' (and possibly n' and c) will change with o'. If oy' increases with
decreasing p' the predicted curves may appear as shown in Figure 6b. If ef'
increases with decreasing p' the changes will be given by Figure 6¢c. Figure 6b
and 6¢c show that the microstructure may not have a significant effect on overall
FCGR. Figure 6d shows that if both o ' and ef' are assumed to improve by

y
reducing o', the effect of changing o' may be completely offset by the change of

"’
I
F
E
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cy' and sf'. Therefore, it is clcar from Figure 6 that changes in p' may
create confusing effects on FCGR if its effect on cyclic response parumeters is
ignored.

Since it is not possible to change any one parameter without some changes
in at least another parameter, and since none of these parameters are negligible,
this model shows that all of them must be considered for observing changes in
FCGR. Furthermore there may be a dynamic interaction between crack growth, stress
intensity-factor range, frequency of loading, microstructure, materials cyclic
response and environment; and various factors must be isolated to make any
conclusions about FCP behavior.

Comparison with Experimental FCGR data: Figure 7a shows a comparison
between the experimentally measured FCGR for a Ti-24% V as quenched a1]oy(28)
and that calculated from equation (8) using low cycle fatigue parameters(24).
The calculated curve is well within the normal experimental scatterband. The
same alloy was also heat treated to change the microstructure by precipitating o
particles in the g matrix. In this case also the calculated curve very accurately
predicts the FCGR(ZS). The calculated FCGR for AISI 304 stainless steel and
Ti-6-4 using the LCF data of smith et a1.(29) fall within the scatterband of the
experimentally measured rate obtained by Shahinian et a].(30) and Irving and

(31) respectively.

Beevers
SUMMARY
The fatigue crack growth (FCG) behavior of a material has been shown to be
related to its cyclic stress strain response (CSSR) and cyclic life strain
response (CLSR) and its microstructure. It has been proposed that the reverse

plastic zone (RPZ) can be divided into small microstructural deformation zones

(MDZ) within which the cyclic deformation may be considered uniform. A comparison
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between experimental and calculated curves show excellent agreement. This is
significant when one considers that the model predicts the fatigue crack growth
behavior from the low cycle fatigue data and the microstructure of the material

without using any adjustable parameters.
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(24,28)

(28)

(29,31).
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| Figure 1. Schematic Representation of A Typical Crack Growth Rate Versus Stress
Intensity Range Curve.




CRACK TIP

Figure 2. A Schematic Representation of the Structure of Fatigue Crack-Tip Area.

The Extent of Cyclic Deformation is Represented by the Density of
Dotted Lines.
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Figure 3. Schematic Representation of Average Microstructural Deformation Zones
and Their Plastic Strain Amplitudes (Aepn, n=1,2,3...). The Estimated i
Plastic Strain Amplitude for a Continuum is Shown by the Dotted Line.
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Figure 7. Calculated and Experimental Fatigue Crack Growth Rate Versus Stress

Intensity Factor Range Curves.

(a)

For a Ti-24V solutionized and quenched a]loy(za’za), c = -0.8,

ef' = 0.65, cy'= 860 MPa, n' = 0.06, E = 110 GPa, p' = 32 um.
The calculated FCGR is shown by solid lines. Experimental data
is given by crosses.

(28)
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1 (b) For a cold worked 304 stainless stee].(29’30) c=-0.7, ef' =1,

o ' =760 MPa, n' =0.14, o' = 35 um, E = 211 GPa. The calculated
FCGR is shown by solid line and the best fit experimental curve(3°)
is shown by dotted line.
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(c) For a Ti-6A1-4V alloy in martensitic condition(29’31). ¢c=-0.7,

ef' = L oy' = 880 MPa, n' = 0.086, p = 2.5 uym, E = 120 GPa. The

calculated FCGR is given by solid lines. The best fit experiméntal
1 curve®3!) is shown by dotted line.







