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ABSTRACT

A number of researchars have suggested that a fatigue crack may grow
by a plastic deformation process at a crack tip. Neumann has made direct
observation of the shear slip-off process at the crack tip in a single
copper crystal. Plastic shear deformation is concentrated in two sets of
intersecting slip bands. The neighboring slip bands are separated by "non
deforming" slabs. These slabs move away from a crack tip, one at a time,
like the teeth of a zipper during the unzipping process. Kuo and Liu have
modeled the unzipping process using the finite element method. The calcu~
lated crack growth rate agrees well with the measured growth rate in the
structure insensitive crack growth region.

The analysis of the crack tip plastic deformation process is extended
to the near threshold region by taking the cyclic creep and stress relaxa-
tion processes into consideration. The inter-relation of the crack tip
déformation, the crack growth transition point, the threshold, and the
crack growth rate in the near threshold region was analyzed. Based on
grain boundary as a barrier to plastic deformation, a fatigue crack growth
equation was derived. The crack growth rate is related to cyclic yield
strength, Young's modulus, AKth’ and a metallurgical structural parameter,
the mean free path for dislocation movement. The derived crack growth
equation fit the data of a number of steels, in the near threshold region
as well as in the structure insensitive region, if the crack growth in a

steel is caused by plastic deformation process.
INTRODUCTION

Linear elastic fracture mechanics has been used to correlate fatigue
crack growth data. In the intermediate AK region, da/dN is insensitive to
microstructures, while in the near threshold region, da/dN is microstruc-
ture sensitive. In recent years, the microstructural effects on fatigue
crack growth have been studied, but a comprehensive quantitative theory is
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1511l lacking.

A fatigue crack in a ductile material may grow by a plastic deforma-
Lion process. Orowan has suggested that a crack may grow by an alternate
chear slip process on two sets of intersecting conjugate slip planes at a
crack tip [1]. The crack tip slip process has been suggested by a number
of researchers [2,3,4,5] and it has been modified or renamed as crack tip
blunting [2] and shear decohesion [5]. Neumann [6] has made the direct
observation of the alternate slip-off process in eopper single crystals
under cyclic load.

Plastic shear deformation is concentrated in two sets of intersecting
311p bands. The neighboring slip bands are separated by 'non deforming"
slabs. Upon loading, these slabs move away from a crack tip, one at a
time, like the teeth of a zipper during the unzipping process. The un-
#ipping fatigue crack growth was modeled by Kuo and Liu [7] using the
finite element method. Their calculation agrees well with the data in the
intermediate AK region [7,8]. But it differs considerably from the meas-
nred crack growth data in the near threshold region.

Below the intermediate AK structure insensitive region, the rate of
fatigue crack growth decreases with AK. Below a transition point AKt’
da/dN decreases much more rapidly until a crack seems to stop propagating
a4t the threshold AKth' Liu and Liu [9] have shown that AKth & 0.7 AKt for
more than fifty sets of fatigue crack growth data. More recently, they
have developed a semiempirical fatigue crack growth relation for steels
[10]. The crack growth equation agrees with the data of a number of
steels if the growth process is caused by crack tip plastic deformation.

Fatigue crack growth caused by "cleavage" fracture, wﬂich often
occurs in high-strength steels, and crack growth in aggressive environments
will accelerate the overall crack growth rate and cause the discrepancy be-
tween the measured rate and the rate calculated based on the deformation
crack growth process.

This paper will review and synthesize the recent analyses of the near

threshold fatigue crack growth by Liu and Liu [9,10].

THE RELATION BETWEEN AKt AND AKth

Based on the unzipping model of fatigue crack growth, Kuo and Liu [71

calculated the crack growth rate,
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da/daN = 0.018 AK‘”/EGY(C) (1)

where OY(c) and E are cyclic yield stress and Young's modulus respectively.
The calculated crack growth rates agree well with the measured growth
rates and striation spacings in the intermediate AK region, where the
crack growth is insensitive to microstructures [7,8].

qm

lhe solid curves in Fig. 1 are the crack growth data of five steels
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FIG. 1 Tatigue crack growth curves of steels. Ref. [9]

in the structure sensitive crack growth region. The dashed lines, for
three typical cyelic tengile yield strenghts of 200, hOO, and 800 MN/mg,
represent the calculated growth rates according to the unzipping model.
As discussed earlier the unzipping model does agree with the crack growth
data in the microstruecture insensitive region. Immediately below the
microstructure insensitive region, AK in the range of 20 to 40 MwaB/e,
the data start to deviate from the calculated rates. The measured growth
rates lie along a straight line of much steeper slope. Below g transi-
tion point, AK = AKt and da/dN = it, da/dN decreases much more rapidly.
The transition points are indicated by the arrows in Fig. 1. When AK de-
creases to the threshold AKth, a crack seems to stop propagating.

If we use the macro cyclic tensile yield strength to calculate crack
growth rates, Eqn. (1) is applicable only when the plastic zone size r_is
several times larger than the grain size. For plane strain crack tip :

plastic zone, we have
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We assume rp to be five times th; grain size. With a typical grain size
of 40 um and a value of 800 MN/m~ for the cyclic yield stress range, i.e.,
{ZGY(C)), the calculated value of AK, is mnearly 30 MNm*3/2. When AK is in
the vicinity of this value, the measured growth rate starts to deviate
from the calculated rate. This certainly agrees with the data in Fig. 1.

Liu and Liu [9] have examined fifty sets of crack growth data in the
Jiterature and have determined the values of AKt and AKth. The results
are plotted in Fig. 2. The empirical relation is

AKth = 0.7 AKt (3)

In the near threshold region, da/dN is sensitive to microstructure.
it is reasonable to expect that a number of different crack growth mecha-
nisms are operational in the region. The specific mechanism operational in
4 given material depends on the microstructure of the material. Lal and
Weiss [11] and subsequently Weertman [12] have proposed a maximum fracture
stress theory for AKth. Liu and Liu [9] have proposed that the minimum
slip step size and the cyclic creep and stress relaxation causes the tran-—
sition point and AKth' Liu and Liu [10] have also proposed a model of
grain boundary barrier for AKt and AKth. A model of crack closure could be
applicable to thin specimens, and a model of brittle fracture along grain
boundary might be applicable to the crack growth in aggressive chemical
environments. This paper will review and synthesize the models of minimum
s1lip step size and grain boundary barrier for structure sensitive fatigue

crack growth in the near threshold region.
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FIG. 3 Cyclic Creep movement of crack front. Ref. [9]

According to the unzipping model, the non deforming slab must have a
minimum finite size l - The value of 2 must vary from one material to
another. The absolute minimum of 2 is one atomic spacing. When crack
growth rate is less than & '’ the crack front "retreats" during the unload-
ing half cycle. This retreatlng process may account for the drastic de-
crease in da/dN when AK is below AK At AK , da/dN =

Figures 3a and 3b show the back—and forth movement of the crack front
under a ¢yelic load when da/dN is less than E - The numbered locations of
the crack front correspond to the numbered pos itions of the loading cycles
in Fig. 3c. Ag the cyclic load continues, the crack front creeps forward
to the intersecting conjugate slip plane 8. As the creep deformation
takes place, the mean stress relaxes. When the crack front reaches g,
the unzipping process shifts to the conjugate slip plame. If the crack
front still cannot reach the conjugate slip band, when the maximum cyclic
creep shear slip is realized and when the mean stress is fully relaxed to

zero, the crack Stops propagating. The corresponding AK is AK
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FIG. 4 Stresg relaxation. FIG. 5 Cyclic creep caused by

positive mean stress.

734

Cyelic creep and stress relaxation take place when a positive mean
stress exists. Figure 4 shows the stress relaxation when the imposed
strain range Ae is fixed. The Gmax decreases, cycle by cycle, until the
wan stress relaxes to zero. A stahlized hysteresis loop is shown with
“mu;n = 0., The O nax of the stablized hysteresis loop is reduced to Ag/2.
Without stress relaxation, — Ao.

Figure 5 shows the cyclic creep when Ao is fixed and - is posi-
tive. The cyclic creep strain is positive and increases in every cycle.
st a crack tip, the cyclic plastic deformation combines both of these
processes,

In the region immediately above AKt’ the straight lines of the crack
srowth data in Fig. 1 can be written as

da/dN = A(AKZ/ZEOY(C))m (%)

where ZUY(C) is the cyclic yield stress range and where m and A are em-
pirical constants. A material must experience the total yield stress
range before plastic deformation takes place. At the tranmsition point,

according to the unzipping model with a finite lm’

da/dN = &, = b = A(SC/2Bay )" )

At AKth’ the cyclic creep crack increment is equal to E . It is the
difference between the crack increment when the mean stress of the crack
vip field is fully relaxed and the crack increment without relaxation. If
the crack tip increment under a monotonic load follows the same relation
45 that given by Eqn. (4), the monotonic crack increment without stress

relaxation is

da = A(Kiax/EoY)m (6)

When the mean stress is fully relaxed and the effective yield stress is

reduced to UY/2, the total crack increment by the shear deformation is

m
da = A[Kmax/E(cY/Z)] 7)

The cyclic creep shear slip is the difference between these two quantities,

With the approximation of g, = GY(C), AR = Kmax, and m = 1, the cyclic

creep crack increment by the shear mode is

ta = A[AKZ/EG (8)

Y(c)J
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At AKth’ Aac is equal to Qm'

= = 2 ;
ba, =& = A[AKth/EoY(C)] (9)

Combining Eqns. (5) and (9), and assuming m = 1, we have

AKth =0T AKt

This is the solid line in Fig. 2,

This unzipping model of the transition point and the threshold is
related to the size of the minimum slip step, Zm The value of . depends
on the microstructures and the stacking fault enérgy of the crystgl. If
the stacking fault energy is low, the partial dislocations will not be
able to cross~slip, and Rm will be large. If dislocations can easily
cross~slip, then the effective Zm is much reduced. im must also be re-
lated to other microstructure features. When the value of ¢ is very
small because of cross-slip, as is possible in the case of f:rritic steelg
the rapid decrease in da/ay below AKt could be caused by other microstrue-
tural mechanisms before the effect of the minimum slip step size is re~
alized.

It is well known that grain boundaries serve as dislocation barriers
and impede plastic deformation. The effects of grain boundary on crack
"tip deformation and fatigue crack growth were studied by Taira et al. [1h],
Yoder et al. [13]

suggested that at AKt’ the size of the crack tip cyclic plastic zone is

Eylon and Bania [15] and Masounave and Bailon [16].

equal to grain size,G.S.,0r the mean free path for dislocation movement, ;
A fatigue crack bropagates by a cyclic plastic deformation process. When
the cyclic plastic zone is equal to grain size and the cycelic plastic zone
runs against a grain boundary, the deformation process is impeded and the

crack growth rate is greatly reduced. Therefore, we have, at AKt

r = Ak o (2 )2 = g5
ple) £/ =T E0y(0)) = G.8. (10)

If a fatigue crack Zrows by a deformation mechanism, the crack tip plastic
zone has to be able to overcome the grain boundary resistance of a steel

T “ . ’ 1.
When the crack tip plastic zone fails to penetrate the grain boundary

barrier, a crack will stop Propagating. Therefore, at the threshold,
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_ 2 2 2, 2
r =K /Zm:rY = AKth/ZﬂGY = G.S. (11)

p max, th
A relation between AKt and AKth can be obtained by combining these two

equations
AR o= (GY/ZOY(C))AKt (12)

Por a given material, the ratio UY/OY(C) is a constant, but the value of
the ratio varies from material to material., If the ratio is 1.4 Eqns.
(12) and (1) are the same.

We have presented two models of crack growth threshold. The finite
thickness of the non-deforming slab of the unzipping model is more likely
to be applicable to fcc crystals with low stacking fault energies, while
the grain boundary barrier model is likely to be applicable to becc crys-—
tals with "strong" grain boundaries such as iron and steel. The bec crys~
tals cross-slip easily, and the value of Rm could be very small. The
transition point would take place at very low AK. The grain boundary
effect is realized long before the effects of the finite slip step size.

The driving force for the cyclic creep to reach the minimum slip step
size, Rm, and the driving force to overcome the grain boundary resistance
is (AK~AKth)2‘ According to these two models, fatigue crack growth rate
must be related to the cyclic creep rate or to the rate of overcoming the
grain boundary resistance. Therefore, da/dN must be related to this

geometry.
THE NEAR THRESHOLD FATIGUE CRACK GROWTH BEHAVIOR OF STEELS

The straight lines of the fatigue crack growth data in the region
immediately above the transition point, AKt in Fig. 1 can be described by
the equation

™ (13)

_ 2
da/dN = A[AK /ZEUY(CY

as discussed earlier. At the transition point, AK = AKt and da/dN = it

. _ 2, W
da/dN = g, = A{AKt/ZEGY(C)] (14)

The analysis by Yoder et al. [13] together with the earlier works by

Taira et al. [14], Eylon and Bania [15] and Masounave and Bailon [16] have
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shown rather convincingly that the transition point, AKt in steels is

caused by the grain boundary acting as a barrier to plast

5 ic deformation.
The quantity AK in Eqn.

(13) can be considered as the potential that
drives for crack tip plastic deformation. At AKth’ the effective driving

force becomes zero and the crack comes to a halt. Therefore, it is rea-

sonable to consider the effective driving force to overcome the grain

boundary resistance to plastic deformation as proportional to (AK-AK h)2

i

ip plastic deformation,

therefore crack 8rowth rate must be related to the quantity (AK~AK .
t

DI
- Y h
Taking the first approximation, Egqn. (13) can be modified to the form

Fatigue crack 8rowth is directly related to crack t

; 2 m
d = -
a/dN = B[(AK K ) /EUY(C)] (15)
At the transition point, Eqn. (15) becomes
da/dN = ¢_ = - 2 -
a/ 2 B[(Axt AKth) /EGY(C)] (16)

AKt and AKth are linearly related according to Eqn. (3). Therefore

- 2 .
(AKt AKth) can be written as nAKté. Hence Eqn. (16) becomes

- S ' 2
da/dN = g =B [aK,, /EcY(c)]“‘ an

Dividing Eqn. (15) by Eqn. (17), one obtains

da _ AK 2m
av T Gl -1l L
th
If we modify the 2quation slightly to fit the data, we obtain
da _ AK 2m
daN CEC[AKth - (19

where B is an adjustable parameter for empirical fit.
Figure 6 shows the data for 300M

steel tempered at four tempera-
tures (100°cC, 300°c, 470°c

> and 650°C) and tested at values of R (0.05
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FIG. 6 Fatigue crack growth data of 300M steel. Ref. [10]

and 0.7). A single value of B = 0.9 fits all of the data. Figure 7 shows
the plot of nine different steels with a total of thirty~four combinations
of steels, heat treatments, and R values. In Fig. 7 one symbol is used
for all the data of the same steel. For example, all eight sets of the .
crack growth data for the 300M steel are represented by the same symbol,
open circle. In general, the data for the high yield-strength steels
tested at high R ratios lie in the top half of the scatter band, and the
data of the low~ and medium-strength steels tested at the low R ratios lie
in the lower half of the scatter band.

Figure 8 shows the similar plot of the twelve steels reported and
analyzed by Yoder et al. [13]. The dashed lines indicate the scatter band
of the data in Fig. 7. The data fit well with B = 0.9 and m nearly equal
to one. The empirical equation that fits the broad band of the data in

Figs. 7 and 8 is
da/dN = 3.0 lt[AK/AKth - 0.9}2 (20)

The value of the proportional constant C in (19) depends on the value of
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FIG. 7 Fatigue crack growth data of steels. Ref, [10]

the R ratio and the tensile yield stress with an average value of three
for the broad data band. Equation (19) can be used to fit the empirical

data by adjusting the proportional constant C and, if necessary, the
values of B and m.

Yoder et al. [13] have shown that the transition point AKt is
MK, = 5.5 0./ T (21)*

where UY is the tensile vield strength and % is the mean free path for

dislocation movement, for most of the steels it is grain size. Therefore

Eqn. (16) can be written as
da/dN = ¢ = B - 2 s = 2
e (AKt AK. ) /EGY(C) = DAKt/EcY(C) (22)

——
*Equation (21) differs less than 10% from Equation (10).
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FIG. 8 Fafigue crack growth data of steels. Ref. [10]

The quantities (AKt~AKth)2 and AKt2 are linearly related. By substituting

Eqn. (21) into (22), and assuming og_ = GV(C)’ one obtains

Y

2, = D' (o, /E)2 (23)

t (c)

Thus Qt and %, are related so that Eqn. (19) becomes

Q.
da _ o7 ¥{c) AR 2 (
i (AKth 0.9) (24)

The guantity AKth can be eliminated by using t?e linear relation between
AKth and AKt and the relation between AKt and . Thus Equn. (24) relftes
fatigue crack growth rate directly to the microstructural parameter £ and
the deformation properties OY(C) and E. If fatigue crack growth is caused

by crack tip plastic deformation, one would expect such a relation to exist
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FIG. 10 Fatigue crack growth in steels.
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FIG. 9 Fatigue crack growth in Steels.

When a crack tip plastic zone is smaller than the grain size, the
value of GY(C) in Egn. (24) is no longer a constant. When a plastic
zone is away from the grain boundary, the value of UY(C) should be that of
4 single crystal. When the plastic zone spans two neighboring grains,
the value of OY(c) is determined by the interaction of the slip systems
of these two grains. When we use GY(C) as a censtant, we are essentially

averaging over a number of grains across the crack front as well as aver-—

aging over the grains within the crack increment during each crack growth
measurement. The necessary adjustment from the macro~tensile yield
strength to the local yield strength needed to make such a calculation can %
be absorbed into the constant C'. B
Yoder et al. [13] fnalyzed the transition point AKt and % of 15
steels. The values of £, AKth’ and Oy of these steels are shown in Table

I#. These values are used to plot the data in Fig. 9.

TABLE I Ref. [13]

Steel Symbol & o AR
(um) Y th
K (MPa) (Measured
MPavm)
1005 @ 24.0 411 8.8
70.0 368 11.7
4Cr-0.35C @ 0.83 1324 4ob
0.47 1324 3.4 ;@
0.41 1303 3.3 ®
e
0.38 1324 3.0 ?
1055 A 27.0 399 12.0
306 O 76.0 715%% 16.0
24%Cr~1Mo Avy 36.0 290 9.0
1018 b 36.0 293 7.8
1020 A 78.0 366 5.3
20.5 275 5.7
55.0 194 6.8

*
The data of 1007 steel is not sufficient for analysis.

**Cyclic yield stress.
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Because of the lack of the data of cyclic yvield strength, the monotonic
tensile yield strengths are used except for 304 stainless steel, where
the cyclic yield strength is used. The dashed line is the average line
with a slope of 2. The proportional constant C' of Eqn. (24) for the

dashed line is 0.U45.

The measured and the calculated crack growth rates of these steels
are shown in Figs. 10 to 12. The value of 0.45 for C'! is used in Eqn.
(24) for the calculations. Figure 10 shows the data Tor 1020 and 1005
steels. The agreement between the measured and the calculated crack
growth rates in 1020 steel is better than in other steels we analyzed.
There is a large difference in monotonic and cyclic yield strengths of
304 stainless steel 255/715 MPa. For such a large difference, the trans-
ient deformation behavior from monotonic to cyclic yield strength must
play an important role in the cyclic plastic deformation and the growth
of a fatigue crack. This transient behavior may cause the large differ-
ence in crack growth rates of the 304 stainless steel shown in Pig. 1l.
The measured and the calculated crack growth rates in 2-1/2 Cr-1Mo steel
agree very well. The measured and the calculated crack growth rates agree
fairly well for 1018 steel, but a large difference exists for 1055 steel
(see Fig. 11). The difference could be caused by the low monotonic yield
strength (399 MPa) used for the growth rate calculation. A higher value
for cyclic yielad strength will increase the calculated rate and will ime-
prove the correlation.

Figure 12 shows the data tor 4Cr-0.35C steels. The tensile yield
strengths of these steels are approximately 1300 MPa and their values of
2 vary from 0.38 to 0.83 um. In high yield-strength steels, a fatigue
crack often grows by a combination of fracture and deformation processes.
The fracture brocess will certainly increase the growth rate, and the
measured crack growth rate will be much faster than the calculated rate
based on the deformation mode of fatigue crack growth, as shown in Fig. 12.
Equation (24) is derived for the deformation mode of crack growth.
Tt will not be valid if fracture is a dominant factor in crack growth as
is possible in the high-strength UCr-0.35C steels. If the data for the

4Cr-0.35C steels are excluded, the average value of C' is 0.3. Above the

transition point, AK >> AKth’ the second term in Eqn. (24) can beneglected.
2

With the relations & = AkZ/5 <2 C )P - "= Q.
i he relations & Aht/5.5 %(e) » (AKt/AKth) 2, and C 0.3,
Eqn. (24) becomes Eqn. (1). Therefore, Hqn. (24) can be used to correlate

with the data in the intermediate AK region as well as in the near
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threshold region.

The fatigue crack growth model is semiempirical. However, the con-
struction of the model is based on the physical process of crack growth,
If constructed correctly, it will serve as a quantitative predictive model,
and the calculated crack growth rate can serve as a reference to be com-

pared with the measured rate in assessing the effects of brittle fractures

and aggressive environments.

DISCUSSION

This is our first attempt to relate fatigue crack growth to micro-
structures. The deformation and fracture characteristics of a material
are related to a number of microstructural features. 4 is only one of
them. The effects of all of the other features are neglected. A more de-
tailed study will improve the data correlation.

In making the calculations of the crack growth rate, we used the
monotonic yield strengths of the steels. According to the derivation of
the crack growth equation based on the unzipping model, cyclic yield
strength should be used. It is expected that the cyclic yield strengths
of these steels will improve the data correlation.

The proposed crack growth model in the near threshold region is de-
rived from the grain boundary resistance to cycl:c plastic deformation.
Little is known about these material behaviors under cyclic load. Addi-
tional research in this area could verify, disprove, or improve the model.

The threshold as well as the rapid decrease in da/aN near AK are
often attributed to crack closure. A similar relation between AKth and
AK can be derived if one considers the relaxation of the residual com~
pressive stress in the crack tip plastic zone and the gradual diminishing
of the crack closure.

A fatigue crack may grow by a deformation Pbrocess, a fracture process,
Or a combination of these two. Equation (2L) was derived from a deforma-
tion mode of fatigue crack growth. Fora high yield-strength and brittle
steel such as the 4Cr-0.35C steel in Fig. 12, the fracture process is
likely to play an impotant role in its crack growth, and the fracture pro-
cess will accelerate its overall crack growth rate, so that the measured

crack growth curves in Fig. 12 are displaced to the upper left of the
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calculated curves. Aggressive chemical environments will promote brittle
fractures along grain boundaries and will also accelerate fatigue crack
growth. The quantitative effects of brittle fractures and chemical en-
vironments remain to te investigated.

In the near threshold region, a crack front is more likely a curve
in a three-~dimensional space. Bifurcation often takes place. Therefore,
the local stress intensity factor varies from point to point along the
crack front. The effects of the local variation of K on the overall
crack growth behavior need to be analyzed.

In most of the above research areas we need to study both the me-
chanics and materials behavior. A thorough understanding of the physical
processes of deformation and fracture is necessary for accurate and cor-
rect mechanical modeling. Yet a qualitative and descriptive study on the
physical processes of deformation and fracture will not be able to offer
the quantitative results needed for design, failure prevention and 1life
prediction. Clearly the mechanical and metallurgical studies have to go
hand in hand. Perhaps this new area of multi~disciplinary research effort

can be called metallurgical mechanics.
SUMMARY

1. A fatigue crack may grow by the plastic deformation process at a crack
tip.

2. A mechanical model of fatigue crack growth is constructed, based on
the crack tip plastic deformation process-the unzipping process. The
unzipping crack growth caleulation agrees well with the measured crack
growth rate in the structure insensitive region.

3. Two models for crack growth threshold are proposed. One model is
based on the finite slip step size of the unzipping process. It is
suggested that the proposed threshold model might be applicable to
fee crystals of low stacking fault energy.

L. A second model is proposed based on grain boundary acting as the bar-
rier to plastic deformation. It is suggested that this model is
applicable to bee crystals with a strong grain boundary to resist
plastic deformation.

5. A semiempirical theory for fatigue crack growth is constructed, based
on crack tip cyclic deformation characteristics. The theory relates
crack growth rate to a microstructural parameter, mean free path for
dislocation movement. The theory agrees well with the measure growth

rates of a number of steels.
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6. Where the fracture process plays an important role in fatigue crack
growth - for example, crack growth in high-strength steels and in
aggressive chemical environments, the measured crack growth rate is
faster than that predicted by the theory based on crack tip deforma-

tion.
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