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ABSTRACT

In a series of Fe—base alloys, the importance of low temperature on the effec—
tive driving force for fatigue crack growth is delineated. It is shown that
both a crack—opening stress intensity factor and an effective stress intensity
factor contribute to threshold. Both factors increase substantially as test
temperature is reduced from 300 to 123 K.
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INTRODUCTION

Assume for the moment that there is a AK, below which fatigue cracks either do
not grow or do so very slowly, in the range of 10-11 to 10710 m/cycle. We
will define this as AKgp, the threshold stress intemsity. Attempts to con=
struct generalized threshold models in the past have generally failed because
the assumptions have neglected many of the important microstructural or micro—
plastiticy phenomena. Whether such theoretical models have been in terms of
dislocation emission (Sadananda and Shahinian, 1977; Yokobori and Yokobori,
1982) a Neuber micro-support concept (Weiss and Lal, 1974) or a local strain
criterion (Yu and Yan, 1980), they do not encompass a large range of material
behavior. Many such theoretical models would predict threshold to be inde-
pendent of yield strength or grain size even though experimental studies have
strongly demonstrated a dependence on both parameters (Masounave and Bailon,
1976). A brief review of such models, as elaborated upon elsewhere (Yokobori
and Yokobori, 1982), gives

2.0 /b ; b = 2.48A (1a)

(Sadananda and Shahinian 1977) AKth

(Yokobori and Yokobori, 1982) &K - = 0.357 Y ; b

2.48A (1b)
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— i large number of synergistic or competing phenomena may contribute to low tem—

(Weiss and Lal, 1974) AR o= 0.387 EVp ; e = 250A (lc) perature thresholds (Yu and Gerberich, 1983). The reason for the ambiguity is

that threshold is generally made up of two factors, a load to open the crack
(Yu and Yan, 1980) AR o= Bev2mp o0 5 Ppin T 2.48A (1d) tip and a further load, just beyond which the crack would take a forward step.

Thus, near threshold, the effective stress intensity driving force, AKeff, is
Here, E and b are modulus of elasticity and Burgers vector in all cases. For interpreted in terms of a maximum stress intensity, Kg,x, and an opening stress
Eq. (lc), p* refers to the Neuber micro-support constant and for Eq. (1d), ef intensity, Kop, to load the crack-tip beyond closure. The usual representation
and ppip are the tensile fracture ductility and Burgers vector. 1In all cases is

AK¢p is the threshold stress intensity as defined but AK.y refers to the crit-
ical stress intensity for dislocation emission. As discussed by Yokobori and

= K - R ; K > K (3a) MK = K (1-R) (3b)
Yokobori (1982), this is only part of the total AKgp. max

AKeff max op op min
where R is the load ratio, R = Kpin/Kpaxe At threshold, Eqs. (3a), (3b) may

To illustrate this, consider some data that have been generated in a seven year be combined to give
program to evaluate grain size, d, and yield strength, Oys» effect on thresh-
olds in two steels and a series of Fe-binary alloys. The range of parameters AK = (&K + K )(1-R) 4)
included grain sizes from 10 to 120 im and test temperatures from 123 to 300 ¥, th th(eff) op
the later giving a field strength range of 122 to 827 MPa. Threshold data, -© The effective term may involve crack-tip plasticity while the opening term
plotted versus oygd /2 4n Fig. 1, are seen to increase regularly with this may involve reverse plasticity, surface roughness or oxide closure phenomena.
parameter. Since threshold is made up of two terms, it is clear that time and low temper-—
T T T ature could affect threshold through the crack-tip resistance term (e.g. dis—
location emission or cleavage) or the near crack-tip closure term (e.g. the
o © strength or creep of asperities). A partial listing of such effects are pro-
_ vided in Table 1.
In order to better quantify these proposed trends, it is necessary to have de-
Fig. 1: Effect of combined _qujfl_ tailed measurements of strain-hardening and strain-rate sensitivity exponents,
yield strength, grain size I g and m", yield stress and K,, as a function of test temperature and time
parameter, Oygd 2 on threshold (rate). This has been accompgished in large measure on two material systems
stress intensity. Comparison (Lucas, 1983; Gerberich, Yu and Esaklul, 1984; Esaklul, Yu and Gerberich, 1984).
to theoretical model predic- -
tions. Eq.(1d)
________________ ; TABLE 1 Effect of Decreasing Test Temperature or Time
(Esaklul,Yu and Gerberich,1984) { O HSLA 1| 1 _
® HSLA 2953 300K Parameter Effective Stress AKth(eff) Closure K
[Yu, Esaklul and Gerberich, 1984) & Fe-Si Intensity Phenomena Phenomena p
1 1 I 1 1
OO 2 4 6 8 10
o 4172 MFw-wn1/2 + Yield stress, © + reverse plastic 4 4+ asperity +
ys ’ ys zone size strength
With E = 2.06 x 105 MPa and ef ~ 0.78, Eqs. (lc) and (1d) are seen to be non- 4+ Strain-rate * + local stress ¥ + asperity +
predictive in Fig. 1 as would the other relationships of Egs. (1). A purely sensitivity, m* T creep
ad hoc assumption that growth rates tind ;owarg ze;o when the plane strain § Strain-hatdentis 4 Togal StEals + 4 reverse +
plastic ;one size is equal to the grain size, d, gives exponent, B +t plasticity
R =~ ffﬁh&zfgl ~ d (2a) s IK =~ 6.14 o Vd (2b) 4+ local flow stress 4 cyclic cleavage + + cleavage +
Py 3nc20 )2 th(R=0) ys asperities
ys
Although Eq. (2b) represents the data much better in Fig. 1, this is partly + oxidation (e.g. + hydrogen resistance + + oxide-— ¥
fortuitous since several microscopic phenomena are merged together. corrosion in rela- induced
tive humidity air) closure
It is the purpose of this paper to separate those microscopic phenomena which

operate at low temperatures and contribute to the observed thresholds. First,

it is recognized that creep, relaxation, dislocation dynamics and flow stress +m*=2051n /5 1n o* ;s tt o=k ¢
dependencies may exist at low temperatures near fatigue crack tips. Although P

this has been investigated over the last eight years (Burck and Weertman, 1976;

Yu, Esaklul and Gerberich, 1984), it has only been recently documented that a
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RESULTS AND DISCUSSION

Flow Property Relationships at Low Temperature

First, it is useful to demonstrate that flow properties do have a direct but
more complex bearing on the threshold behavior typified by the general trends
in Fig. 1. Consider crack growth rate veruse AK for four Fe—binary alloys at
300 K in Fig. 2(a) and for a high-strength, low—alloy steel at four test tem—
peratures in Fig. 2(b). In the first case, silicon additions decreased
threshold and increased growth rates even though they also increased yield
strength. 1In Fig. 2(b), it is seen that lowering test temperature increased
threshold and decreased growth rates while also increasing yield strength.
The former is not consistent with the general trend in Fig. 1 while the later
is. Thus, it is important to understand how alloy additions and test temper-—
ature affect the plastic flow parameters in Table 1.
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Fig. 2. Effect of alloy additions (a)
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3 8 10 12 14 16 18 and test temperature (b) on growth rates.
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Interrelationship between Strain Hardening and Strain Rate Sensitivity

Although the interest here is predominantly cyclic stress—strain, it is also
possible to apply the present arguments to monotonic stress—strain. Thus to
generalize, one accepted form of the cyclic stress—strain curve is given below

B
L9 _w5B) e or o, =k(e ) (5

recognizing that for the monotonic case, the second representation would sim-—
ply exchange the static strain-hardening exponent, g, for the cyclic one, B .
It has been recently recognized that Eq. (5) is particularly unsuitable to Ehe
understanding of BCC iron-base systems. This has been pointed out by Mughrabi,
Herz and Stark (1976) and Lucas and Gerberich (1981) who suggested that the
flow stress under cyclic conditions!l should be partitioned into thermal,

9 . and athermal, o,, components. This .is given by

(T,ep) i

1 This would apply to monotonic loading as well.

2157

. + o (6)
(T,ep) i(EP)

which implies that o* is only a function of temperature and plastic strain
rate and o, is only a function of plastic strain. Consider that the athermal
component is a unique function of plastic strain at low test temperaturese.
That is, the stress—strain curves are in fact exactly parallel as the series
of test temperature is lowered. This has been shown to be the case for a
series of HSLA steels (Lucas and Gerberich, 1981). Thus by subtracting out
the appropriate thermal component the strain-hardening portion remains, giving

B
- i (7
Oi(sp) kiep
where the i's refer to the athermal or internal components. It follows from
Eqs. (5) and (7) that

B - f1-1 ®
90/3e_ = Bke = 30,/3e_= B k. €

wf P g P i p iip

For any strain level, k and k, may be described by Egs- (5) and (7) in terms
of the other parameters and eiiminated from Eq. (8) giving

a g B,O
; 5 i1
81 (Ep)}e 1 - = )}E' P11 or B =————L(€ 4 (€D}
B i B P ’ o
€ P i (e)
€
P P P

With Eq. (6), and dropping the subscripts, this becomes

- & (10)
B = B0, /(" + o)
Thus, in principle, if B8, and o, are determined at a temperature T > T where
¢* is zero, then B shoulé be predictable from Eq. (10) at any lower tempera—
ture or higher strain rate as long as G(T ) is known.

3
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o Monolomc}
0.28——T— T T T T ® Cyclic Fe -Baose
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HSLA Steel: o;,MPa d,pm = Cyclic i 5 g
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291 65 (Ref.) o
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Fig. 3. Interrelationship between the Fig. 4: Comparison of Eq. (10) to
strain-hardening exponent and the ther- BCC metals and alloys.

mal component of the flow stress.
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To demonstrate the validity of this relationship, the values of B, as previ-
ously determined to be 0.126, 0.184 and 0.238 for three HSLA steeis (Lucas and
Gerberich, 1981) having grain sizes of 10, 65, and 123 um are treated. As seen
in Fig. 3, the theoretical relationship of Eq. (10) predicts the cyclic strain-
hardening exponents reasonably well at all other lower test temperatures. Sim-
ilar predictive capabilities for static strain hardening behavior in Fe-binary
alloys also has been shown (Gerberich, Nayar and Hayman, 1984). As a summary
of these data, Eq. (10) should result in a linearly increasing plot of (Bi—B)/#
versus o /oj. This relationship is seen to hold in Fig. 4. It is also im-
portant to demonstrate the relationship between 3 and the strain-rate sensi-
tivity. Since Bjoy is a mildly varying function of material alloy content (Yu,
Esaklul and Gerberich, 1984) or grain size (Lucas and Gerberich, 1981) for this
class of materials, it follows from Eq. (10) that B ~ constant/oyg. Further—
more, it may be shown that the yield strength, for these materials, is approx-—
imately related to the strain rate sensitivity exponent, m , by the same con-
stant, i.e. Oyg ~ constant m*. Combining these two relationships,

Bor g, - 1/m* (11)

Within the scatterband of Fig. 5, this zpproximation is roughly followed. The
purpose of this is to illustrate the dilemma with which one is faced when
attempting to decide upon one of several models, e.g. where strain-rate sensi-
tivity or strain-hardening might be controlling factors. These are discussed
in detail in the Appendix where it is shown that such models might result in

/m*

+11|/|8 +2
MR« (m¥e1)! a2y Ler1l/ e +2]

AKth « (1/Uys) (13)
It is best to provide an illustration where Oyg, B¢ and m* have all been meas-
ured (Lucas, 1983). This is shown in Tzble 2 for HSLA steel. Comparing the
last two columns, it is seen that the two scaling factors have the same trend
and in fact display a linear regression correlation coefficient of 0.92.
Although the implication is that threshold would decrease with decreasing tem—
perature, this is more than offset by the strong temperature dependence of o*
and Oys which appear separately in such models.

Table 2 Comparison of Strain-Rate Sensitivity and Strain-
Hardening Parameters of Eqs. A-14 and A-19

* B+1/B +2

HSLA steel Temp., K Oys’ MPa Bc o* (m*+1)1/m (1/oys) ¢ c
300 415 0.125 4.5 1.46 0.041
10 233 463 0.120 6.0 1.38 0.039
I 173 641 0.100 12.5 1.23 0.034
123 827 0.095 21.0 1.16 0.030
300 212 0.175 3.0 1.59 0.055
233 269 0.160 3.5 1.54 0.050
65 173 460 0.125 10.5 1.26 0.039
L 123 650 0.055 18.0 1.18 0.036
300 246 0.23 3.0 1.59 0.048
1573 233 278 0.205 3.0 1.59 0.046
un 173 461 0.150 10.5 1.26 0.038
123 649 0.075 18.0 1.18 0.035

2159

O -Monotonic Fe,Fe-1% S
A -Cyclic, HSLA Steel

1.0 - T T T T TT] T 1 j

0.5

N
=
=
1
o
a
(=) =
@ -
& =
m 041 é
C
0.05 2+ Fe- Binary n
HSLA Steel
1 1 1 1
OO 2 8 10

N 4 [S)
g022 177, °K~1x 103

¥ig. 5: Relationship between strain-— Fig. 6: The influence of decreasing
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exponents.

THRESHOLD MODELS

Consider the first contribution to threshold in Eq. (4), the effective valuf
or that which remains after closure effects have been subtracted. To demoni
strate the strong effect of test temperature on MReh(eff)> all data on ie—i
binary alloys (Yu, Esaklul and Gerberich, 1984) and HSLA steels (Esaktur, u
and Gerberich, 1984) are plotted in Fig. 6. For a given test temperature, _
there is considerable variation which is attributed to grain size, alloybco;
tent, yleld strength and microstructural differences. Nevertheless, in bot .
cases there is a dependence of test temperature on MKeh(eff) with lower gemge
atures producing higher thresholds. Clearly, this has to do with some ther _
mally activated process. Whether this is largely the effect of testdteTperi
ture on yield strength, strain-rate sensitivity or cyclic strain-—har in gg i
not obvious. These parameters and their effect on AKth(eff) are exam Ee more
closly in the following discussion. In section two of the Appendix, tirei
threshold models for the effective stress intensity, AKih(eff) are derived.
The first two are in terms of dislocation dynamics. The later one is in t;rms
of damage accumulation using the Manson—Coffin relationship. The purpose tere
was to present three models, one where the strain-rate sensitivzty exg:niz 5
m*, appeared, one where yield strength played the major role an onz y e ® e
the cyclic strain-hardening exponent, B¢, appeared. These three models g

ZwLS[m*+1]pmb}1/m*

*/2mL_ (14)
Model 1: MKy eey = © 2an{ =
: /127l (15)
Model 2: AKth(eff) oys 12w s
1/2(B +2) 4 E .2.(B +1)/2(B _+2)
Model 3: AK o /127 L c [E% (=)] = c (16)
th(eff) ys s oys
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Model 1 may be considered as a true threshold below which no further crack ad-
vance would take place. Models 2 and 3 are apparent thresholds in that they
are evaluated from crack growth laws at a measurement point of 10~10 m/cycle.
In Figs. 7 and 8, these three models are compared to measured effective thresh-
old stress intensities as defined by Eq. (3). These Fe-Si alloy data were
collected at four test temperatures each rangin§ from 123 to 300 K (Yu, Esaklul
and Gerberich, 1984). The parameters o*, Lg, m , Py, b, &, Bc and oyg are de-
scribed in the Appendix. 1In Fig. 7, the resulting fit is good for Eq. (14) but
relatively poor for the approximation represented by Eq. (15). 1In Fig. 8, the
resulting fit is probably the best of the three models. All of the parameters
except pp and Lg were measured independently in tensile tests. The mobile dis-
location density, pp, was estimated as 1014/m2 and held constant for all alloys
and test conditions. The one caveat is that cyclic B, values were not avail-
able for Eq. (16) and so static strain-hardening values had to be utilized.

The major fitting parameter common to all three models was Lg, the sub-cell
spacing. However, to obtain a good fit, Lg had to be 45 um for Model 1, 24 um
for Model 2 and 10 ym for Model 3. If one takes the more exact analysis of Eq.
(A-5), the fit is achieved by taking Lg to be approximately 9 im. Neverthe-
less, all of these values are too large since measured sub-cells at crack tips
were in the vicinity of 1 to 5 um (Davidson and Lankford, 1981).

This lack of agreement caused a reexamination of the threshold measurements
with more sensitive instrumentation. The results, discussed in more detail in
the next section, generally gave higher values of Kop and thus lower values of
AKeff. These are shown as the solid symbols in Fig. 8. 1In order to shift
these points to the left on the abscissa of Fig. 8 so they fit Eq. (16), a new
value of Lg ~ 2 im was required. This is more realistic in terms of the meas-—
ured sub-cells and gives additional weight to this model. It is clear that de-
creases in Lg for Models 1 and 2, although not as large, would also be achieved.
Considering the approximations, the data scatter, and the ability to separate
closure effects, one cannot say that any of these three models are best.
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Fig. 7: Comparison of AKggf to theo- Fig. 8: Comparison of AKgff to

retical predictions of Eqs. (14) and
(15).

theoretical predictions of Eq. (16).
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Closure Effects

ta in Fig. 6, a similar plot for the closure

Note that this is very similar to the effect

Detailed discussion of reverse plastiticy,
and oxide—induced closure contributions

It is sufficient to

For comparison to the AR¢h(eff) da
contribution is shown in Fig. 9.
of test temperature on AKth(efi)')
microgeometrical (e.g-. asperities),
are given elsewhere (Gerberich, Yu and Esaklul, 1984).
state that at low test temperatures this may be given by

1/2 w

' Edo

2 YT Ben%s  “%%%s (ke )2 > 24r an
Kop = 7 Y ; ys ™

P (1-R)

Here R is the load ratio, r is the distance behind the crack—tip at which clo
s

" is [1-Ecreepltl-
rain diameter, a' is a constant and a
2t as Mer ‘ ing test temperature, Kop sﬁould
term represents the creep of
That is, even though these

sure OCCUTS,
It is seen that as AKgp increases with d?creas
{ncrease as observed in Fig. 9.1 The Ll;ecreiEAt]
{es during the contact closure time, .
::gi:izere conduited at room temperature and below, the contac;osiszii:ieoihis,
aspertties are beyond yleld and cime dopon o o ing threshold under a stan
s were conducted a
:a:grizidgihzgging procedure and then jntermittently remeasuring iioiﬁ:euﬁgei,
Yu and Gerberich, 1984). The rest time between measurementg w::e  emlAiE
loaded condition so that asperities could creep. In Fig. 10, e
stress—intensity values as a fu:cii:nlog tim:szti:eizn:;zt:zinwith o creep
crease and then increase. The initia ecre S rack-hp
rities. The reversal was unexpected and was attribute
321:§§iion processes which allowed sufficient crack advanc: onhsgziezz;:;etely
openings to allow a new set of asperities to contact. Alt o:gt B —aERe
definitive, the above observations are reasonable evide;ge tre mcrant. oness
plasticity and geometric closure contributions of Eq. ( ) a
Additional evidence is given elsewhere (Beevers,
1982; Esaklul, Wright and Cerberich, 1983).

1982; Ritchie and Suresh,

6
5
o
Lo, =
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g =
s 3 ]
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Synthesis of Threshold Contributions

It is apparent that there are major intrinsic |AK and ex

contributions to threshold and that these are £otﬁhg?££gged byev::iZ:ignﬁKggJ
test temperature. To combine these contributions, Eq. (14) of Model 1 was used
to repteseng the effectiye contribution. It was simplified by representing
/2 {ZmLS[m +1]pmb/%}1/m as a constant, a” , which is reasonable at large n*
but underestimates the parameter by about. a factor of twoZ at room temperature.
By combining the modified Eq. (14) with Egs. (4) and (17), a quadratic is
obtained with two terms, not containing AKyp, of opposite sign. Eliminating
those as second order effects, the final result is

AR - . K w '
apy 207 o /L's(1 R) + o oysl? (18)
It is interesting that although the physical interpretation of the two terms
in Eq. (18) is substantially different, the form is nearly the same as Taira,
Tanaka and Hoshina's (1979) and Yokobori and Yokobori's (1982) earlier models.
The main difference here is that one term is a closure term as opposed to ai—
/2

ternative explanations in the previous models. Taking 2a" VLg to be 0.03 m

a' to be 2 and r to be associated with the ferrite grain size, the calculated

threshold values are seen to give a narrow scatter band when compared to ob-
served values in Fig. 1l1. The underprediction near room temperature may be
aEtributed to the approximation used in Eq. (14). Using the same values for

a” and a' in Fig. 12 gives an equally good correlation for HSLA steel where R
values were varied. The exceptions were for very coarse grained material
tested at high R and low test temperature as represented by the solid circles.
As discussed elsewhere (Esaklul, Yu and Gerberich, 1984) there is a mean stress
effect on threshold in that high mean stress leads to high Kp which induces
cyclic cleavage and reduces threshold. As this alternative fi:cture mode re-—
lationship is not built into the structure of Eq. (18), one would not expect

16 T f
T T
~ 0O 0.2C Steel (Taira, et al
N 1979) g
£ R=-1,0,0.5
20 N : : ; : . 12 71- 300k o
o
o
=
- 8+
o 16l {3 20
€ o @
v o
C =
& (o) < 4+
< 2t a9 4 5 e
- o/ o < E
% ]
o 1
2. | o -2 &
& > a O Fe =
< O Fe-1% Si @
4t O Fe-2.5% Si N 1% 8
- o, o - =
A Fe-4%Si _e ® ysiLa STEEL =
(Esakiul,et al,1984) 14 é
o \ | L 1 0 o {u = 0.1,0.35,0.7
) a 8 12 16 20 24 T=123,173,0.35,07
AK:n(culc.)-MPU _mW2 ; ) [ ] C:mvll Grullnl, High R, Low T
o 4 8 12 16 20 24
_ 172
AK4n(catc.y MPa-m
Fig. 11: Comparison of observed to Fig. 12: Similar comparison for
calculated AKyp values for Fe-binary steels.

alloys using Eq. (18).

2 ;
Note that this underestimation is forced at room temperature because we are
selecting a single value of a" to represent all test temperatures. This
would not be the case if only one test temperature were involved.
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agreement. Finally, Eq. (18) is compared to Taira, Tanaka and Hoshina's data
(1979) obtained at three different R values and three different grain sisz,
all at room temperature. Using a single value of 2a” o*/f; to be 4 MPa-m /2
and a' as before, Eq. (18) is seen to give an excellent fit to Taira, Tanaka
and Hoshina's data. For this comparison, r was taken to be the grain size,
for the three conditions of their study, which were 7.8, 20.5 and 55 im having
366, 275 and 194 MPa yield strengths, respectively.

SUMMARY AND CONCLUSIONS

1. Fatigue threshold stress intensities increase substantially as test tem—
perature is reduced from 300 to 123 K in Fe-base alloys.

2. Important contributions to threshold include both an intrinsic or effec—
tive threshold stress intensity [AKth(eff)] and an extrinsic or opening
stress intensity [Kop]-

3. At least three models give reasonable correlations to AKip(eff) which are
interpreted in terms of either strain-rate sensitivity, m", yield strength,
Oyg» OT cyclic-strain—hardening, B¢, variables.

4. It is not clear what the best :epresentation for MReh(eff) is since Bc and

m* are interrelated, i.e. B. ~ 1/m .

S. First order approximations which include AKgh(eff)s Kop 2@nd load ratio
effects, give reasonable correlations to observed thresholgs but are not de-—
finitive with regards to controlling mechanism(s) .
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APPENDIX

Comparison of Strain—Rate Sensitivity and Strain-Hardening Contributions to
Threshold

To accomplish this, we use models to be derived in the next section. From Egs.
A-4 and A-9, it is seen that these give

2uL_p_b 1/m* 1/m*
* sPm m m
B ety ™ 0 P } {m*+1}
8 +1)/2(B +2 B +1)/(B +2)
AR « g EE.EZ}( c 1/2( c )%_L_}( c (¢ c
th(eff) ys ‘dN oys

*

Since, for this investigation, o*{Zstpmb/é}l/m scales closely to yield
strength and (da/dN)E2 is numerically equal to unity, only the last term in
brackets in each equation is relevant. These terms represent Egqs (12) and (13).

Effective Threshold Criteria,

AKth(eff)

Three possible threshold models are given here, the first in terms of a true
threshold where no crack movement would be expected and the last two in terms
of an apparent threshold where cracks may be slowly growing.

Dislocation travel time from crack—tip to cell wall. The first model is in
terms of dislocation destabilization of a cell-wall structure and is described
in more detail elsewhere (Gerberich, Yu and Kurman, 1983). The mechanics are
essentially the same as has been developed by Yokobori and Yokobori (1982) but
the substructural details are different. Basically, the picture is a crack-
tip emitting a dislocation with the travel time to the next dislocation cell
wall being the critical event. This is shown schematically in Fig. A-1 for

Sub-Cell Boundary
Fig. A-1: Threshold model in v

terms of a dislocation pile-up
interacting with the sub-cell
dislocation structure. Mode II
depiction.
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mode II cracking. 1In the more detailed treatement, it is demonstratid sy CgT—
puter simulation that a relatively small dislocation pile-up at a tilted su ’
cell wall may destroy it. It is proposed that once the cell wall is des;;izi 3
the long-range back stress decreases and the crack advances to a new equ nd
rium position. The controlling features are the sub-cell wall spacing, Lg,

the dislocation velocity. With constant stress rate testing in a triangulari
wave form, an emitted superdislocation arrives at the sub—cell boundary in time,

K(t. )
t __i (A-1)
Ls 2meax
where w is the test frequency and Kpax is the maximum stress intensity valuﬁ*in
the stress cycle. Using a dislocation velocity relationship, v = vo(Oo /go) N
and the mean value theorem at a distance, Lg, from the crack tip gives the
average velocity at Lg during the fatigue cycle to be
K
B et ( "s )“‘* (A-2)
* ¥27L_ o
+1 s %o

m

It is known that the superdislocation would slow in the vicinity of the cell-
wall due to the back stress and the further distance from the crack tip. _
Although not exact, an assumption is that the controlling velocity is thedav

erage velocity at Lg. With this and the fact that tyg ~ Lg/v, a first order

estimate from (A-1) and (A-2) gives

*
. Ls(m +1) Zﬂ‘s o, (A-3)
tL - v, 2wk

t
L
s max L_

tant on the
It is interesting that this pedagogical model, except for a cons
order of unity, gives the result obtained by Yokobori and Yokobori (1982) using
group dislocation dynamics. Since MKeh(eff) = Kmax at R = 0, for no clogure
effects, and ty,_ = 1/2w for a triangular wave form at threshold, Eq. (A-3) may
be written as 8

ZmLs[m*+1]pmb 1/m*

- Y, SR = (A-4)
B8R pcesey = 072 t T !

where pp is the mobile dislocation density and & is the strain-rate at which
Pms O and n* were determined in a tensile test (Yu, Esaklul and Gerberich,

* tyl/m
1984). The elimination of o, was achieved by using 0o = O (pmbVo/ €D / f:gm
the dislocation velocity relationship. Note that Eq. (A-4) becomes Eq. ( .

Measurement point definition of threshold from dislocation dynamics. In ak
more practical sense, it may be that for some materials, that fatigue c;ac s
nearly always grow if closure {s absent. A practical treatment is simi arw;o
what has been done for the fatigue 1limit in face—centereg—cubic materials v ere
an arbitrary definition of endurance 1imit is made at 10° cycles. Simila; Y, ;
if an arbitrarily small crack advance of 1 mm is assumed tglfepresent no lznge
to design estimates, then a da/dN of 1 m/108 cycles or 10 m/cycle wou
represent a “threshold” in these materials. It has been more typical to ;Se
1010 m/cycle to define thresholds in the laboratory and so we will use the
later value. Such an analysis recently made and applied to Fe-—base alloys at
low temperatures was evaluated at high values of the strain—-rate sensitiv;ty
exponent (n*) which occur at low temperatures. It is derived elsewhere (Yu,
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Esaklul and Gerberich, 1984) that the effective stress intensity may be de-—
scribed by

A\
o, + 7 1/m*—' e
AR = Y127 L —al——Y—‘—’—— with (A-5)
th(eff) s | J1-28° ‘ 4

ys {

- |
o - (Ja/dNp2/mt. e 1 Yo S gr = BBl
1 0 ﬂl ) : 1 E 2 (m*+1) o m( 8+1)

Here, da/dN is taken as the measurment point of 10 0 m/cycle @ ~ 1, pyp is the
mobile dislocation density taken to be 1014/m2, t is the tensile test strain
rate of 8.3 x 107 s_l, vo is 0.01 m/s, b is the Burgers vector, and ¢ is 0.5.
¥or the materials and test temperatures of interest, a first—order simplifica-

tion may be made since a;yol/m ranges from 9.93 to 1.2 and thus may be taken
as unity. Since (g4 + ¢") is the yield streagth, Oyg, Eq. (A-5) becomes

AKth(eff) = cysVIZHLS (A-6)

which is Eq. (15) in the text. Note the similar form of this and Eq. (2b).

Measurement point definition of threshold using damage accumulation.
Antolovich, Saxena and Chanani (1976) have described the average plastic strain
in a region, Aa, at the crack tip and related it to the reverse plastic zone,
giving

- w
R = € fa B

Pt P 0.70y5

(A-7)

Relating the average plastic strain to the local reverse plastic strain, A%ocal

3
and using the incremental number of cycles to accumulate damage in this reggon,
local 2

{.e. the Manson-Coffin relatiom, 4N ~ (ef/Aep )°, one finds
local
da Aa Uys Aep 8
wew TR, T 7 (4-8)
+ €

Using a straln distribution of (Uys/E)(RP+/r) and a reverse plastic zone as is
used in Eq. (2a), one can derive from Fgs. (A-7) and (A-8) that for ef ~ 1,

1/2(Bc+2)[d_a (E_ 2](Bc+1)/2(8c+2)

Model 3: &KX ~ g V127w L

{ (A-9)
th(eff) ys s dnN cys

which is Eq. (16) in the text. Here B¢ is the cyclic strain—hardening exponent
and da/dN is taken as 10710 m/cycle as before.
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