JOURNAL OF MATERIALS SCIENCE 13 (1978) 1335—1353

Delayed retardation phenomena of fatigue
crack growth in various steels and alloys
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Fatigue Testing Dijvision, National Research Institute for Metals, 2-3-12, Nakameguro,

Meguroku, Tokyo 153, Japan

The delayed retardation phenomena of fatigue crack growth resulting from a single appli-
cation of overload were investigated for five steels, two aluminium alloys and a titanium
alloy. As long as the small scale yielding condition was satisfied at the overloaded crack
tips, the retardation behaviour of these materials was expressed consistently by four
parameters; the peak/baseline stress ratio, r, the exponent in the Paris equation, m, the
overload-affected zone size, wp, and the crack distance at the minimum rate of crack
growth, wg. Then the parameters, wy and wp, characterizing the retardation phenomena
for these materials were determined. The retardation of aluminium alloys was stronger
than that of the other materials. This is attributed to the lower value of wg/wp in
aluminium alloys than in the other materials. [n the case of r = 2, the overload-affected
zone sizes, wp, were nearly equal to 1.5wg in HT8O0 steel and aluminium alloys, slightly
lower than 1.5w, in SNCM8 steel and much larger than 1.5w, in A553 steel and the
titanium alloy, where w,, is the monotonic plastic zone size calculated according to the
Dugdale model. The dependence of retardation on baseline stress intensity, AK,,
appeared somewhat complicated. In the cases of A553 steel and A2017 aluminium alloy
the amount of retardation increased with increasing AK; value, while in the cases of
HT80 steel and Ti—6A1—4V titanium alloy the tendency appeared in the reverse direc-
tion. The former behaviour was related to the change in the stress state from plane strain
to plane stress at the overloaded crack tips and the latter was related to the threshold of

stress intensity.

1. Introduction

The importance of load interaction effects on
fatigue crack growth has been well documented.
The retardation phenomenon of fatigue crack
growth following a single application of overload
is one of the fundamental elements of the load
interaction effects. In this case, the crack growth
rate achieves its minimum value due to the
retardation effect, not immediately after the appli-
cation of the overload, but after the crack has
extended a short distance from the point of the
overload (see Fig. 1. This phenomenon is referred
to as delayed retardation [1]). After the point of
minimum growth rate the propagation rate accel-
erates gradually until it reaches its original growth
rate. The retardation phenomena are very complex
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since they are affected by a large number of vari-
ables such as the baseline stress intensity, A K, the
peak/baseline stress ratio, ¥ = 03/0,, the number
of applications of overload, N,, and material vari-
ables {1-7].

The application of the overload results in two
effects on the zone ahead of crack tips; the
geometric blunting of the crack tip and the
formation of a zone of residual compressive
stress. The latter tends to close the crack tip but
the former tends to open it [2,3]. The residual
compressive stresses influence the relationship
between the monotonic and cyclic plastic zones
produced ahead of the crack tip propagating at
the subsequent baseline load. Matsuoka et af. [3]
found that the ratios of these two plastic zone
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Figure 1 Schematic illustration of delayed
retardation phenomenon.

Crack Length,a-a,

NPep a1y Uimolg oein

Q @
1 g

z
_\_\-
]

N “SepAy JO JoaquinN

sizes after the overload were just equivalent to
those under constant amplitude loading with a
stress ratio, R = Opin/Omax, less than zero, and
suggested that the resulting crack closure behaviour
of a retarding crack could be estimated from those
obtained by the constant amplitude testing of an
equivalent stress ratio.” They also accounted for
the phenomenon of the delayed retardation by
assuming that the geometric crack blunting cancels
the effect of the residual compressive stresses.

Based on the. Paris equation of fatigue crack
growth, the retarded crack growth rate, (da/dN)p,
is expressed by

(da/dN)p = Co(BK )™ = Co(UpdK)™
= Up(da/dN)c (1)

where Up(= AK¢/AK) is the retardation param-
eter and (da/dN)c(= Co(AK)™) is the crack

* This suggestion was discussed in detail in a later section.
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growth rate under zero-to-tension constant ampli-
tude loading (R = 0). According to Matsuoka et al.
[3], the retardation parameter, Up, is given by

Up = 1 —(r/2)(1/wg — 1/wp)a —ao)
for 0<ag—ago< wg
and
Up = 1 =(r/12)[1 —(1/wp)a —ao)]

for wp<a—ay<wp

@
where ao is the crack length at the application of
the overload, and wg and wp are the crack lengths
at the minimum growth rate and at the finishing
point of retardation, respectively (see Fig. 1).
Matsuoka er al. [3] gave the size of the overload-

affected zone, wp, in the case of small scale
yielding as

Wp = 2.5@%—@11\4 = [25(r/2)* = 1oy (3)
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TABLE I1

Material Oys Oye m C, v X th,o
(MPa) (MPa) (MPa~/m)

HTSO0 steel 784 498 2.22 6.66 X 10! o’ 757

SNCMS steel 942 659 2.48 3.61 X 107! 0.71 6.2

A553 steel 698 430 1.98 1.55 X 101° 0.617 6.5"

SUS304 steel 336 - 3.32 1.51 X102 - -

SS41 steel 270 229 434 6.17 X107 - -

A5083 Al 143 309 2.92 1.98 X 10°1° 0557 327

A2017 Al 322 476 2.76 1.70 X 107° 0.55 3.2

Ti—6A1 -4V 980 789* 3.02 3.16 X 1071 0.71 6.5%

*:19].

. 114, 15].

. 161

where w}y is the monotonic plastic zone size at the
baseline stress and w% (= (7/2)*wiy) is the residual
plastic zone size left by the overload.

Consequently, the retarded crack growth rate,
(da/dN)p, in Equation 1 was expressed as a func-
tion of four parameters, r, m, wyg and wp. The
stress ratio, r, is prescribed by the test condition,
and the exponent parameter, m, is determined by
the measurement of fatigue crack growth under
zero-to-tension loading. The crack length, wp, is
given by Equation 3 as a function of r and wi;.
The plastic zone size, wi;, could be calculated
theoretically, For the case of HT80 steel examined
by Matsuoka et al. 3], the experimental wy, values
were the same as the theoretical ones when the
relevant size, wiy, was computed according to the
Dugdale model [8]. However, up to now, the
crack length at the minimum growth rate, wg, is
an unknown factor. In the case of HT80 steel the
theoretical curve gave the best fit to the exper-
imental data when wg = 0.53 wk. This model was
successfully extended to explain the retardation
behaviour of 2024-T3 aluminium alloy examined
by von Euw et al. [4] and Ti—6A1-4V titanium
alloy examined by Wei and Shih [5]. The analytical
results showed that wg = 025wk for aluminium
alloy and wg=0.53wk for titanium alloy.
Furthermore the experimental value of wp for
the aluminium alloy was larger than that calcu-
lated from Equation 3 on the basis of the Dugdale
model. This fact indicates that the overload
affected zone size, wp, may be dependent on the
material or other factors given by loading con-
ditions.

In the present study the delayed retardation
phenomena of fatigue crack growth in four steels,
two aluminium alloys and a titanium alloy were
investigated. The results were analysed according
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to the model proposed by Matsuoka et al. [3].
Then the two crack lengths, wg and wp, charac-
teristic of the retardation phenomena of these
materials, were determined.

2. Experimental procedures

The materials used were four steels, JIS SNCMS,
JIS SUS304, JISSS41 and ASTM A553, two
aluminium alloys, A5083-0 and A2017-T3, and
Ti—6A1—4V titanium alloy. The three steels,
SNCMS8, A553 and SS41 were selected as represen-
tative of high, medium and low strength steels,
respectively. The SUS304 steel was selected
because this is of cyclic-hardening type in contrast
to the other steels of cyclic-softening type. For
comparison, the data for HT80 steel in the previous
study [3] were also presented. The chemical com-
positions of these materials are shown in Table I,
and the values of their monotonic and cyclic yield
strengths are given in Table II. The cyclic yield
strengths, except that of the titanium alloy, were
obtained from strain controlling tests on cylindrical
specimens with the gauge part 10mmin diameter
and 10mm in length. The value of cyclic yield
strength for the Ti—6A1-4V titanium alloy is
referred to that measured by Landgraf et al. [9].
It should be noted in Table II that steels (except
SUS304 steel) and titanium alloy cyclic-softened,
while aluminium alloys cyclic-hardened.

All crack growth studies were carried out under
zero-to-tension loading by using centre-cracked
specimens (Fig. 2). Cracks were initiated from
4mm long saw cuts in a 7mm diameter central
hole. The single cycle of overload was run
manually at a frequency of 0.1 Hz. The values of
the baseline stress, o,, and the peak/baseline stress
ratio, ¥ = 0,/0(, employed in this test are shown
in Table HI. In the present study the subscripts
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Figure 2 Configuration of centre-cracked specimens (di-
mensions are given in mm).

1 and 2 designate the values at baseline stress and
overload, respectively. The experiments and the
analyses of the data were mainly conducted for
the case of # = 2. In Table III are given the values
of the ratio of peak stress to monotonic yield
strength, 204/0y, relevant to the case of appli-
cation of overload with r =2. The small scale
yielding condition was not satisfied at the over-
load of 20, in the tests for SS41 steel, since the
pertinent value of 20,/oys became 0.73. In the
case of SUS304 steel and A 5083 aluminium alloy
the values of 20;/oys lay on the borderline
between small scale yielding and large scale yield-
ing. Testing was done on a 15 ton MTS electro-
hydraulic testing machine with a frequency of
20 Hz. Cycling was interrupted periodically and
the increment of crack extension was measured
with an optical microscope. In order to examine

the fracture surface morphology associated with
different materials, appropriate specimens were
examined by using a scanning electron microscope.

3. Experimental results

3.1. Crack growth measurement

Fig. 3 represents crack growth rates, (de/dN)c,
under constant amplitude zero-to-tension loading
for the various materials, against stress intensity
range, AK. In the calculation of the value of AKX,
the effect of specimen width was corrected by using
the secant formula [3, 10]. It is seen from Fig. 3
that the log (da/dN)¢ versus log AK relationships
for steels and the titanium alloy appeared almost
linear in the range of testing, while those for the
aluminium alloys became concave upward. In
Table II are given the values of the parameters
Co and m in the Paris equation characterizing the
crack growth rate for these materials where AK and
(da/dN)¢ have units of MPam'/? and m cycle™,
respectively. The corresponding parameters for
aluminium alloys were determined by the linear
approximation of the data ranging AK from 7.8 to
14.0 MPam!’? for A5083 aluminium alloy and
from 10.9 to 23.2 MPam!/? for A2017 aluminium
alloy, in which the delay experiments were carried
out.

Fig. 4a shows the typical behaviour of retar-
dation phenomena in eight materials for the case of
a single application of overload with r = 0,/0, = 2,
by plotting the crack length, 4 —a,, against the
number of cycles, N. The relevant crack growth
rates, (da/dN)¢, at constant amplitude loading in
these curves were nearly equal to 1.5 x 107 "m
cycle™ for all materials except SUS304 steel,
SS41 steel and the Ti—6A1—4V titanium alloy. In
the cases of SUS304 and SS41 steels, the specimens
generally yielded when the single overload of 20,
was applied at the baseline stress intensity, AK,,
corresponding to the growth rate of (da/dN)g =
1.5 x 107 "mcycle™. In the case of the titanjum

TABLE I11
Material o, r=a,/o, 20, [oys
(MPa)
HTS8O0 steel 98, 147 1.25,1.5,1.625,1.75,2.0 0.25,0.38
SNCMS steel 98 1.4,1.6,1.8,2.0 0.21
A553 steel 117.6 14,1.6,1.8,2.0 0.34
SUS304 steel 88.2 2.0 0.53
SS41 steel 98 14,1.6,1.8,2.0 0.73
A5083 A1l 39.2 1.4,1.6,1.8,2.0 0.54
A2017 Al 58.8 2.0 0.37
Ti—6A1-4V 98 2.0 0.20
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Figure 3 Fatigue crack growth
rates under constant amplitude
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Figure 4 (b) Normalized form of (¢ —a,)/wp versus N/Nc.

alloy, the resulting overload-affected zone size,
wp, was so small that it was impossible to obtain
any clear curve of crack length versus number of
cycles. Thus, in these cases, the experimental data
for (da/dN)c~5x10"8mcycle™ in SUS304
and SS41 steels, and (da/dN)c=1.42x10"°m
cycle™ in the titanium alloy were employed in
Fig. 4a. It is seen from Fig. 4a that all the samples
exhibited a similar pattern of delayed retardation
as illustrated in Fig. 1;the retardation attained a
maximum at the inflection points indicated by
open circles (¢ —ao = wy) and disappeared at the
points indicated by solid circles (2 —aop= wp).
This is much clearer in Fig. 4b, where the data in
Fig. 4a are replotted in the normalized form of
(@ —ao)/wp versus N[N¢. Here N¢ is the number
of cycles required for propagation through the
overload-affected zone at constant growth rate
and calculated as wp/(da/dN)s. However, the
values of wg, wp and Np characterizing the
retardation phenomenon depended strongly on
material as follows:

(1) The amount of retardation, Np, increased
with increasing overload-affected zone size, wp.
For example, when the results of HT80 steel were
adopted as a standard of comparison, the values of
wp and Np for SS41 steel became ten and fifty
times as large as those for HT80 steel, respectively.
On the other hand, the values of wp and Np for
SNCMS steel, which exhibited the least amount of
retardation among the materials tested, each
became nearly half of the respective values for

HT80 steel. However, as seen in Fig. 4b, the
normalized values of retardation, Np /N, differed
only by a factor of two between SS41 steel and
SNCMS steel.

(2) The Np value of A5083 aluminium alloy is
smaller than those of SUS304 and SS41 steels, and
the Np value of A2017 aluminium alloy is almost
equal to that of HT80 steel. However, when these
are compared in the normalized form as shown in
Fig. 4b, it is evident that, in general, the retar-
dation took place much more strongly in
aluminium alloys than in steels. The strength of
retardation in the titanium alloy seemed to be inter-
mediate between those of steels and aluminium
alloys.

(3) In the cases of SNCMS8, HT80 and A553
steels, the Np, [N values increased with decreasing-
wp/wp value. The same tendency was valid for
the case of the two aluminium alloys. However,
this seemed to break down in the case of SUS304
and SS41 steels. Namely, the wg/wp value of
SUS304 steel was almost equivalent to that of
A553 steel, while the Np/N¢ value was smaller,
The wg/wp value of SS41 steel was smaller than
that of A553 steel, while the Ny /N values were
almost the same.

+3.2. Observation of fracture surface

Fig. 5 represents the macroscopic fractographs of
various materials, which were overloaded at the
values of AK; when the corresponding crack
growth rates, (da/dN)g, became almost equal. For
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Figure 5 Macroscopic fractographs showing the dark bands relevant to the overload cycle.

—iwp

convenience of comparison, the photographs of The overload cycle was identified by a dark
the specimens in Fig. 5 were printed so as to have band on the fracture surface. In the cases of steels
an identical size of specimen width on the paper. excluding SS41 steel, the dark band became better
The crack distances from the overloaded tip defined as the Np/N¢g value became larger. In
relevant to wyg and wp in each material are indi- SS41 steel, the band was hardly discernible. The
cated in the figure. band seemed to appear clearer in aluminium alloys
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Figure 5 continued.

and titanium alloy than in steels. It should be
noted that the sizes of the dark bands in these
materials were roughly equal to the distance, wg,
where the crack growth rate became a minimum.

The dark band was more discernible in the
vicinity of the specimen surface than in the interior
part of the specimen. In particular, the dark band
appeared distinctly in the vicinity of the specimen
surface in A553 steel and A2017 aluminium alloy;
this was intimately related to the shear lip. That is,
after the overload the shear lip rapidly decreased
to a smaller size corresponding to the lower
growth rates in the retarded region, and then
gradually increased to its original value; the
darkest mark was formed in the portion of the
shear lip decreasing in size..

Scanning electron fractographs revealed that a
stretch zone formed at the crack tip during the
overload cycle. The stretch band was followed
immediately by abrasion (Fig. 6). The amount of
abrasion increased as the macroscopic dark band

was better defined. The features of abrasion were
similar between HT80 steel (Fig. 6a) and A5083
aluminium alloy (Fig. 6b). However, abrasion was
not found in the fracture surface in SS41 steel
(Fig. 6c¢), in which the testing condition of small
scale yielding was not satisfied.

4. Analysis of results

The slopes of the crack length versus number of
cycles curves for the retarded cracks of the various
materials will be analysed according to the model
proposed by Matsuoka et al. [3]. Then, the num-
ber of cycles during retardation obtained from the
experiments for the materials will be compared
with the theoretical ones given by integrating
Equation 1.

4.1. Retarded crack growth rate

Fig. 7 shows the ratio of the constant growth rate
to the retarded growth rate, (da/dN)¢/(da/dN)p,
against the normalized crack length, (@ —a¢)/wy,
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Notch root

- (d) HT80 Steel

Figure 6 Scanning electron fractographs. Cracks propagated the left side of photographs to the right side. (a) HT80
steel. (b) A5083 aluminium alloy. Note abrasion marks in the dark bands due to overload cycle. (c) SS41 steel. Abrasion
is not found in the fracture surface. (d) Fracture surface at a notch root of 5 mm radius in HT80 steel tested under
constant amplitude zero-to-compression loading. Note the similarity of the morphology to that of the fracture surface
in Fig. 6a.
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Figure 7 Ratio of constant crack growth rate to retarded crack growth rate, (de/dN)g/(da/dN)p, as a function of nor-
malized crack length, (@ —a,)/wp. (a) HT80 steel. (b) SNCMS steel. (c) A553 steel. (d) SUS304 steel. (e) SS41 steel.

(f) A5083 Al. (g) A2017 Al. (h) Ti-6A1—-4V.

as a function of baseline stress intensity, AKX, for
the eight materials in the case of a single appli-
cation of overload with r=2. Here, wg is the
monotonic plastic zone size at the baseline stress,
which is calculated from the assumption of small
scale yielding on the basis of the Dugdale model as

Wo = (”/8)(K1 /o.ys)2 > (4)

where oy is the monotonic yield strength given in
Table I. It is seen in Fig. 7 that the data for each
material exhibit an almost identical tendency
independent of baseline stress intensity, as a result
of plotting in the normalized form. However, the
tendency seemed sensitive to material. The ratio,
(da/dN)c/(da/dN)p, can be considered to be
representative of the strength of retardation. This
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ratio should be equal to (1/Up)™ as deduced from
Equation 1. The full curves in Fig. 7 were obtained
by substituting the retardation parameter, Up, in
Equation 2 into the expression, (1/Up)™, where
the two crack lengths, wg, and wp, in Equation 2
were determined so that the theoretical curves
gave the best fitting with the experimental data.
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The resulting values of these crack lengths normal-
ized by the plastic zone size, wyq, are shown in the
insertion of Fig. 7.

It is evident that the theoretical curves indi-
cated by full lines in Fig. 7 agree with the exper-
imental data for the materials tested, when the
cases of §S41 and SUS304 steels are excluded. In



the latter cases the theoretical curves overesti-
mated the experimental results. This fact also ties
up with the unusual shape of the (2 —ag)/wp
versus N/N¢ curves in the same materials as shown
in Fig. 4b. A better fitting of theory to experiment
canbe given by changing the value of the exponent,
m, to a smaller value than that obtained under
constant amplitude loading. The theoretical curves
calculated by using a modified exponent, m’', for
each of SS41 and SUS304 steels were shown by
dash-dotted ones in Figs. 7d and e, respectively.
The weaker retardation of the two materials than
expectation probably occurs because the small
scale yielding condition was not satisfied in the
testing for SS41 and SUS304 steels. In this situ-
ation, the clamping force due to the elastic material
surrounding the residual plastic zone will not
operate so strongly as that under small scale
yielding because the size of the residual plastic
zone produced by overload becomes large com-
pared with the width of specimen.

4.2. Amount of retardation
As seen in Figs. 4 and 7, the strength of retar-
dation depended on material, and the dependence

of retardation on material was expressible in terms
of the ratio, Np/N¢. Fig. 8 shows the effect of the
peak/baseline stress ratio, r, on the amount of
retardation, Np/Ng. It is seen that the retardation
increased as the ratio, r, became higher when
r=14, and disappeared when r <1.4. The
Np[N¢ values were more sensitive to stress ratio, 7,
in aluminium afloys than in the steels or the
titanium alloy. Fig. 9 represents the effect of base-
line stress intensity, AK ;, on Ny /N values for the
case of a single application of overload when r = 2.
The amount of retardation, Ny /Ng, for HT80
stee] and Ti—6A1—4V titanium alloy increased
with decreasing baseline stress intensity, AK,,
while the trend of A2017 aluminium alloy and
A553 steel appeared in the reverse direction. The
former behaviour is similar to that in the results
for the Ti—6A1—4V titanium alloy examined by
Wei and Shih [5], and the latter bebaviour is
similar to that in the results for 2024-T3 alu-
minium alloy by von Euw et al. [4]. The behaviour
of AK; dependence of retardation in SNCNS steel
seemed to be the combination of the two different
behaviours mentioned above; decreasing AK;
‘below 15MPam'? caused an increase in Np/Ng

80 T ’ L [ T [ T I
60i Single Application of Overload (Np=1) i
L i
Material m | ®s/wp for r=2
40F O [HT80Steel |222|0353 ]
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value, and increasing AK,; above this level caused Gt wp

an increase in Np/N¢ value, although the depen-
dence on AK; was moderate. This. similar feature
of dependence on AK; was shown-in 2014-T3
aluminjum aifoy tested by Crandali-and Hillberry
[71.

* The amount of retardation, Np /N, can be esti-
mated by substituting Equation 2 into Equation 1
and integrating from ¢ =gy to a =a¢+ wp, as
follows;
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Np/Ng = (1/wn)j (da/dN)e/(da/dN)pda

= {[1 = (/21 — wy/ep)]' ™
— 1}/[6n — 1)(r/2)(1 = wyfwp)]. (5)

The full curves in Fig. 8 are the theoretical ones
which were calculated from Equation 5 by using
the values of m and wg/wp for each material as
indicated in the insertion of Fig. 8. In the case



when the stress ratio, r, became lower than two,
the Np/Ng value was calculated from Equation 5
together with Equation 3 under the assumption
that the wg/wh value was constant and equal to
that for the case of r =2. That is, wg/wp =
(wp/wi)wh/wp) = (wp/wh)[2.5 — (/)] =
(wp/wh)rea/[2.5— (2/F)?]. The calculation for
those of SUS304 and SS41 steels was not con-
ducted because the small scale yielding condition
was not satisfied in these cases. Equation 5 indi-
cates that Np /N increases with increasing » and
m and with decreasing wyg/wp. It is apparent in
Fig. 8 that the theoretical curves explain satis-
factorily the main features of the dependence of
retardation on the peak/baseline stress ratio, 7.

The results in Fig. 8 demonstrate the depen-
dence of retardation on material. This is reflected
in the two parameters, m and wg/wp. The
comparison of the results of HT80 steel and
Ti—6A1—4V titanium alloy shows that the dif-
ference in retardation behaviour is mainly due to a
difference in the exponent parameter, m, since
both materials have an almost identical value of
wg/wp. The difference in retardation between
A5083 aluminium alloy and Ti—6A1—4V titanium
alloy shows the effect of the parameter, wg/wp,
since the exponent parameters, m, for both
materials are almost equal. As can be found from
the formulation in Equation 5 and from the results
in Figs. 4b and 7, the exponent parameter m only
changes the magnitude of retardation, while the
parameter wg/wp affects the character of retar-
dation as well as its magnitude.

5. Discussion

The crack growth rates following a single overload
for materials employed in this study were expressed
by Equation 1 as long as the small scale yielding
condition was satisfied. The values of three param-
eters, m, wylwe and wp/wy, characterizing the
retardation phenomena, were described in Fig. 7 for
each material. In the following, the dependence of
wp/w, value on material and the relationship be-
tween wp/wo value and stress state at the crack
tip will be discussed. Furthermore, the relationship
between the retardation behaviour and the thresh-
hold value of stress intensity will be considered.

5.1. Dependence of wg/w, value on
material

The wg/w, value would be affected by the aspect

of crack blunting induced by the application of

overload. The crack blunting may destroy the
crack-closing system, which has been established
on the crack tip under constant amplitude loading
before the application of the overload. As the
crack propagates into the residual compressive
zone developed by the overload, the new crack-
closing system will build up on the crack surface
in the wake of the advancing crack front. The
model proposed by Matsuoka et al. [3] suggests
that the stress ratio of the equivalent loading
system in the subsequent crack growth just after
the overload cycle is negative. Thus, this situ-
ation is analogous to that of a crack propagating
from a slit or notch under the negative stress
ratio of constant amplitude loading. Evidence for
this analogy is the presence of abrasion showing
rubbing of the fracture surfaces formed after the
stretch band made by the overload (Fig. 6).
Similar abrasion occurred in the fracture surface at
the root of a notch examined under negative stress
ratio loading, as shown in Fig. 6d. The photograph
is a scanning electron microfractograph revealing
abrasion, which appeared on a fracture surface at
a notch root of Smm radius in HT80 steel tested
under zero-to-compression loading. In the latter
testing the crack stopped propagating at a distance
from the surface of the notch root corresponding
to the order of cyclic plastic zone size produced at
the notch root [11].

Consequently, it is considered that the wg/wy
value in retardation testing would reflect the
ability of producing tensile residual displacements
on the crack surface. In other words, the overload
crack tip becomes closed more rapidly in the
material with the smaller value of wg/we. It is
likely that the wg/w, value is related to the cyclic
deformation resistance of material, and that the
value for cyclic-hardening material is smaller than
that of cyclic-softening material. It is indicated in
Table II that aluminium alloys cyclically-hardened,
while steels and titanium alloy cyclically-softened,
In accordance with these cyclic behaviours, the
values of wpg/we for aluminium alloys were
smaller than those for steels and titanium alloy, as
shown in Fig. 7. Furthermore, from the analogy to
a crack at a notch root, the size of wg would be
comparable with the size of the cyclic plastic
zone under baseline loading testing, when
the crack tip was blunted completely by the over-
load cycle. Thus, in the case when r = 2, wg/wy is
roughly equal to 0.25, since the cyclic plastic zone
size is evaluated from Equation 4 by equating
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Oys t0 20y,. This value is nearly equal to those for
aluminium alloys. However, of course, the sugges-
tion mentioned above is not sufficient for the
complete justification of the sensitive dependence
“of wp/we on material. More refined theory will be
required for the solution of this problem.

5.2. Dependence of wp/w, value on
material and baseline stress intensity

The overload-affected zone size, wp/wyg, is pre-
dicted from Equations 3 and 4 to be equal to 1.5
for the case of r = 2. For HT80 steel and A5083
aluminjum afloy the retardation almost disappeared
at the expected vatue of wp/we = 1.5, as shown in
Fig. 7. However, the wp/wo values for SNCM8
steel appeared slightly smaller than the expected
ones, while those for the Ti—6A1--4V titanium
alloy were considerably larger than the expected
ones. The values for A2017 aluminium alloy were
strongly dependent on the baseline stress intensity,
AK,, and varied from 1.05 to 2.0. The values for
A553 steel also depended on AK; and ranged
from 2.2 to 3.3, which were considerably larger
than the theoretical values. The dependence of
wp/we value on AK, for the latter two materials
directly affects the dependence of Ny /N on AKy,
as shown in Fig, 9. For instance, N [N values for
A2017 aluminium alloy are calculated from
Equation 5 to be equal to 4.1 for wp/we= 1.05
(AK;=11.7MPam'/?) and 11.35 for wp/we=
2.0 (AK ;=21 MPam!’?), These calculated values
for Np /N are nearly the same as the experimental
ones in Fig. 9.

Tt islikely that the dependence of wp /wy values
on the baseline stress intensity, AK, will be related’
to the change in the state of stress at the crack tip
from plane strain to plane stress. Mills ef al. [6]
studied the effect of specimen thickness on
retardation in 2024-T3 aluminium alloy, and they
suggested that the magnitude of retardation was
influenced by the degree of through-thickness
constraint (i.e. plane stress versus plane strain).
The standard requirement for plane strain under
conditions of monotonic loading is given by

25 (KJog)?<T (6)

where K is the peak stress intensity and oy is the
yield strength, and T is specimen thickness [12].
If the peak stress intensity, rAK,, at the over-
load cycle under zero-to-tension loading satisfies
the requirement in Equation 6, the retardation will
take place under plane strain, since the residual
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plastic zone fulfils the plane strain requirement
automatically. This condition may be obtained by
substituting K = rAK; and oy = oy into Equation
6. If the residual plastic zone produced by overload
does not satisfy the plane strain requirement, the
retardation will occur predominantly under plane
stress as AK,; departs from the corresponding
value. This condition may be obtained by substi-
tuting K =rAK, and o, =20y, into Equation 6
and changing the inequality sign in the reverse
direction. The retardation in the intermediate
region of AK,; between the two critical values will
exhibit transitional behaviour from plane strain to
plane stress. In summary, these conditions are
expressed by

2.5 (AK,/0y)*T< 1/r?; plane strain,
y

1/r*<2.5 (AK,/oy )’ /T < 4/r?; transition from
plane strain to
plane stress.

2.5(AK [0y)* T >4[r*; plane stress. (7)

In order to eliminate the effect of specimen thick-
ness, the data in Fig. 9 are replotted in Fig. 10 by
using a new parameter, 2.5 (AK;/0y5)*/T. The
plane stress and plane strain requirements in
Equation 7 are also indicated in the figure (r = 2).
The general trend of these data shows the presence
of a minimum Np/Ng value in the transition
region from plane strain to plane stress conditions;
0.25 < 2.5 (AK,/0y)*/T < 1.0. The increase in the
Np/N¢ value in the plane stress region with increase
in the parameter can be attributed to the increase
in wpfwg value with increasing AK,;. This is
typically shown in the data for A2017 aluminium
alloy in Fig. 7 (it is noted that since the wg/wo
value is almost constant independently of AK,,
the wg/wp value decreases as AK; increases). This
behaviour was also associated with the transition
of fracture modes from flat- to shear-type as
shown in Fig. 5.

It is probable that the steep rise of the curve in
Fig. 10 in the plane strain range results from the
increase in the value of exponent, m, along with
the approach of the log (da/dN)c—log AK curve
to the threshold level. This is discussed in the
following section.

5.3. Correlation of retardation with
threshold of stress intensity

The crack growth rates under constant amplitude

loading are influenced by the applied stress ratio,
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R (Z 0pmin/Omax), and the threshold of stress
intensity range, AK;y. On the basis of the crack
growth equation proposed by Klesnil and Lukas
[13], Ohta er al. [14] at the National Research
Institute for Metals suggested that the growth rate
under constant amplitude loading, (da/dN)c, at
the stress ratio of R, was expressed by

(da/dN)g = Co(1 —R)T™[AK™
— (1 —R)"™(AKn, 0)™] —1<R<033
()

where +y is a parameter characterizing the effect of
stress ratio, R, and AKyy o is the threshold of
stress intensity range for R = 0. These values for
the materials used in the present study are sum-
marized in Table II. The exponent, 7, in Equation
8 was assumed to be equal to the value measured
in the linear portion of the log (da/dN)c—log AK
curve in Fig. 3. The values of ¥ and AKyy o for
HT80 steel, A553 steel and A5083 aluminium
alloy were those measured by Ohta et al. [14, 15].
The results by Klensil and Lukas [13] for three

for

steels with carbon contents, 0.04, 0.12 and
0.65 wt % gave identical values of v and AKyy o,
which were equal to 0.71 and 5 MPam'/?, respect-
ively. By referring to the data of steels after Ohta
et al. [14,15] and Klensil and Lukas [13], the
values of v and AK,y, , for SNCM8 steel were
assumed to be equal to 0.71 and 6.2MPam'/?,
respectively. The values for A2017 aluminium
alloy were assumed to be the same as those for
A5083 aluminium alloy. For titanium alloy, it was
assumed that the value of v was the same as those
for steels and that the value of AKyy, o was equal
to 6.5MPam!/? [16].

According to the model developed by Matsuoka
et al. [3], the effect of residual compressive stress
resulting from an overload can be taken into
account by assuming an equivalent cyclic loading
system. Thus, the retarding crack growth rate,
(da/dN)p, would be estimated from the crack
growth rate under constant loading sequence with
the stress ratio of R equivalent to R, where R is
derived from the relationship between monotonic
and cyclic plastic zone sizes produced at the over-
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loaded crack tips. That is, the crack growth rate in
the equivalent stress system would be affected by
the parameter, v, and the threshold value of stress
intensity according to the formulation in Equation
8. The data in Fig. 7 were analysed by following
this hypothesis as shown in the Appendix. The
results were given by dotted curves in the same
figure. It was revealed that the hypothesis may not
be correct, since the dotted curves in Fig. 7 were
situated considerably lower than the experimental
data. The full curves, being based on the simple
formulation in Equation 1, gave much better fit
with the experimental data. This suggests that the
crack closure behaviour during retardation is not
identical to that under constant amplitude loading
with the corresponding equivalent stress ratio. This
may indicate that the crack closure behaviour
operating at the corresponding baseline stress
intensity would critically affect the crack closure
behaviour during retardation.

The dependence of crack closure behaviour on

AK under constant amplitude is reflected in the
exponent parameter, m, in the Paris equation
[17]. Therefore, it is conceived that the depen-
dence of retardation on AK, in the plane strain
region in Fig. 10 was related to the change in
exponent parameter, m, in the vicinity of the
threshold stress intensity. The instantaneous
exponent, m(AK), can be expressed by the slope
of the tangent to the log (de/dN)c—log AK curve
at a relevant value of AK. In the case of zero-to-
tension testing, this is given by differentiating
Equation 8 as

m(AK) = d[log (da/dN)c]/d(log AK)
= m/[1 — (@K, o/AK)™]. 9

The full curves indicated in Fig. 9 are the theoreti-
cal relationships between Np/N¢ and AK, for the
materials, which were calculated from Equation 5
by using the instantaneous exponent at AK,; as
evaluated in Equation 9 and the values of wg/wp
as shown in Fig. 8. The theoretical curves explain
satisfactorily the tendencies in the dependence of
Np/[Ngon AK;.

6. Conclusions

The retardation phenomena of fatigue crack
growth resulting from a single application of over-
load were investigated for five steels, JIS HT80,
JIS SNCMS, JIS Ss41, JIS SUS304 and ASTM
AS553, two aluminium alloys, A5083 and A2017,
and a Ti—6A1—4V titanium alloy under zero-to-
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tension loading. The data obtained were analysed
according to a model proposed by Matsuoka et al.
[3]. The main conclusions obtained are as follows:

(1) All materials employed in this experiment
exhibited delayed retardation. The observed crack
growth rates during retardation for these materials,
excluding SUS304 and SS41 steels, were expressed
theoretically by using four parameters; the peak/
baseline stress ratio, r, the exponent in the Paris
equation, m, and two crack distances, wpg and
wp. The retardation increased with increasing r
and m, and with decreasing wg/wp. However, the
retardation in SUS304 and SS41 steels did not
occur as strongly as was expected from the model
due to Matsuoka et al. [3]. This exceptional
behaviour can be attributed to the fact that the
small scale yielding condition was not satisfied in
SUS304 and SS41 steels.

(2) The wg/wy values, which show the effect
of the crack blunting due to overload, were equal
to about 0.5 for steels, 0.3 for A5083 aluminium
alloy, 0.4 for A2017 aluminium alloy and 1.4 for
Ti—6A1-4V titanium alloy, respectively. This
indicates that the cyclic-softening materials have
larger wg/w, values than the cyclic-hardening
materials.

(3) The retardation in HT80 steel and alu-
minium alloys almost disappeared at the value of
wplwe=1.5 calculated on the basis of the
Dugdale model for the case of r = 2. However, the
wp/we value for SNCMS steel was slightly smaller
than 1.5 and the values for AS553 steel and
Ti—6A1-4V titanium alloy were considerably
larger than 1.5. Furthermore, the values for A553
steel and A2017 aluminium alloy increased with
increasing baseline stress intensity range, resulting
in an increase in the amount of retardation. It
was believed that such behaviour was related to
the change in the stress state from plane strain
to plane stress at the crack tip.

(4) In the case of HT80 steel and Ti—6A1-4V
titanium alloy, the normalized retardation, Np /N¢,
increased .as the baseline stress intensity range
decreased. The dependence was explained in con-
nection with the threshold of the stress intensity
of the material.

Appendix

Evaluation of crack growth rate during
retardation by taking into account the
parameter v and the threshold value
According to the model proposed by Matsuoka



et al. [3], the effect of residual compressive stress
produced by overload on retardation can be evalu-
ated by introducing an equivalent cyclic loading
system. In the case of zero-to-tension loading, the
equivalent stress ratio, R,, becomes negative.
Equation 2 was derived by assuming that the stress
intensity effective for crack growth, K
UpAK,, is identical to the maximum stress inten-
sity, Kupax = AK;/(1 —R,), in the equivalent
cyclic loading system. This results in the following
equation:

Up = 1/(1—R.). (A1)

Now it is assumed that the retarding crack growth
rate, (de/dN)p, is equal to the crack growth rate
under constant loading sequence with stress ratio
R equivalent to R.. (da/dN)p can be given by
substituting Equation Al into Equation 8 as

(da/dN)p = Co(Up) " [(AKD™
—(Up)"™(AKn, o)1 (A2)

This equation is the generalized form of the
formulation in Equation 1, which would include,
if ever, the effect of threshold of stress intensity
factor and the parameter, y. The dotted curves in
Fig. 7 are the theoretical ones for the materials
which were calculated from Equation A2 by using
the values given in Table II. The upper and lower
dotted curves are the limits relevant to the maxi-
mum and minimum values of the baseline stress
intensity, respectively, for each material. The
dotted curves in Fig. 7 estimated the experimental
data considerably lower.

Another disadvantage in this theory lies in the
prediction of the value of AK,;, when complete
arrest of crack propagation would occur. The
critical value can be obtained from Equation A2
under a condition, (da/dN)p = 0;ie., (AK})eit =
AKiy o/(Up)?. Since the minimum value of Up, is
equal to wg/wp at ¥ =2 [3], the critical value of
AK, becomes

(AK1)erit = (wp/wp)"AKip 0. (A3)

For example, in the case of HT80 steel, the value
of (AK)eyis is calculated as 15.7 MPam'/? from
Equation A3 by using the appropriate values indi-
cated in Fig. 7 and Table II. The experimental data

in Fig. 9a shows that crack arrest did not take
place by the application of overload of AK; less
than the predicted critical value.
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