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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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FATIGUE THRESHOLD STRESS INTENSITY FACTORS AND SLOW CRACK
PROPAGATION RATES IN LOW AND MEDIUM STRENGTH LOW ALLOY STEEL

1. NOTATION
a crack length or crack half-length as defined in Sketch 7.1 m in
b panel half-width m in
B thickness of specimen (see Sketch 7.1 and Table 7.1) m in
C coefficient for linear interpolation of crack growth rate m(mw)n in(in?’/z)n
curve defined by da/dN = C(AK)" N |bf
>
o R 2 in2
% fIO 0.2 per cent proof stress of material N/m Ibf/in
@ f, tensile strength of material N/m? Ibf/in?
=
o
o H half-depth of specimens types 3, 4 and 5 (see Sketch 7.1) m in
>
2 K stress intensity factor defined by S(ra) o N/m?/?2 Ibf/in3/2
o (K...) maximum value of K at fatigue threshold N/m?/? Ibf/in3/2
c max’/TH
>
(S)
5 AK stress intensity factor range N/m?/?2 Ibf/in3/2
< AKqy, threshold value of AK below which fatigue cracks donot ~ N/m®3/2 Ibf/in3/2
E grow
©
E L length of specimens types 1, 2 and 3 (see Sketch 7.1) m in
<=
oo
% N number of load cycles
o
; n characteristic of slope of crack growth rate curve
a
2 P applied direct load for specimens types 3, 4 and 5 (see N Ibf
Sketch 7.1)
R min/SmaX
S stress based upon gross cross-sectional area of specimen N/m? Ibf/in
W distance from applied load P to edge of specimens m in
types 3, 4 and 5 (see Sketch 7.1)
o geometrical factor in stress intensity factor
Y index in Equation (3.2)
Suffixes
max, min indicate the maximum and minimum values of stress or
stress intensity factor in loading cycle
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1.1 Conversion Factors

Both Sl and British units are shown in the notation. The data are presented in terms of Sl units and the
following conversion factor for British units applies

1 MN/m¥2 = 1 MPa./m = 910.047 Ibf/in32,
Note also that

1 MN/m32 = 31.6228 N/mm?372.

2. NOTES
2.1 General

This Item presents slow fatigue crack propagation rate data da/dN in the range 108 mi/cycle to
10711 m/cycle) and threshold stress intensity factors, AKyy - The data are presented in terms of linear
elastic fracture mechanics as described in ESDU 80036". The Item is complementary to ESDU 810117
which deals with crack propagation rates from 10~° up to approximately 10~ m/cycle; both Items present
data for materials of similar specification, and there is a certain amount of overlapping of the crack
propagation rate curves presented in the two Items. In this particular Item data are presented on the rate of
growth of fatigue cracks in a wide variety of low and medium strength ( f; <850 MN/mZ) low alloy steels,
in plate form, and for a forged material. A low alloy steel is defined in this case as one where any single
alloying element constitutes less than 5 per cent. The chemical composition and mechanical properties of
the materials are given in Table 7.1 and are tabulated in order of increasing values of their 0.2 per cent proof
stresses.

The data analysed have been taken only from tests that provide slow crack growth rates approaching a
fatigue threshold value of stress intensity, AK,,. Data giving AK,, values only were not considered
except when presenting the upper and lower lines in Figures 6 and 7.

2.2 Test Conditions

The data are derived from constant amplitude fatigue tests on specimens of the five types shown in
Sketch 7.1; their dimensions are given in Table 7.1 and their thicknesses were between 5.1 mm and 70 mm.
The tests were conducted in laboratory air at room temperature and the loading frequencies of the fatigue
testing machines were in the range 0.25 Hz to 160 Hz.

ESDU Copyright material. For current status contact ESDU.

All the tests were stated to be conducted within the framework of linear elastic fracture mechanics and thus
throughout the tests the stresses across the uncracked sections of the specimens did not exceed the yield
strength of materials and the plastic zone sizes were small compared with crack length, see Section 1 of
ESDU 80036. Also, the test data presented in this Item have been obtained from specimens that contained
fairly long cracks. The value of the threshold stress intensity factor would probably be much lower if the
tests were conducted on specimens with cracks less than 1 mm in length.

It was not possible to obtain from the derivations the full details of the condition of the test specimens prior
to testing. For instance, conditions such as the direction of grain flow, heat treatment, microstructure and
stress state (particularly at fatigue threshold) were not always stated. However, specimens were tested both

*

ESDU 80036, “Introduction to the use of linear elastic fracture mechanics in estimating fatigue crack growth rates and residual strength
of components”.
T ESDU 81011, “Fatigue crack propagation in low and medium strength low alloy steel plate, bar and forgings”.
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where the crack propagated in the direction of the grain flow and where it propagated across the grain flow.
The stress conditions of the specimens at fatigue threshold, where stated, were plane strain.

Microstructure and heat treatment of materials have been shown to affect crack propagation rates and the
fatigue threshold values of stress intensity. The data analysed and presented in this Item are for a wide
variety of steels with differing types of microstructures: for instance the C-Mn steels (presented in
Figures 1, 2 and 3) had various ferritic-pearlitic microstructures and these steels were quite different from
the quenched and tempered steels, presented in Figure 4. For this reason, and because in many cases the
details of microstructure and heat treatment were unavailable (in many cases it was said that the steels were
tested in the “as-received” condition), the data are presented for engineering purposes in terms of strength
parameters for which the material yield strength, fp, and the ratio of yield strength to ultimate tensile
strength, fp/ft, are the most convenient parameters to use.

2.3 Determination of Fatigue Threshold (AKyp)

There was no clear and consistent convention used in the derivations for determining the threshold value
of the stress intensity factor range, AK, (that is the value of AK below which fatigue cracks will not
grow). In the majority of the derivations fatigue crack growth rates less than 10~19 m/cycle were obtained
from the tests (which is very much less than 1 lattice spacing/cycle). In this Item the values of AK, are
considered valid if the crack growth rate curves are vertical or very nearly vertical. For most of the materials
for which data are presented, the condition is taken to be at a growth rate of about 2 x 1071 m/cycle.

In most tests before crack measurements were taken the crack was grown, at any one cyclic load level, until
it was several times longer (usually 3 or 4 times) than the maximum steady plastic zone size. This procedure
eliminates the effects of stress history. The steady plastic zone size in conditions of plane strain may be
calculated using Equation (3.13) of ESDU 80036, that is

2
ry = é(@ . 2.1)

Not all the derivations stated clearly how the testing was conducted at slow crack growth rates, but near
the threshold condition load reduction (or load shedding) was the most popular method. In general, if the
crack had not grown after the application of at least 5 x 10 cycles for a given applied load then a valid
value of AK,, was considered to have been obtained and testing was stopped.

ESDU Copyright material. For current status contact ESDU.

2.4 Presentation of Data

Figures 1 to 5 provide curves of mean crack propagation rate, da/dN, plotted against the stress intensity
factor range, AK, for various values of R. Each of Figures 1 to 4 is presented for a different range of
material yield strengths. The material yield strength is taken to be the 0.2 per cent proof stress of the material,
designated f, in the Notation. The data also correlate with the ratio f,/f, and this effect is also shown on
the figures. Figure 1 presents data for materials where 255<f <3£0 MN/m? and for values of f I,
between 0.42 and 0.67. Figure 2 presents data for materials where 360<f_ <435 MN/m? and for
fp/ft = 0.53 to 0.69. Figures 3 and 4 present data for materials where 430£fp3530 MN/m?,
fp/ft = 0.76 to 0.81, and where 590§fp§795 MN/m?, f /f, = 0.8 to 0.96, respectively. On each
figure over 90 per cent of the data lie within the dashed lines which indicate the limit of the scatter of the
crack propagation rate data. The curves between these limits have been drawn by eye to represent mean
curves for the crack propagation rate data. Figure 5 summarises the curves of Figures 1 to 4 by
super-imposing the mean curves for the four yield strength groups and five f_/f; ratios so that a comparison
of the effect of the material yield strength on crack propagation rate can be made, for two ranges for R.
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Where possible an indication of the limits of the scatter of the data at the threshold value of stress intensity
is given on the figures. Note that these limits of scatter are not necessarily equally displaced about the mean
line of the data presented.

Figures 6 and 7 present curves that show how values of AKy,, vary with the stress ratio, R, and the
maximum stress intensity factor, at fatigue threshold (K., )ty respectively. The data points presented on
these figures are values of AK+,, taken from Figures 1to 4 for da/dN = 2 x 1011 m/cycle. The curves
of Figure 6 are presented for various ratios of f /f; and have been derived from the empirical equation
given in Section 3.2. These curves have been replotted on Figure 7 in terms of (K., )1, according to the
relationship described by Equation (3.3) (see Section 3.5). Also presented on Figures 6 and 7, for
comparison, are upper and lower bound lines (broken lines) obtained from other published data, where
details of the material were not always given. The AKy,, curves obtained from the slow crack growth rate
curves of Figures 1 to 4 fall within these bounds.

3. DISCUSSION OF DATA

3.1 Method of Analysis of Test Data
In the derivations, basic crack growth data (a, N values) were obtained from the fatigue crack growth tests.
Smooth curves were drawn through these data using appropriate curve fitting methods and these smoothed

curves were differentiated to obtain the crack propagation rate, da/dN , for a given value of stress intensity
factor range, AK. Equation (4.2) of ESDU 80036 defines AK as

AK = (S, - S . )(ra) a. 3.1)

All the data analysed in this Item have been obtained from da/dN and AK data given in the derivations.
The values of @ in Equation (3.1) that were used in the derivations were values appropriate to the loading
conditions and geometry of the specimens tested.

Allowances for the effects of plasticity at the crack tip on the value of AK were not made because at these
load levels the size of the fatigue plastic zone is negligibly small.

3.2 Effect of Mean Stress

ESDU Copyright material. For current status contact ESDU.

The effect of the mean stress is presented in terms of the stress ratio R. Unlike the data analysed in
ESDU 81011, that is, data for crack growth rates greater than 10-° m/cycle, the effect of mean stress on
slow propagation rates (less than 10~ m/cycle) is very significant and as the value of R increases towards
1.0 so the crack growth rate increases for a given value of AK. At threshold, the value of AK;,, for a
material is reduced considerably as R increases as shown on Figure 6. Data for negative values of R were
not analysed. The curves of Figure 6 have been derived so that they pass through, or close to, the data points
taken from Figures 1 to 4 at threshold and have been obtained using the following empirical equation,

AKpy = [(AKpy) - o = (MK _ 1 =R + (AKp )L oo (3.2)

where (AK1), _ 0 is the apparent limitas R tends to 1.0 and is obtained by extrapolation. The values of
the index y used in the above equation and quoted on Figure 6 are mean values that have been obtained
from initial curves that were drawn by eye through the data points at threshold, for four ranges of values
of f /f,. The effect of the parameter y on the stress intensity factor at threshold is further discussed in
Section 3.4.
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3.3 Effect of Specimen Size, Thickness and Crack Orientation

In the crack growth data analysed no significant effect of specimen size for a given thickness could be seen.
Crack growth rate may be affected by specimen thickness and orientation, with respect to load direction
and grain flow. These effects are discussed in the derivations but no consistent trend in the results has been
discerned.

3.4 Effect of Material Yield Strength and f,/f;

The data show that a material with a higher yield strength exhibits a higher crack propagation rate for a
given value of AK , below values of da/dN <109 m/cycle. At values of f /f, = 0.76 , however, there is
a certain amount of overlapping of the crack growth curves, see Figure 5. As the crack growth rate curves
move away from the threshold region (at da/dN <10~° m/cycle) the effects of R and f If, are less
dominant and the data merge as they approach the region that may be described by Equation (4.1) (at
da/dN > 108 m/cycle).

At threshold the value of AK.,, has been shown to be affected by changes in the ratio f /f, and this is
reflected by the value of the index y in Equation (3.2). The value of vy is dependent on the ratio of f /f,
and the curves of Figure 6 show that as the value of f /f; increases, so does the value of y. The exception
to this trend is shown in the data obtained from materials whose f /f; = 0.88 to 0.96. These particular
materials have a AK, to R relationship that approximates to a straight line and y ~ 1.0, which is less than
the value of y for materials whose fp/ft ratios are between 0.53 and 0.81.

35 Effect of Kiyax

The relationship between K AK and R is given by the expression

max’
_ AK
max (1-R) ! (3-3)
so that for the particular case at fatigue threshold Equation (3.3) may be written
AK
_ TH
(Kmax)TH = (—-——-—1 "Ry (3.4

ESDU Copyright material. For current status contact ESDU.

The straight lines shown in Figure 7 present this equation in graphical form.

It has been proposed in Reference 24 that at threshold the effects of increasing or decreasing R (and
hence K ...) on the apparent value of AK+,, may be caused by crack closure effects. At low values of R
the crack faces probably do not open until the load is very much above K .. thus reducing the effect of
the applied stress intensity factor, and the apparent value of AKy,, is increased. This is shown in the near
vertical data plots of Figure 7 for R<0.6 where K ... appears to be constant for increasing AKy . If, on
the other hand, R is high enough to keep the crack open throughout the fatigue cycle, say for R > 0.6, then
a constant apparent level of AKy, is obtained, for increasing values of K. , as shown in the near
horizontal portions of Figure 7. This effect has also been illustrated in Derivation 19.

3.6 Environmental Effects

All the test data analysed were obtained from tests conducted at room temperature and in laboratory air,
with uncontrolled humidities. Therefore no effects of changes in environment on the fatigue crack growth
characteristics of steel specimens have been considered in this Item.
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