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Fatigue crack propagation in unnotched and notched 
aluminium alloy specimens 

by 

J. SCHIJVE and F. A. JACOBS 

Summary 

The growth of fatigue cracks in unnotched and notched specimens of unclad 2024-T3 sheet material was observed through two 
microscopes during fatigue tests. Two types of notched specimens were used, which were geometrically similar (Kt = 2.66), having a 
ratio 112.5 of their dimensions. The results give information on the crack growth, mainly in the microcrack range, and the magnitudes 
of crack rates at low and high fatigue loads. The notch and the size effects are discussed and the significance of the test data for these 
problems is analysed. The differencc between the theoretical and the empirical approaches of the problems is emphasized and some 
comments are presented on prospects for future developments. 
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This investigation has been performed under contract with the 
Netherlands Aircraft Development Board (N.I.V.) 

n - material constant 
C, ,C2-  constants 
d - hole diameter 
E -.Young’s modulus 
E, - secant modulus 
k -stress intensity factor 
K, - fatigue notch factor 
KrR - K,-value associated with certain R-value, see 

KfSm - K,-value associated with certain &-value, 

KN 
K,,, 
K, 
I - crack length 
I,, - see chapter 5 
I ,  - see chapter 5 
n - number of cycles 
An 
N - fatigue life 
N ,  
N ,  
P -load 
q 
r - root radius 

fig. 42a 

see fig. 42b 
- Neuber factor, eq. (6.5) 
- plastic stress concentration factor, eq. (6.13) 
- elastic stress concentration factor 

- number of  cycles after detection of the crack 

- fatigue life at which crack(s) were detected 
- fatigue life to obtain a crack length I 

-notch sensitivity factor, eq. (6.7) 
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S. - stress amplitude 
S, -fatigue limit 
S,., -fatigue limit of 

SI, 

S, - mean stress 
S,,, - maximum stress 
S,]. - minimum stress 
S, - fatigue strength as- 

unnotched specimen 
- fatigue limit of notched 

specimen 

sociated with fatigue 
life N 

S,, - S, for unnotched 
specimen 

S,, 
men 

- S, for notched speci- 

nominz tresses 
on net area 
(disregarding 
cracks) 

Some years ago a literature review (ref. 28) led to the 
conclusion that reporting the fatigue load and the 
number of cycles to failure was giving an  absolute 
minimum of information about what occurred in the 
specimen. Nevertheless, theories on several aspects of 
the fatigue problem were frequently based on this 
minimum, for instance for dealing with such problems 
as the notch effect, the size effect, the accumulation of 
fatigue damage, scatter etc. An exception was a cumu- 
lative damage rule proposed by Langer (ref. 20). He 
divided the fatigue life in a pre-crack stage and a crack 
stage and assumed that the cumulative damage rule, 
which is now known as the Palmgren-Miner rule, was 

valid for both stages separately. In ref. 28 (see also ref. 
35) it was pointed out that several aspects of the 
fatigue problem could be qualitatively understood' if 
the concept of a pre-crack stage followed by a crack 
stage was adopted, thus realizing that the two stages 
can be affected in different ways. 

In ref. 28 it was pointed out that a division into a 
pre-crack stage and a crack stage was a simplification 
of the actual fatigue phenomenon. Microcracks are 
nucleated very early in the fatigue life and they are 
growing for a long time before becoming visible. The 
terminology could be improved by replacing pre-crack 
stage and crack stage by microcrack stage and macro- 
crack stage respectively. The problem of defining the 
boundary between the latter two stages is obvious and 
one might ask whether such a division is not somewhat 
artificial. Anyhow, to give theories on fatigue a more 
rational background the growth of microcracks to 
macrocracks and final failure should be incorporated. 
Since not .too much is known quantitatively it was 
thought worthwhile to undertake an experimental study 
on the growth of microcracks to final failure. The 
present report gives the 'results of this study, the 
evaluation of the data obtained and their implications 
for the notch effect and the size effect under fatigue 
loading. 

The following data apply to the tests. Unnotched and 
notched specimens of an aluminium sheet material 
(2024-T3) were tested in an axial-load fatigue machine. 
The notched specimens had a central hole and two 
sizes were employed, having a size ratio of I :2.5 Tests 
were carried out with a zero minimum stress and with 
various values for the maximum stress in order to 
cover a large range of endurances. On the fatigue 
machine two microscopes were fitted for recording the 
crack growth during the tests. 

Experimental details and results are presented in 
chapters 2 to 5. A discussion of the results and an 
account of relevant information from the literature are 
given in chapter 6, whicti deals with the subjects: 
( I )  the fatigue phenomenon in aluminium alloys, (2) 
the notch effect and the size effect and (3) scatter, in 
separate sections. In chapter 1 a number of conclusions 
is summarized. 

2 Specimens 

The material of the specimens was 2024-T3 alumi- 
nium alloy sheet material in the unclad condition. The 
nominal composition is 4 %  Cu, 1.5% Mg, 0.6% Mn, 

Young's Elongation 
Elastic limit So.% S, modulus (gage length 2") 

kg/mm2 -30 41.6 50.6 7750 17% 
ksi -43 59.2 72.0 11000 
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TABLE 1 

Results of static tests 

Type of specimen SpeCillIWl S U  S0.2 Elongalion 

kgjmmz ksi kg/mma ksi ( % I  

Tensile testing specimen, 
width I O  mm, gage length 
50 mm (2") 

1A5 50.4 71.7 40.3 57.3 21 
1A5a 50.4 71.7 41.1 58.4 18 
3A46 50.9 72.4 42.1 59.9 16 
1846 50.8 72.2 42.3 60.2 17 
585 51.0 12.5 42. I 59.9 15 
5B5a 50.2 71.4 41.6 59.2 13 

Mean 50.6 72.0 41.6 59.2 17 

- Unnotched 1A42 51.3 72.9 
1A37 51.3 72.9 

Fatigue ' Small 1 A50 45.6 64.8 
specimens Notched IAl* 45.8 65.1 

Large 2A6 46.1 65.6 
284** 46.8 66.5 

* Previously fatigue tested at S,,, = 12.5 kg/mm2 until n = lo7 cycles. 
** Previously fatigue tested at S,, = 10.0 kg/mm* until n = Z.107 cycles 

remainder AI. The sheet material was produced by the 
Netherlands Aluminium Company. The mechanical 
properties are given in the table on the previous page 
below as the mean results o f  6 tests. 

Detailed results are given in table 1, which also shows, 
results of static tests 011 the fatigue specimens. 

All specimens were cut from two sheets o f  the same 
hatch. The nominal sheet thickness was 2 mm. Speci- 
mens were taken from the sheets in such a way as to 
exclude any bias on the results originating from the 
position of specimens in the sheets. 

c IM 

Fig. 1 Dimensions of the specimens. 

The dimensions of the specimens are shown in fig. 1. 
The specimens were first cut to their rectangular form 
with a slight oversize. Then the edges were milled to 
the accurate width and length of the specimens. Before 
milling the reduced section in the unnotched specimens 
and drilling the holes in the notched specimens the 
sheets were electro-polished. This was mainly done to 
obtain a reflective surface, which is required for the 
observation of small cracks through the microscopes. 
The holes were drilled and subsequently reamed. The 
reduced section of the unnotched specimens was milled 
in such a way as to simulate the cutting action during 
the reaming of the holes as much as possible. 

The ratio of the hole diameter and specimen width 
was the same for the small and the large notched 
specimen, being 0.125. According to fig. 69 of ref. 25 a 
theoretical stress concentration factor K, = 2.66 is then 
obtained. 

For recording the crack propagation after the crack 
has been detected the notched specimens were provided 
with very fine scribe-line markings as indicated in fig. 2. 

. .  
Fig. 2 Line gratings on the notched specimens 

for recording the crack propagation. 



3 Experimental details 

Almost all tests were performed on a IO-tons Amsler 
HFP (High Frequency Pulsator). This is an electro- 
magnetic resonance fatigue machine which was 
described in ref. 27. The machine can be equipped with 
dynamometers of 2-tons, 5-tons and IO-tons capacity. 
For each test the most suitable one in view of the 
loading accuracy was used. The test frequency was 
about 4000 cpm. Some tests at high stress levels and 
short endurances were carried out on a horizontal 
Schenck-pulsator, type PPD6 with a maximum capaci- 
ty of 6 tons. This machine is equipped with a high- 
frequency mechanical resonance system and a low- 
frequency mechanical screw-drive system. The low 
frequency drive was used, the loading rate being 15 
cpm. On this machine a 2-tons or a 6-tons dynamo- 
meter can be installed.. 

The large notched specimens were clamped in grips 
belonging to the Amsler machine which do,not require 
any holes in the clamping area of the specimen. A good 
central mounting of the specimens could be achieved. 
Mounting of the small notched specimens and the un- 
notched specimens in the smaller Amsler grips without 
introducing some bending was troublesome. A special 
end fixture was then made for this purpose which is 
shown in fig. 3. The ends of the specimen are clamped 

Fig. 3 End fixture for clamping a specimen in fork-ends (NLR- 
design). 

I 

MICROSCOPE 

i 
Fig. 4 Schematic view of test set up 

between two clamping plates which can neither rotate 
nor translate relative to one another. The clamping 
plates are bolted to the specimen outside the fatigue 
machine. The specimen with the end fixture is placed 
in the fatigue machine between two fork-ends. This 
clamping method proved to work very satisfactorily. 

In all tests the minimuni load Pmi, had a very small 
positive value. So the stress ratio R = Smj,,/Sn,ax was 
almost zero. Pmi. for the unnotched, the small notched 
and the large notched specimens was 20 kg, 20 kg and 
50 kg respectively, corresponding to a net stress in the 
specimens of 0.6, 0.3 and 0.3 kg/mm2 respectively. All 
maximum stresses quoted in this report are based on 
the differences between the maximum and the minimum 
load. 

All tests were carried out with a constant load 
amplitude and the loading was maintained until 
complete failure of the specimen. Tests were carried 
out at several values of the maximum load in order to 
cover the complete S-N curve starting from very low 
endurances until N =  IO’ cycles. About 45 specimens of 
each type have been tested. 

During the fatigue. tests the specimens were contin- 
uously examined for cracks by two observers through 
Leitz stereoscopic binocular microscopes, one a t  each 
side of the specimen. A magnification of 30 times has 
been employed. A stroboscopic bulb was mounted on 
each microscope in such a way that its light was re- 
flected by the specimen into the mlcroscope. A small 
frequency shift between the fatigue loading and the 
stroboscopic light was maintained which introduces a 
slow breathing action o f  the cracks as watched through 
the microscope. This highly facilitates tracing the 
cracks when they are still very small. In the notched 
specimens the first crack could start a t  either the right- 
hand side or the left-hand side of the hole. Therefore 
an installation was made which allowed a lateral 
translation of the microscopes. Only one edge of the 
hole could be examined at a time and the two edges 
were examined alternately. .A schematic view of the 
test set up is shown in fig. 4. 

In the unnotched specimens the cracks were usually 
nucleated at the edges. In  the vertical direction the 



length of the area in which the first cracking could 
occur is much larger than in the notched specimen. A 
vertical translation of the microscopes had to be made 
in order to cover the full area prone to crack nucleation. 
Since searching a specimen in two dimensions is fairly 
strenuous it was tried to detect the first stage of a crack 
in the specimen ultrasonically. The critical area of the 
specimen was automatically scanned by a surface wave 
probe. The ultrasonic frequency was 2.5 Mc/sec. 
Cracks were indicated as vertical pips on the screen of 
an ultrasonic apparatus. Cracks as small as 0.5 mm 
could be found in this way. Since smaller cracks could 
be found by the microscopes, the ultrasonic method 
was, however, dropped later on. 

Recording of the crack propagation in the notched 
specimens was made by noting the number of load 
cycles a t  which the crack crossed the line markings 
on the specimen as shown in' fig. 2. The number of 
cycles at intermediate values. of the crack length was 
sometimes noted in the beginning of the crackpropaga- 
tion. At high values of the length, especially a t  a high 
stress, the crack rate became very high. Some auto- 
mation in recording the number of load cycles was 

- 

required. This was done by employing a Kelvin and 
Hughes recorder with four channels. Each observer, 
while looking through the microscope, pressed push- 
buttons when a clack passed a line marking and this 
was shown on the recorder. Since each observer had to 
watch two edges of the hole four channels were re- 
quired. A calibration was made to establish the correla- 
tion between 1 cm of the recording and the correspond- 
ing number of load cycles of the fatigue machine. 

It was not feasible to make a line grating on the 
unnotched specimens in view of the slight curvature of 
the edges and the impossibility to predict in which 
section the crack would start. As soon as the first crack 
was detected a graduated scale on paper was bonded 
on the specimen just below the crack. The length of the 
crack was estimated from the scale which could easily 
be done with a sufficient accuracy. 

4 Test results 

4.1 Endurances 
The applied maximum stresses and the correspond- 

ing endurances are presented in tables 2, 3 and 4 for 
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16 
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the three types of specimens. The S-N data have been 
plotted in figs. 5 ,  6 and 7 .  In these figures average S-N 
curves have been drawn through the data points. S,, 
in this report always indicates a nominal stress on the 
net area of the specimen (disregarding cracks). 

4.2 Crack propagation data 
The crack propagation data are very numerous and 

will not be given in full detail. The first treatment of 
these data was made as follows. The microscopical 
observations were plotted as the crack length I against 
the number of cycles n on a semi-log scale. Examples 
for an unnotched and a notched specimen are given in 
figs. 8 and 9. Curves were drawn through the plotted 
data points. Ordinates of these crack propagation 
curves have been compiled in tables 5,  6 and 7. Figs. 
8 and 9 illustrate that this procedure implies some 
smoothing of the data since there are apparently slight 
irregularities in the crack propagation. Part of the 
irregularities stem from inaccurate observations of the 
tip of the crack. I t  was not always easy to decide 
whether a crack had reached a scribe line marking or 

6 

not. On the other hand observation of crack growth 
through the microscope gave the impression that the 
crack rate is not always a monotonuously increasing 
function of time. Obviously structural inhomogeneities 
in the material having a local character will affect the 
crack rate. Moreover it should not be overlooked that 
the microscope shows just one point of the crack front 
and will therefore not indicate the average crack rate 
along the whole crack front. 

In general dormant periods were not observed. An 
exception should perhaps be made for very minute 
cracks. It was sometimes noticed that very minute 
grooves, which were suspected to be cracks did not 
propagate; they might have propagated if there had not 
been an overriding by another crack. The smoothing 
procedure is considered to be an elimination of the 
influence of microinhomogeneities and inaccuracies of 
the crack length observations. 

Fig. 9 shows that in a notched specimen the growth 
of more than one crack was recorded. The main crack 
has started at point AI in fig. 11. The crack shape 
remains a quarter-circle for a considerable time. When 
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Fig, I S-N data of the large notched specimens. 

10 the crack penetrates through the sheet at A2 the TE 
E observed crack rate is originally very large there, see 

material to be disrupted. After a crack a t  one side of 
the hole (AIA2) has developed to a large extent cracks 
a t  the other side of the hole (A3A4) are observed, see 
figs. 9 and I I .  Such a secondary crack is growing very 

curve A2 in fig. 9, as this only requires a small rim of 10 
8 

6 

4 

fast due to the increased net stress induced by the main 
crack, The majority of the small notched specimens 

2 

1l"l 

1 0; 
showed a sequence of cracking as described above. In  
a few specimens, mainly at the higher stress levels, two 
cracks of a comparable size developed simultaneously 

different sides of the hole (AI and A3 or A4). A 

crack due to the presence of the other crack was not 

0.6 

0.4 either a t  the same side of the hole (A1 and A2) or at 

systematic effect on the propagation of the largest 

apparent. Therefore the results of the dominating 0 , l  

0.2 

I I I I I J 
-10 0 10 20 M - A n l ie1 cracks were analysed only. 

In several tests the crack growth recording was un- 
successful and therefore the number of tests which 

~ i ~ .  8 ~~~~~i~ of crack propagation CUTW for an unnotched 
specimen. 
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TABLE 2 

Endurances of unnotched specimens 

TABLE 3 

Endurances of small notched specimens 

5B37 50.0 0.058 
IA30 48.0 1.164 
3A37 45.4 4.117 

IA12 47.0 5.5 
3A35 45.5 13.5 

5B48 40.0 19.4 
3B29 40.0 35.0 
3B48 40.0 44.8 

1A48 36.0 39.9 
3A48 36.0 47.1 

5842 32.0 54.0 
3B37 32.0 62.6 
3B42 32.0 126.0 

1A 4 28.0 58.0 
5B36 28.0 97.0 
38  4 28.0 107.5 
3A 4 28.0 124.5 

IAlO 26.0 113.0 

5B17 24.0 114.0 
3B36 24.0 141.0 
3A42 24.0 178.0 
3B17 24.0 185.0 
3A36 24.0 217.0 
1A36 24.0 271.0 

3A10 23.0 336.0 
5823 23.0 355.6 
5B29 22.0 164.7 

l A l l  22.0 284.1 
I A29 22.0 498.0 

3A11 21.0 407.0 
3B23 21.0 515.0 

1A17 20.0 540.7 
3B 10 20.0 853.0 

3A17 19.5 370.0 
5 8  10 19.5 554.1 
lA23 19.5 705.0 

3Bl l  19.0 741.0 
3A23 19.0 2125.0 

5Bl l  18.5 4178.0 

1A35 18.0 662.0 
3A29 18.0 1104.0 
5835 18.0 1628.0 
3829 18.0 10107.0 

3A35 17.5 > 20,000 
3835 17.5 > 20,000 

The three specimens at the top of the table were tested on a 
Schenck machine at  a speed of 15 cpm. All other specimens were 
tested on an Amsler machine at a speed of 3750 cpm. 

1848 43 0.53 
1B42 43 0.85 

5850 36 2.06 
3825 36 2.48 

3A44 28 15 
3844 28 17 

3B38 24 29 
3A38 24 31 

1A38 20 44 
5B25 20 51 
5832 20 52 
3B32 20 58 

58 7 
3A 7 
3ASO 
3 8  7 

1A13 
3813 
5B 1 
1A19 
5813 
3B 1 

~ 

18 
18 
18 
18 

17 
17 
17 
17 
17 
17 

57 
64 
67 
91 

14 
87 
90 

100 
114 
179 

1818 16 122 
3B 19 16 144 
1B30 16 172 
3A19 16 259 
3B50 16 261 

1849 15 197 
lA25 15 207 
5B19 15 209 

1812 14 141 
3B26 14 166 
1A32 14 173 
1A26 14 248 
5B26 14 324 
1B24 14 387 
3A25 14 1294 
3A32 14 2489 

IB 5 13 225 
1B43 13 559 
1A 7 13 2208* 

IA 1 12.5 >IO130 
3A1 12.5 > 10404 

1B37 12 > 10251 
IB 6 12 > 14957 

The four specimens at the top of the table were tested on a 
Schenck machine at a speed of 15 cpm. All other specimens were 
tested an an Amsler machine at a speed of 3750 cpm. 

* Specimen failed at clamping. 
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TABLE 4 

Endurances of large notched specimens 

, Spebnrn .SI", N ( k c )  
(kglmn?) 

2A 3 40 0.864 
4AIO 40 0.876 

2A 7 36 1.430 
2810 36 1.765 

4A 5 28 ' 6.844 
4 8  8 28 7.121 

4 8  9 24 10 
2A10 24 12.2 
4A1 I 24 14.5* 
2811 24 14.5 

2A 1 20 21.5 
4A 9 20 26 
4810 20 32.5 
2B 6 20 34 

4 8  4 18 40.5 
4A 4 18 42.6 
2B 7 18 . 49.4 

2A 4 16 36 
4 8  6 16 60.4 
2B I 16 69.5 
4A 8 16 71 

2A 9 15.2 51 
2A 5 15.2 58.5 
2B 8 15.2 64.5 
4 8  5 15.2 80.3 

4B 2 14.2 90 
4B12 14.2 98 
4A 3 14.2 128.5 

2A12 13 72 
4A 2 13 148 
2B 3 13.2 237 

2BI2 12 166 
4 8  7 12 192.5 
4 8  1 12 202 
4A 7 12 230.2 

4A I 11.45 177 
2B 2 11.4 245.5 

2A 2 I1 220 
4A 6 I I  328 
4Bl l  I I  625 
2 8  9 11 977 

2A 8 10.5 300 
4A12 10.5 383 
2B 5 10.5 6549 
4B 3 10.5 21338 

2B 4 IO >20113 
4All  10 >20256 

The six specimens at the top ofthe table were tested on a Schenck 
machine at a speed of 15 cpm. All other specimens were tested 
an an Amsler machine at a speed of 4600 cpm. 

* Specimen previously tested at S,,, = 10 kg/mm2for 20 million 
cycles. 

COMPLETE 

WECIUEN 3 A 1 >WITH THREE CRACK RECDRDlNGS 
Smo,=l>.5 k d m m  
N = d l J  L C  

Fig. 9 Example of crack propagation curves far a small notched 
specimen. 

supplied crack propagation data is smaller than the 
number of tests giving S-Ndata. This applied especial- 
ly to the unnotched specimens. In  the unnotched 
specimens the area to be searched for cracks was much 
larger than in the notched specimens. So cracks 
generally had a greater length at the moment of 
detection and sometimes they were too large then to 
yield useful propagation data. In other cases a certain 
groove was suspected to he a crack and attention was 
focussed on it. However, at a later stage it could turn 
out that it was not the dominant crack leading to 
ultimate failure. The latter especially applies to tests 
with a high maximum stress since many potential crack 
nuclei were formed then. For a low maximum stress, 
i.e. for high endurances, the microscopic examination 
of the unnotched specimens over a long period was 
very laborious and this somewhat impaired the success 
of the test. In general examination was stopped if no 
cracks were found at an endurance of 2 .  106 cycles. 
There was one serious phenomenon reducing the 
number of successful tests on unnotched specimens. 
Most cracks started a t  the edges of the specimen, point 
A in fig. IO,  as should be expected. However, sometimes 
the cracks were nucleated a t  some distance from the 
edge at o r  perhaps slightly below the sheet surface, 
point D in fig. IO. Probably such cracks originate from 
inclusions. It is clear from fig. IO that a crack length 
I' (or even +/') cannot be directly compared with a 



~ i g .  10 Crack nucleation and propagation in the unnotched spe- 
mens (schematic view). 

crack length 1. In tests with cracks of the type D (called 
sheet cracks instead of edge cracks) some crack pro- 
pagation observations were made, hut their results 
were excluded from table 5. There was no systematic 
tendency for specimens with sheet cracks to .  yield 
shorter (or larger) endurances. 

In some tests on the small notched specimens at low 
stress amplitudes the time to detection of the first crack 
was expected to be very long and no microscopic 
examinations were made. In other tests at the same 
stress amplitudes specimens were provided with a 
small artificial crack nucleus at the edge of the hole 
from which further crack growth started which was 
recorded. 

In  a few notched specimens sheet cracks instead of 
edge cracks occurred. Results of such tests have been 
omitted. Since the amount of highly stressed material 
is much smaller for notched specimens as compared 
with unnotched specimens it had to be expected that 
sheet cracks would occur rarely in the former ones. 

5 Analysis of the crack propagation data 

In  this chapter the relation between the crack rate 

/- 

\ 
\ 

Fig. 11 Crack nucleation and propagation in the notched 
specimens (schematic view). 

and the crack length is analysed. Secondly the percen- 
tage fatigue life covered by certain amounts of crack 
growth will be determined. Thirdly an estimate will be 
made of the minimum crack rates occurring in a test. 
Finally data will he presented to study the scatter. 

The crack rate d//dn has been calculated from the 
data compiled in tables 5 ,  6 and 7. For each interval 
of the crack length from I j  to / i + l  it is assumed that the 
crack late in  the middle of the interval, i.e. at I= 
+&+lit,), is equal to the average crack rate in the 
interval 

Crack rates obtained in this way have been plotted as 
a function of the crack length for all specimens. From 
such plots on a double logarithmic scale it was ob- 
served that log d//dn was linearly related with log / for 
I-values up to 1 mm for all specimens. For the small 
and the large notched specimens this is shown in figs. 
13 and 14. For the unnotched specimens the amount 
of crack propagation data for I <  1 mm was more 
limited. Fig. 12 shows the data of the specimens with 
sufficient data points below I= 1 mm for judging the 
validity of the linear relation. The linear relationship 
can he exoressed as: 

dl 
- = C Y ,  dn 
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TABLE 5 

Tabulated crack ormagation curves for the unnotched specimens (edge cracks only) 

An ( k c )  
Crack length (mm)  

0.2 0.25 0.3 0.4 0.5 0.6 0.8 1.0 1.5 2.0 End 

5835 18 
3A23 19 
3Bll  19 
IA23 
5810 
3810 
1A17 
1A29 
5829 
3A10 
3B17 
5B17 
3836 
lAlO 
IA  4 
5B36 
3A48 

19.5 
19.5 
20 
20 
22 
22 
23 
24 
24 
24 
26 
28 
28 
36 

- 8.5 8.0 18.7 28;2 31.1 34.9 

-18.0 - 7 . 5  7.5 16.8 23.3 25.3 28.3 
- 8.5 2.0 14.5 19.6 25.0 27.6 31.0 

5.5 
0 
0 

0 12.3 
-11.0 -1.5 4.2 

- 7.5 
-11.0 
- 4.0 

-15.5 -9.0 - 4.5 2.2 7.0 
-0.5 2.8 

- 3.2 0 1.8 
-5.6 0 8.6 13.5 

- 8.0 -3.0. 0.3 5.7 9.2 

17.3 
9.0 
7.0 

19.7 
7.5 

- 3.8 
- 6.0 

0 
- 7.5 

10.6 
5.2 

17.3 
10.8 

3.0 

33.5 40.2 46.6 
19.5 26.0 31.7 
16.7 22.0 27.0 
30.6 37.2 43.6 
11.8 14.3 17.0 
1.5 5.0 10.2 
n 3.6 7.0 
5.1 7.8 10.8 
1.0 6.1 11.2 

15.5 18.5 22.0 
8.5 10.3 12.0 
5.0 5.9 7.7 

21.4 24.1 26.7 
12.8 13.6 14.4 

48.8 
34.2 
28.8 
45.6 
18.5 
12.9 
8.6 

12.2 

23.0 
12.8 
8.5 

27.6 
14.8 

13.0 

52.0 
37.5 
31.3 
48.2 
19.8 
15.2 
10.6 
14.5 
14.4 
24.2 
13.2 
9.3 

28.8 
15.1 

An is the number of cycles from the moment of crack detection. 

This relation is used in this chapter for interpolation 
and extrapolation purposes. With the method of least 
squares values of C and a were calculated. The results 
are compiled in tables 8, 9 and IO. For the unnotched 
specimens there is some variability in a but a systematic 
trend to increase or decrease as a function of S,,., can- 
not be observed. The average value of a is 2.0. For the 
small and the large notched specimens a has been 
platted vs. S,,,, in figs. 15 and 16 as double logarithmic 
plots. For both types of specimens a is decreasing a t  
increasing S,,,,. The values of C have been plotted in 
figs. 17, 18 and 19, again in a double logarithmic graph. 
C is increasing for increasing S,,, as should be ex- 
pected since from eq. (5.2) it follows that Cis  the crack 
rate at I =  1 mm. For figs. 15 to 19 a linear regression 
line (method of least squares) was determined. These 
lines imply the following relations 

c=c, stax (5.3). 

a = C, S i &  (5.4) 

Substitution in eq. (5.2) gives 

For the three types of specimens the following numeri- 
cal results were obtained. Unnotched specimens: 

(5.6) - dl = 0.40 X 10- 6 S,,, 3 .8612  

dn 

Small notched specimens: 

Large notched specimens: 

Values of dl/dn as a function of I have been plotted in 
figs. 20, 21 and 22 for the three types of specimens 
respectively. For I <  I mm this has been done in 
accordance with the above equations, leading to 
straight lines. For 1 2 1  mm the linearity between 
log d//dn and log I no longer holds and the following 
procedure was adopted. For several values of I the 
crack rate was plotted as a function of S,,,, and curves 
were faired through the data points. From such graphs 
the values of d//dn plotted in figs. 20, 21 and 22 for 
I >  I mm were obtained. Again this procedure implies 
a smoothing of scatter. 

Integration of eq. (5.2) gives: 

N f l  and N,, being the fatigue lives at a crack length of 
I ,  and I ,  respectively. Eq. (5.9) can be used as an  extra- 
polation formula to estimate crack lengths and crack 
rates at numbers of applied cycles, Nl,  before cracks 
were observed. For the unnotched specimen N, was 
calculated for i = O . Z  mm and I=0.1 mm with eq.(5.9) 
starting-from Nl for 1=0.5 as  an experimental ob- 
servation. The results are plotted in fig. 23 as a percen- 
tage of the fatigue life at failure. The figure also gives 
the experimental data for I=0.5 mm and I = l  mm. 
Although the results for I=O.2 mm were calculated 
with eq. (5.9) they still have a reasonable accuracy, 



TABLE 6 

Tabulated crack propagation curves for the small notched specimens 
- 

An (kc) 

3 A  I *  
5844' 
1A44' 
5838. 
1 A26 
3826 
5826 
1A32 
3A32' 
3A25 
5819 
lA25 
1 
3A19 
3 8  50 
3819 

I36  
IA13 
3813 
5813 
IAIY 

151 
3A50 
38 .7  
3A 7 
5B 7 
1A38 
3832 
5832' 
3838 
3A38 
3844 
3A44 
3825 

12.5 
12.5 
13 
13 
14 
14 
14 
14 
14 
14 
15 
15 
15 
16 
16 
16 
16 
17 
17 
17 
17 ' 

17 
18 
18 
18 
18 
20 
20 
20 
24 
24 
28 ' 
28 
36 

0.06 0.08 0.1 0.15 

-10.0 

- 16.0 9.0 

-10.0 8.0 21.0 42.0 
3.5 9.1 

6.5 

~ 2 . 5  3.5 12.0 

- 1.4 
- 0.8 

- 1.0 2.8 

2.6 5.9 

0.9 3.2 7.2 
- 2.0 0.3 1.3 2.9 

2.7 

0.2 0.3 0.4 

27.0 60.5 75.5 
-13.0 16.5 

25.0 45.0 
-20.0 4.5 

56.0 73.3 
13.4 18.6 

4.0 27.5 
- 3.0 21.7 

4.0 18.5 
- 3.0 9.0 
- 0.5 11.2 

11.5 
10.0 17.5 

18.0 26.0 
- 2.0 6.1 

3.9 10.7 
13.0 

5.1 12.6 
4.1 10.2 
5.6 9.4 

- 1.4 2.2 

8.1 11.8 

9.8 13.6 
4.1 5.7 
4.0 5.8 

- 0.5 0.5 
4.08 

35.5 
57.5 
19.0 
84.0 
22.5 

36.5 
32.5 

29.0 
17.5 
18.0 
16.6 
21.5 

30.8 
8.9 

14.4 
15.7 
16.4 
14.2 
11.7 
4.5 

14.2 

16.2 
6.8 
7.2 
I .2 
5.00 

- 

0.140 0.410 0.770 

0.6 

87.5 
53.5 
68.0 
34.5 
96.3 
28.0 
15.5 
42.7 
45.0 

40.5 
26.0 
24.5 
21.3 
26.4 
21.5 
36.5 
11.7 
13.2 
18.5 
19.1 
20.5 
17.7 
14.8 
7.0 

19.5 
17.1 
19.0 
19.2 
8.3 
8.9 

2.13 
6.20 

__ 0.8 

93.5 
60.3 
72.5 

101.7 
31.3 
32.5 
46.5 
50.0 

45.4 
31.0 
27.5 
23.9 
29.5 
26.8 
39.8 
13.7 
15.9 
20.9 
21.7 
22.6 
19.8 
16.7 
8.5 

21.4 
18.3 , 

20.5 
20.7 
9.4 

10.2 
2.79 
6.89 

~ 

42.2 

1 .o 
97.0 
M.3 
75.3 
45.8 

104.6 
33.8 
37.0 
48.7 
52.9 
88.0 
48.0 
34.3 
29.9 
25.6 
31.3 
29.2 
41.7 
15.1 
17.4 
22.7 
23.6 
24.1 
21.2 
17.8 
9.6 

22.8 
19.0 
21.3 
21.7 
10.0 
11.0 
3.25 
7.36 

__ ~ 

0.970 1.085 

1.5 2.0 

102.2 105.8 
70.0 
80.0 
50.5 

109.0 
38.0 
42.5 
52.8 
57.5 
93.0 
52.4 
38.5 
33.5 
28.7 
34.3 
32.5 
45.0 
17.3 
20.3 
25.6 
26.4 
26.9 
23.5 
19.6 
I, I .7 
25.0 
20.2 
23.0 
23.0 
11.0 
12.2 
3.79 
8.13 

1.175 

74.0 
83.6 
54.0 

111.7 
41.0 
45.2 
55.3 
60.2 
96.0 
55.0 
41.4 
36.0 
30.9 
36.7 
34.5 
47.2 
18.9 
22.2 
27.6 
28.5 
28.8 
25.2 
20.8 
12.9 
26.6 
21.4 
24.0 
23.8 
11.6 
13.1 
4.01 
8.53 

I.200 

3.0 4.0 

111.2 115.5 
79.5 
8815 
59.9 

116.3 
45.5 
50.0 
60.0 
64.5 

101.0 
59.5 
45.1 
40.1 
34.3 
40.0 
37.8 
51.0 
21.5 
25.0 
30.4 
31.6 
31.3 
27.5 

15.2 
28.4 
23.5 
25.8 
24.7 
12.2 
14.3 
4.26 
8.85 

~ 

- 

84.0 
92.6 
64.0 

120.2 
48.9 
53.7 
63.4 
67.8 

104.4 
63.2 
48.1 
43.5 
37.3 
43.0 
40.6 
54.0 
23.6 
27.1 
32.5 
34.6 
32.9 
29.2 

17.3 
29.4 
24.9 
27.1 
25.3 
12.5 
15.1 
4.38 
9.01 

- 

- 

6.0 

122.0 
91.0 
98.8 
70.0 

125.8 
54.0 
60.0 
69.0 
73.0 

110.4 
69.0 
53.7 
49.0 
42.2 
48.2 
45.0 
59.3 
27.3 
30.9 
36.1 
40.0 
35.2 
30.8 

- 

- 
- 

30.7 
26.4 
28.3 
25.8 
12.8 
15.7 
4.45 
- 
- 

Ekd. 

136.0 
107.0 
115.0 
84.0 

138.1 
64.1 
70.9 
82.8 
84.0 

121.0 
77.3 
56.5 
54.0 
48.8 
56.0 
49.3 
63.0 
31.9 
34.0 
39.0 
46.0 
36.0 
32.0 
30.5 
21.8 
31.7 
27.0 
29.0 
26.0 
13.0 
16.0 
4.5 

10.0 
1.207 

~ 

* specimens with a small artificial crack starter. 
An is the number of cycles from the moment of crack detection 



TABLE 7 
Tabulated crack propagation curves for the large notched specimens. 

Anlkcl  

Speeimen S,,, 

4AI2 10.5 
10.5 

( k g h " )  

2A 8 
4A 6 
4811 
28  9 
28  2 
4A 1 
2812 
4 8  7 
4 8  I 
4A 7 
2A12 
4A 2 
2 8  3 
4A 3 
4B 2 
4812 
4B 5 
2B 8 
2A 5 
2A9 
2B I 
4 8  6 
4A 8 
2A 4 
4A 4 
28  7 
4A 9 
2 8  6 
4B 9 
2A10 
4AI 1 
4A 5 
2A 7 
2B 10 
4A10 

I I  
I 1  
I1 
11.4 
11.45 
12 
I2 
12 
12 
13 
13 
13.2 
14.2 
14.2 
14.2 
15.2 
15.2 
15.2 
15.2 
16 
16 
16 
16 
18 
18 
20 
20 
24 
24 
24 
28 
36 
36 
40 
40 

0.08 0.1 0.15 
0 9.2 

-2.8 
6.6 

-1.8 
-4.2 

-7.0 2.2 
-4.5 4.8 

7.0 

0.6 

-1.2 3.3 

- I .7 0.85 
0.8 3.35 

-1.25 0.25 
-2.0 -0.4 

~ 

0.2 
16.0 
9.0 

16.8 

0 
6.5 
1.0 
8.0 

10.9 

~ 

2.2 
13.0 
3.2 
3.5 

6.3 

5.0 

2.6 
5.15 
1.3 
0.9 

2.05 

0 

20 End 0.3 0.4 . 0.6 0.8 1.0 1.5 2 3 4 6 8 10 15 

25.5 32.3 41.0 45.5 4X.4 52.8 55.4 59.1 62.2 6 x 2  76.0 83.U Y4.8 103.5 ll2.0 
23.i 
26.0 

13.5 
Ib.5 
7.7 

15.0 
19.0 

11.3 
20.0 
3.6 
7.2 

9.9 

8.8 

5 
7.7 
2.75 
2.55 

3.55 

0.720 
0.003 0.128 

0.023 

31.4 
31.0 

19.7 
22.5 
12.2 
19.0 
24.0 

16.8 
23.0 
8.0 
9.6 

12.2 

11.2 
9.2 

6.65 
9.45 
3.8 
3.65 
0.17 
4.55 

40.1 44.8 
36.6 40.1 

- 1.2 4.8 
25.5 28.6 
29.0 32.6 
17.7 21.2 
23.5 26.1 
30.3 34.1 

22.9 25.8 
26.3 28.5 
13.3 16.3 
12.5 14.2 
22.8 24.8 

14.8 16.4 
17.3 19.0 

14.1 15.8 
11.9 13.4 

17.2 18.65 
8.6 9.8 

12.0 13.75 
5.25 6.3 

5.1 6.0 
0.97 1.76 
5.85 6.65 

47.6 
42.6 

7.9 
30.8 
34.6 
23.5 
28.0 
36.6 

38.0 
27.6 
30.0 
18.2 
15.4 
26.1 

1715 
20.1 

17.0 
14.5 

19.55 
10.7 
14.95 
7.05 
6.60 
2.40 
7.05 

51.7 
46.2 
11.3 
34.4 
37.6 
26.8 
30.9 
40.2 
9.5 

41.2 
29.7 
32.6 
20.8 
17.2 
28.1 

19.2 
21.9 

18.6 
16.0 

20.9 
12.0 
16.7 
8.05 
7.65 
3.01 
7.68 

54.1 
48.2 
13.5 
36.6 
39.8 
28.7 
32.6 
42.4 
11.4 
43.0 
31.1 
34.0 ' 
22.5 
18.2 
29.3 
39.7 
20.3 
23.1 
12.5 
16.2 
19.55 
17.0 
15.8 
21.8 
12.8 
17.5 
8.6 
8.25 
3.30 
8.06 

58.1 61.4 
51.1 53.8 
17.0 20.1 
40.0 427  
42.8 45.5 
31.4 33.6 
35.4 37.5 
45.8 49.1 
14.3 16.7 
45.4 48.0 
33.1 35.0 
36.2 38.3 
25.0 21.2 
19.6 20.8 
31.2 32.7 
41.4 43.0 
21.8 22.9 
24.6 25.7 
13.7 15.0 
17.9 19.1 
20.7 21.6 
18.2 19.0 
17.2 18.2 
22.85 23.6 
13.55 13.95 
17.95 18.2 
9.05 9.21 
8.95 , 9.4 
3.48 .3.56 
8.30 8.48 

61.0 72.6 
58.6 62.5 
25.8 31.3 
48.7 54.7 
51.9 57.4 
37.7 41.6 
41.6 45.4 
55.1 60.4 
21.0 25.2 
53.2 58.0 
39.1 43.0 
42.2 45.6 
31.0 34.3 
23.3 25.3 
34.8 36.7 
45.8 48.1 
24.2 25.1 
27.1 28.4 
16.6 17.5 
21.0 22.5 
23.1 24.2 
20.1 21.0 
19.8 21.0 
24.8 25.95 
14.55 15.05 
18.6 18.85 
9.5 - 
9.95 10.35 
3.70 3.82 
8.72 9.00 

77.4 
65.9 
37.5 
60.4 
62.0 
45.3 
49.0 
64.7 
28.1 
62.5 
44.9 
48.5 
37.3 
26.5 
37.9 
50.1 
25.65 
29.4 
17.9 
23.4 
25.1 
21.75 
21.7 
26.9 
15.5 
19.05 

10.6 
- 

3.90 

86.8 
74.5 
49.5 
71.5 
71.0 
53.2 
56.3 
72.0 
31.4 
71.5. 
47.0 
54.2 
42.2 
29.7 
39.8 
52.7 
26.35 
31.3 

24.9 
26.5 
23.15 
23.0 
28.3 
16.3 
19.45 

11.1 

- 

- 

93.0 100.0 
81.5 88.0 
56.5 63.0 
77.7 83.0 
76.1 81.5 
59.0 65.0 
60.6 65.0 
76.6 81.5 
33.0 35.0 
76.8 79.5 
48.1 49.0 
57.8 62.0 
44.5 46.5 
31.9 33.5 
40.6 41.0 c 

54.3 55.0 
26.8 26.8 
32.5 34.0 
- 18.5 
25.5 26.0 
27.15 27.5 
24.0 . 25.0 
23.8 24.4 
29.0 29.5 
16.8 17.0 
19.8 19.9 
- 11.0 
11.35 11.5 

4.09 - 4.2 
9.25 - 9.4 

- 5.5 - 
9.11 

1.00 1.60 2.05 2.66 2.93 3.22 3.40 3.60 3.72 3.85 
1.235 1.840 2.225 2.475 2.825 2.970 3.095 3.165 3.220 3.250 3.270 - - 3.294 
0.221 0.350 0,440 0.504 0.598 0.628 0.649 0.658 0.676 0.687 0.693 - - 0.695 

0.394 0.484 0.518 0.550 0.566 0.588 0.600 - - - 0.607 
0.116 0.208 0.254 0.282 0.316 0.332 0.343 0.352 0.356 - - - - 0.359 

0.047 0.057 0.068 0.071 - - - - 0.075 2A 3 

A n  IS the number of cycles from the moment of crack detection 
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Fig. 12 Crack rate data for some unnotched specimens. 
c 

Fig. 13 The crack rate data for 1 < 1 mm for the small 
notched specimens. 
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Fig. 14 The crack rate data for I < 1 mm for the large notched specimens 
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Fig. 15 The exponent a as a function of stress-far the small .. . , , 

notchedspecimens. , , ' _. I 
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Fig. 16 The exponent n as a function of stress for the large 
notched specimens. 

Fig. 17 The constant Cas a function of stress for the unnatched 
specimens 
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Fig. 18 The constant C as a function of stress for the small 
notched specimens. 
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Fig. 19 Thhe constant C as a function of stress for the large 
notched specimens. 

Fig. 20 The crack rate as a function of crack length for the un- 
notched specimens. 

The plotted data were read from a graph in which dljdn had been 
plottedvs. S,,,forconstantvaluesofI(I= 1.25mmand = 1.75 
m resp.). For 0.2 < I < 1.0 mm curves were drawn in ac- 

cordance with eq. (5 h). 
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TABLE 10 

Calculated values of a and C in dfjdn = CIS for the large notched specimens 
The values of il and C were calculated (method of least squares) for a linear regression of log dlldn on log I for I < 1 mm (see fig. 14). 

The number of test data involved in each calculation varied from 5 to'7. 

,S,.,/ka/mn+J 36 28 24 20 18 16 15.2 14.2 13.2 13 12 11.45 11.4 11 10.5 . .. . 

Values*ofp 1.09 1.37 1.53 1.21 1.08 1.46 1.43 1.40 1.54 1.72 1.36 1.33 1.70 1.98 1.73 
1.03 1.25 1.83 1.53 1.68 1.27 , 

Values* o f C  0.443 0.876 0.495 0.285 0.250 0.194 0.206 0.189 0.118 0.129 0.127 0.094 0.107 0.106 0.066 
0.337 0.174 0.175 0.086 0.124 0,080 

* Values were computed with I in mm and dljdn io mmlkc Ode) 

since they involve only a small extrapolation of the 
available data. For I=O.1 mm the extrapolation is no 
longer small and this result depends entirely on the 
validity of eq. (5.2) at such a small crack length. 

Similar figures have been prepared for the small and 
the large notched specimens, see figs. 24 and 25. How- 
ever, in these cases no extrapolations were made since 
more experimental data For small cracks were available. 
N ,  -data were read from S,,,,-N, curves. For reasons 
to he discussed in section 6.1 both figures have been 
replotted in figs. 26 and 27 by using as an abscissa 
NJN2 and Nl /N2 , s  respectively instead of N,,". Figs. 
23, 24 and 25 show that a substantial part of the 
fatigue life is covered by cracking with crack sizes 
larger than 0.1 mm. This part is reduced at lower 
stress values near the fatigue limit. 

Knowing that a large part of the fatigue life involves 
crack propagation with cracks larger than 0.1 mm one 
is tempted to extrapolate with eq. (5.2) or eq. (5.9) to 
still earlier stages of the fatigue life. If eq. (5.2) should 
hold from the beginning of the fatigue test eq. (5.9) 
implies that a crack of finite length should be present 
in a virgin specimen. Indicating this initial crack length 
by lo one can calculate its magnitude from eq. (5.9) by 

N-30 000 

N i 45 000 
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Fig. 23 Percentage of fatigue life covered by crack propagation 
in the unnotched specimens. 

substituting 
result is 

and N,,=O. With /,=0.5 mm the 

_ -  ' - 2 " ~ ' + ( a - l ) C N o . 5 .  (5.10) 
r - l  
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Fig. 24 Percentage of fatigue life N covered by crack propagation 

in the small notched specimens. 
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Fig. 25 Percentage of fatigue life Ncovered by crack propagation 
in the large notched specimens. 
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Fig. 26 Percentage of fatigue life Na covered by crack propaga- 
tion in the small notched specimens. 
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Fig. 21 Percentage of fatigue life Na.6 covered by crack propaga- 
tion in the large notched specimens. 

With this relation /,-values and the corresponding 
crack rates (d//dn), have been calculated and compiled 
in table 11. 

Table 1 I shows /, to depend on the stress level, which 
is unsatisfactory in itself. But moreover the idea that 
cracks are present in virgin specimens IS probably not 
realistic. Some relevant evidence on micro crachng was 
recently published by de Lange (ref. 19). His results are 
analysed in Appendix A and further discussed in 
chapter 6. They give the impression that cracks start 
with a zero-crack length, the crack rate being approxi- 
mately constant during the initial period of the fatigue 
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test. At a certain length of the crack the growth 
accelerates in accordance with eq. (5.2). If it is assumed 
that de Lange's results also apply to the prksent tests, 
the constant crack rate at the beginning of the test 
(dlldn), and the crack length / , 'a t  which the crack 
starts accelerating can be calculated from the following 
relations : 

(5.11) 1, Firstly, ~- 
- Nit 

NLt is the number of cycles during which the crack rate 
remains constant. From eq. (5.9) with / ,=lt  and 
N,,  =N,* 

-- - (a-1) C(N12-NiJ (5.12) 1 1 _ -  r' l=-' 2 

and from eq. (5.2) 

dl 
= cc (5.13) 

With /,=OS mm evaluation of eqs (ill), (5.12) and 
(5.13) leads to 

1 1  
i f - 1  a 

- [2'- '+(a,- l )CN,,5] .  (5.14) 

Values of (d//dri), and /, have been calculated with eq. 
(5.13) and eq. (5.14) and the results are also compiled 
in table 11. I t  should be pointed out that i f  a is near 
to one the calculated results are very sensitive to small 
variations of a. In  view of the scatter in a, see figs. 15 
and 16, it cannot be said that a is accurately known. 
Since a-values near to one were obtained for high 
stress levels the corresponding values of I ,  and (d//dn), 
are far from accurate. 

To obtain an impression on the scatter in the fatigue 
life until visible cracking and the fatigue life covered 
by visible cracking the values of Nu,5 (fatigue life until 
1=0.5) and N-Nu,, (fatigue life covered by cracking 
from / = O S  to  final failure) have been plotted as a 
function of S,,, in figs. 28, 29 and 30 for the three 
types of specimens respectively. Scatter bands have 
been roughly indicated. The bands do not have a clear- 
ly statistical meaning, but their width might be 
associated with twice the standard deviation. For 
fatigue lives below 100,000 cycles the bands have an 
approximately constant width and the widths are al- 
most equal for Nu,5  and N-N,,,. If this width I S  equal 
to 2a the following values for aloeN are obtained: 0.18, 
0.13 and 0.10 for the unnotched, the small notched and 
the large notched specimens respectively. At low stress 
values the scatter band for Nu.5 becomes broader for 
all three types of specimens, contrary to the scatter 
band for.N-N,,,. 

I t  was checked whether a high N,,5-value would 
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TABLE 11 

Calculated values of crack lengths and crack rates 

Type of Sm,, N l o  (dlldnh I t  (dlldnh N d N  
specimen (kgImnP) ( k e )  imml ("/kc) imnd jmmikcl (.aic) Yu 

36. 45 0.058 0.0013 0.117 0.0052 52 50 
32 70 0.058 0.00081 0.115 0.0033 33 50 
28 110 0.060 0.00054 0.120 . 0.0021 21 51 

Unnotched 24 I80 0.065 0.00035 0.130 0.0014 14 52 
specimens 22 280 0.058 0.00020 0.116 0.00080 8 52 

20 , 550 0.013 0.000075 0.085 0,00030 3 51 
19 970 0.030 0.000030 0.059 0.00012 I .2 51 
i n  4000 0.009 0.000002 0.018 0.00001 0.1 50 

32 7.2 0.0045 0.0043 0.013 0.01 12 I12 16 
28 15.5 0.0028 0.00099 0.00! 0.0028 28 17 
24 28 0.0073 0.00093 0.018 0.0028 28 24 

Small notched 20 50 . 0.021 0.0009n 0.049 0.0032 32 31 
specimens i n  80 0.025 0.00061 0.057 0.0021 21 34 

I6 I50 0.026 ' 0.00027 0.057 0.0010 10 38 
15 205 0.029 ' 0.00019 0.061 0.0007 7 41 
14 350 0.025 0.00009 0.051 0.0003 3 44 
13 850 0.016 0.00002 0.033 0.0001 I 48 

40 0.87 0.121 0.24 0.32 0.67 6700 . 55 
36 1.6 0.088 0.12 0.23 0.34 3400 42 
32 3.3 0.049 0.041 0.12 0.12 1200 32 
20 7.1 0.024 0.011 0.060 0.033 330 26 

Large notched 24 ' 14.2 0.016 0.0063 0.039 0.01 1 110 25 
specimens 20 28 0.014 0.0014 0.033 0.0044 44 27 

18 41 . 0.013 0.00086 0.032 0.0027 27 28 
16 62 0.014 0.00054 0.032 0.0018 18 30 
14 I00 0.015 0.00035 0.035 0.0012 I 2  30 
13 I30 0.016 0.00027 0.037 0.0009 9 31 
12 180 0.016 0.00018 0.035 0.0006 6 31 
I 1  300 0.011 0.00007 0.025 0.0003 3 33 
10.5 480 0.007 0.00003 0.015 0.0001 1 35 

! 

imply a high N-N,,,-value, in other words whether 
there was a (positive) correlation between the fatigue 
life until visible cracks and the fatigue life covered by 
visible cracking. This has been done by adding numbers 
to the data points for No,5 indicating the sequence of 
increasing N-No ,-values of the corresponding test 
results. A sequence 1,2, 3 implies a positive correlation 
and a sequence 3,2,1 a negative correlation. Figs. 28, 
29 and 30 then show that no systematic correlation is 
present. 

6 Discussion 

The data obtained in this investigation have some 
relevance to three questions, viz. : 
1. How does fatigue occur in a metallic material, in 

this case an aluminium alloy? 
2. How is the correlation between the fatigue phenome- 

non in different types of specimens (notch and size 
effect)? 

3. Which period of the fatigue life is most liable to 
scatter? 

The first question is considered in section 6.1, in 
which some results of a more extensive study (ref. 30) 
on the fatigue phenomenon in aluminium alloys are 
briefly recapitulated. A summary of crack growth data 
from the literature is added. Macro-fractographic ob- 
servations are summarized in section 6.2. Question no. 
2 is dealt with in sections 6.3 and 6.4. In the former 
section the methods of analysis of the notch and size 
effect as given in  the literature are broadly outlined and 
comments based on the implications of the present 
results are given. In section 6.4 the endurances ob- 
tained in the present investigation are compared with 
NASA results. Subsequently it is studied whether a 
correlation between the crack rate data for the three 
types of specimens tested could be indicated. The third 
question on  scatter is briefly touched upon in section 
6.5. Finally the salient aspects of this chapter are 
summarized in section 6.6, to which some comments on 
prospects for the future are added. 

Test data drawn from the literature are mainly 
concerned with the same material as used in the present 
investigation, viz. 2024 material. 



21 

6. I The fatigue phenomenon in uluminiuni alloys 
The main purpose of this section is to study how the 

nucleation and propagation of fatigue cracks is affected 
by ( I )  the stress amplitude and (2) the presence of a 

notch. Before doing so a general summary of the 
fatigue phenomenon in  aluminium alloys is presented 
which is largely based on  ref. 30. Secondly the present 
investigation leads-to an~assessment of the brders of 

. ~~~~ ~ 
~~= ~~ ~~ ~~ ~-~~~ ~ ~~~~ ~~~~ ~~ 

Fig. 28 Scatter in fatigue life until visible cracking (N0.s) and the fatigue life covered by visible cracking (N-Na.s) 
for unnotched specimens. 

28 

26 

24 

22 

20 

I8 

16 

14 

10 100 

Fig. 29 Scatter in fatigue life until visible cracking (NM) and the fatigue life covered by visible cracking (N-Na.s).for the small notched 
specimens. 
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Fig. 30 Scatter in fatigue life until visible cracking (No.5)  and the fatigue life covered by visible cracking (N-N0.s) for the large notched 
specimens. 

magnitude of the crack rate as occurring in aluminium 
alloy specimens. Such values have some meaning for 
a theory on the fatigue phenomenon, an  aspect which 
is further explored in ref. 30. 

During a fatigue test fatigue damage is accumulating. 
For a rational approach of several problems it  is 
necessary to know how this occurs. The fatigue process 
can be schematically described by the following steps. 

of the crack is subjected to cyclic strain-hardening (or 
softening) which will affect the amount of cyclic slip 
and thus the crack extension in subsequent cycles. 
Residual stresses are known to have some additive 
effect to the externally applied loads. Broadly speaking 
one can indicate three damage parameters: (1) crack 
length, (2) strain-hardening and (3) residual stress. I t  
is difficult to describe quantitatively the second and the 

microcrack +I-)---+I final failure I 
From microscopical studies it is known that micro- 
cracks are present very early in the fatigue life. Second- 
ly the growth of a microcrack to a macrocrack covers 
the major part of the fatigue life. The difference 
between microcracks and  macrocracks cannot exactly 
be defined. Usually the term macrocrack is associated 
with cracks which are visible to the naked eye. The final 
failure occurs in the last cycle of the fatigue test. I t  is 
comparable to a static failure so far as it usually 
exhibits macro-plastic deformation. 

The propagation of cracks depends on external fac- 
tors, such as applied load, geometry of specimen, 
environment etc., and internal factors, such as ,  the 
crack length, the strain-hardening in the specimen due 
to the fatigue load history and the residual stresses in 
the specimen. During crack propagation the zone ahead 

third parameter since both strain-hardening and 
residual stress will not be homogeneous through the 
specimen and moreover they may change form cycle to 
cycle. The crack length is the only parameter which can 
be easily defined. Moreover, it is the only one amenable 
to measurements. I t  was one of the purposes of the 
present study to obtain quantitative data on the micro- 
crack propagation for vaiious fatigue loads and three 
different types of specimen. Systematic studies on 
microcrack propagation giving quantitative data are 
scarce in the literature. 

A restriction of the present study is the low magnifi- 
cation of the microscopes implying that in general 
cracks were not found before they had a length of 0.1 
mm (100 p). As a consequence crack propagation was 
not observed in the first part of the fatigue test. Recent- 
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ly some results were published by de Lange (ref. 19). 
Studying the possibilities of a new replica method for 
microscopical observations he also performed rotating 
b iam~tes ts  on unnotched specimens of the 26 ST 
aluminium alloy, which is practically the same material 
as used for the present investigation. The replica 
method allowed large magnifications to be used and de 
Lange observed crack propagation from the beginning 
of the test. His tests are a welcome complement to the 
present study. A brief summary and an analysis of the 
results is presented in Appendix A. The main conclu- 
sion for the present purpose is that the crack rate is not 
increasing right a t  the beginning of the test. The crack 
rate shows a tendency to be approximately constant in 
the first part of the test after which acceleration of the 
growth occurs in the same way as for the unnotched 
specimens of the present investigation (see fig. AI and 
compare this figure with fig. 12), i.e. in accordance with 
eq. 5.2, a being independent of Sa. 

At first sight it might seem somewhat surprising that 
the crack rate is approximately constant during the 
nucleation period. However, there are some arguments 
to explain this feature qualitatively. Crack nucleation 
and propagation are closely associated with cyclic slip. 
At the start of a fatigue test cyclic slip will concentrate 
at the free surface even if the stress distribution is 
homogeneous. This is due to the lower restraint on slip 
movements a t  the free surface. Cracks are therefore 
nucleated a t  the free surface, apart from inclusions. If 
a crack nucleus has been formed, it will concentrate 
slip movements as a result of its stress raising effect and 
one would expect an  increasing crack growth rate. 
However, if the crack penetrates into the material, the 
cyclic slip movements in the crack tip region will meet 
with an increasing restraint. In other words the state 
of stress in the critical region is changing from biaxial 
to triaxial. If there is a balance between the increasing 
stress raising and the increasing restraint on slip one 
might imagine that the crack rate remains approxima- 
tely constant during the initial period of the test. When 
the crack is becoming larger the effect of the free sur- 
face vanishes and since the increasing stress concentra- 
tion remains an acceleration of the crack growth will 
occur. 

Based on the assumption that the crack rate is 
constant during the nucleation period until a crack 
length I ,  has been reached, after which the propagation 
accelerates, the crack rate in the nucleation period was 
calculated from the present results as discussed in  the 
previous chapter. Values were compiled in table 11. 
These values have been plotted in fig. 31. The results 
for high S,,,-values for the notched specimens were 
omitted since they could not be determined accurately 
enough as 'pointed out in chapter 5.  For low S,,,- 
values (dl/dii)t is decreasing to very low values. It 
should be expected that the curves have a vertical 

~~. ~ 
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Fig. 31 Estimated minimum crack rates 

asymptote at the fatigue limit, unless non-propagating 
fatigue cracks could exist below the fatigue limit. How- 
ever, Frost (ref. 8) has shown that this requires sharp 
notches which were not used in the present investiga- 
tion. Although fig. 31 will not have a high accuracy it 
is thought that it reasonably represents the orders of 
magnitude of the minimum crack rates. Fig. 31 is then 
of importance for fundamental fatigue theories, since 
it gives quantitative indications of minimum values of 
crack rates to be considered. 

A second result or the present study which is of 
importance for fatigue theories is that the observations 
point to a crack propagation during the complete 
fatigue life for low and high stress amplitudes and for 
unnotched and notched specimens. More particularly 
the opinion found in the literature, suggesting a funda- 
mental difference between fatigue at high and low 
stress amplitudes seems not t o  be substantiated by the 
present observations on microcrack propagation. 

Finally the crack growth, also in  the micro-stage 
seems to be a continuous process. An elaboration of 
these three fundamental aspects is beyond the scope of 
this report. A further exploration is given in ref. 30. 

The literature review presented in ref. 28 was a 
preliminary study for the present investigation. It was 
concluded there that the crack nucleation in unnotched 
specimens would cover a larger proportion of the 
fatigue life than in notched specimens. The conclusion 
was based on limited evidence that cracks In very 
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severely notched specimens were observed very early in 
the fatigue life, whereas in unnotched specimens cracks 
.were observed shortly before final failure. Some more 
evidence of th is  type has become available ind  will be 
briefly reviewed. The majority of the data of the litera- 
ture is of a qualitative nature, Le. the crack length at 
.the moment of  detection was not specified. 

Bennett and Baker (ref. 1) performed tests on un- 
notched 2024-T3 sheet specimens in pulsating bending 
(S,;,=O, R=O): From crack propagation data they 
derived the fatigue life N ,  for a crack length /=0.25 
mm. Their results are plotted in fig. 32 in the same way 
as for the unnotched specimens of the present study in 
fig. 23. The agreement between both figures is very 
good, even quantitatively. 

-N=141000 cycles 

-N=336000 cycles 

-N=919000 cycler 

- N-4523000 cycler 

10 1 I 
0 40 80 

N{/N ( 5 6 )  

Unnotched sheet specimens of bare 2024-T3 material, sheet 
thickness 2 mm (0.08") were loaded in pulsating bending ( R  = 0, 
Smi, = 0). N I  = fatigue life at which the crack length was 0.25 

mm (0.01") 

Fig. 32 The fatigue life at a small amount of cracking. Results of 
Bennett and Baker (ref. 1). 

Similar results of Bennett and Weinberg (ref. 2) ob- 
tained with unnotched and mildly inotcbed rotating 
beam specimens of 2024-T4 extruded material (S,=O) 
are shown in fig. 33. Although the length of the crack 
a t~ the  moment of detection is not specified, it probably 
will have been in the order 0.25 to 0.5 mm. Fig. 33 then 
confirms that fatigue cracks are observed (1) at an ear- 
lier stage of the fatigue life at high stresses and (2) for 
the same fatigue life at an earlier stage in notched 
specimens as compared with unnotched specimens. The 
second trend is also observed by comparing figs. 23,24 
and 25 for /=0.5 mm. However, for smaller values of 
the crack length the picture is more complicated.as 
will be discussed later. 

Hunter and Fticke have made microscopical studies 
on the nucleation of microcracks in several aluminium 
alloys'(refs. 12, 13 and 14). They do not specify the 
length of microcrack at the moment of detection. 
Results for 2024-T3 sheet material are shown in fig. 34 
in  a similar way as for the present study in fig. 23. 
Although the loading was 'alternating bending the 
trends are the same, Le. (1) microcracks are observed 
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Unnotched and mildly notched rotating beam specimens (S," = 0) 
were made of 2024-T4 extruded material. N ,  = fatigue life at 
which cracks were detected. Crack length at the moment of 

detection was not specified. 

Fig. 33 The fatigue life at detection of the first crack. Results of 
Bennett and Weinburg (ref. 2). 

early in  the fatigue life and (2) a t  lower stress amplitu- 
des the moment of detection is shifted to a higher per- 
centage of the fatigue life. They obtained similar results 
for 7075-T6 and AI-Mg alloys, also on sheet specimens 
loaded in alternating bending. 
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Unnotched sheet specimens of bare 2024-T3 material, sheet 
thickness 1.6 mm (0.64") were loaded in alternating bending 
(S, = 0). N ,  is fatigue life at which cracks were observed with 
the microscope (replica technique). Crack length at the moment 

of detection was not specified. 

Fig. 34 The fatigue life at detection of the first microcrack. 
Results of Hunter and Fricke (ref. 12). 

In ref. 14 Hunter and Fricke suggest that log I was 
increasing as a linear function of the number of cycles 
in accordance with the following modified formula of 
Bennett, although they give no numerical data on the 
propagation. 

log l = a n + b .  

From this relation the following proportionality is 
easily deduced : 

dl  - m i .  
dn 

This result is in contradiction with the results of the 
present study, where it was found that d//dnml* (see 
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with a zero minimum stress. In general visible cracks 
were found early in the fatigue life. The main purpose 
of these tests was to study the propagation of macro- , 

cracks and the sharp notch was made to initiate cracks 
in  a small’number of cycles. 

-, 

In the above review two trends were mentioned with 
respect to the moment of crack detection. (I) With a 
certain type of specimen cracks are observed at a lower 
percentage of the fatigue life for higher .stress ampli- 
tudes. (2) If different types of specimens at the same 
fatigue life are compared cracks are observed at a lower 
number ofcycles in themoreseverely notched specimens. 

eq. 5.6). In  other words, in the present study the crack 
rate is accelerating more quickly. This is not strange in 
view of the differences in test conditions. Note that de 
L a n g e ~ f G i d  d//dnm/l) (see Appendix). Hunter and 
Fricke employed alternating bending (S,=O) at con- 
stant deflection, de Lange applied rotating bending 
(S,=O) and in the present study the loading was 
pulsating tension (Smi,,-O, R-0) and the specimens 
were axially loaded at a constant stress. 

Axially loaded aluminium alloy specimens with very 
sharp notches were tested by Frost (refs. 7 and 8). The 
material was BS L65 (4.4% Cu, 0.7% Mg, remainder 
AI). Frost especially studied so-called non-propagating 
fatigue cracks. Such cracks are formed at stress levels 
below the fatigue limit. With very sharp notches fatigue 
cracks are observed almost immediately at the be- 
ginning of the test, even if the cracks become non- 
propagating. Frost has shown that non-propagating 
cracks require very sharp notches, i.e. K, > -4, and a 
low mean stress. 

Fatigue crack propagatio!l. in severely notched rotat- 
ing beam specimens (S,,=O) of 2024-T4 extruded 
material was studied by Hyler, Abraham and Grover 
(ref. 15). Root radii employed were 0.05 and 0.4 mm 
(0.002” and 0.016“), K,-values being 5.2 and 13.9. The 
depth of the crack was measured by sectioning of 
specimens at various values of the cycle ratio njN. 
Although the available data is limited it shows that 
cracks were formed very early in the fatigue test even 
if the anticipated fatigue life was long. The crack was 
then growing extremely slowly for the major part of the 
fatigue life. Also fatigue cracks formed at a stress level 
below the fatigue limit were present after a relatively 
low number of cycles. The results confirm Frost’s 
findings. 

Demer (ref. 4) performed tests on unnotched and 
notched rotating beam specimens of 2024T4 extruded 
material. He used somewhat unusual methods for 
crack detection. On the unnotched specimens cracks 
were indicated by a moisture coating method at 50 to 
85% of the fatigue life, the higher values applying to 
higher endurances. In the specimens notched by a V- 
groove, top radius 0.25 mm (0.01”) and K, =3.9, cracks 
were detected indirectly as an increase of the deflection 
of the cantilever specimen. In this way cracks were 
found very early in the fatigue life, viz. at 4 %  to 11 % 
of the fatigue life, the higher values applying again to 
high fatigue lives. Sectioning of some specimens showed 
the method to be reliable. Below the fatigue limit the 
notched specimens revealed non-propagating cracks. 
With respect to the effect of stress amplitude Demer’s 
results are qualitatively in agreement with the investiga- 
tions discussed before and the present study. 

Tests reported by Weibull (ref. 37) were carried out 
011 2024-T3 sheet specimens with a very sharp central 
notch ( K , -  l l .5) ,  the specimens being axially loaded 

>FINAL FAILURE 

For the higher stress amplitude cracks detected at a length 11 are 
observed at a lower percentage of the fatigue life. At a length 

1% the reverse is true. 

Fig. 35 Schematic crack propagation curves at a high and a low 
stress amplitude for the same type of specimen. 

The first trend is confirmed by all the investigations 
reviewed above. A schematic picture of the trend is 
shown in fig. 35. From this figure it will be clear that 
the trend will depend 011 the sensitivity of the crack 
detection method. If very minute cracks can be found 
they will be indicated in the very beginning of the test 
for both high and low stress amplitudes. If cracks of 
a length I, can be detected cracks will be found at an  
earlier stage of the fatigue tests with the higher stress 
amplitude. If the detection method is less sensitive and 
cracks of a length I, can be detected cracks will be ob- 
served a! a later stage in the tests with the higher stress 
amplitude. The latter is illustrated in figs. 24 and 25 of 
the present study for / > 1 171111. It should be pointed out 
that the latter result is due  to the fact that final failure 
occurs at a lower crack length for higher S,,,,-values. 
If the end of the test is defined at the moment that a 
certain crack length has been reached cracks are again 
found relatively earlier at the higher stress level, see 
figs. 26 and 27, for which the /-values defining the end 
of the test were I=2 mm and I=2.5 mm respectively. 
Figs. 24 and 25 show that for these values the maximum 



reductions of the fatigue life are IO and 15% respecti- 
vely. These data are of some importance for Valluri's 
criticism on the Palmgren-Miner rule Z n l N = l .  He 
says (ref. 36) that this rule is incorrect since N neglects 
that final failure does not occur a t  a constant crack 
length for all stress levels. This argument is correct, but 
the above results show that replacing in the Palmgren- 
Miner rule N by A', (taking I as 2 or 2.5 mm for the 
present case) will affect Zn/N  to a small extent and can 
therefore explain small deviations from this rule* only. 
It is thought that the deviations actually observed have 
other more important sources, such as residual stresses 
(ref. 32). 

With regard t o  the second trend mentioned above, 
viz. that cracks are observed earlier in more severely 
notched specimens, it seems that the situation is some- 
what more complicated than it was originally thought. 
The investigations reviewed above confirm that cracks 
are found earlier for increasing Kpalues.  This also 
applies to the present investigation if a crack length 
I > O . 5  mm is considered. However, for very small 
cracks the trend need not apply. I t  is thought that the 
mean stress may have some effect on the picture. S, 
was positive in the present investigation, but in the 
investigations on the effect of notches reviewed above 
a zero mean stress was applied (except for the tests of 
Weibull). Apart from the mean stress other factors, 
such as root radius, stress gradient and size may affect 
the trends. Some further thoughts on these aspects are 
given in section 6.3. 

As a conclusion to this section it may be said that 
dividing a fatigue test in a pre-crack stage and a crack 
stage, as suggested in ref. 28, seems to be virtually im- 
possible, also for unnotched specimens. It should be 
added that a complete picture of the crack growth has 
not yet been obtained. Especially the influence of the 
mean stress on crack nucleation and propagation (as 
a microcrack) is recommended for further microscopic 
studies. 

6.2 Macro-fractographic observatioiis 
The fracture surface of a fatigue specimen can be 

divided in two parts, one being formed during .crack 
propagation under cyclic loading, i.e. the fatigue part 
of the failurr, and the other one being formed in the 
last cycle, i.e. the static part of the failure or the final 
failure. Apart from ring and river patterns the fatigue 
part generally shows the following characteristic 
features. (1) There is no plastic deformation on a macro 
scale contrary to the final failure. (2) The fatigue part 
is relativelyflat in contrast with the final failure. (3) The 

* This conclusion is not necessarily valid under extreme 
conditions, such as an aircraft structure with poor fatigue 
properties (major part of life covered by macrocrack propaga- 
tion) and poor residual strength characteristics (small cracks 
inducing a large reduction of strength). 
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Fig. 36 Upper and lower fracture surfaces of four unnotched 
specimens tested at different stress levels. 

fatigue part is in a plane perpendicular to the maximum 
principal stress (9V-mode of fatigue fracture), whereas 
the final failure in sheet material occurs in a plane 
rotated to an angle of 45" with the sheet surface. 

The third feature requires some amplification. 
Although the 90"-mode is characteristic for the fatigue 
part of the fracture, it is not correct to assume that the 
45'mode of the fracture is completely caused during 
the final failure. It has been previously shown (refs; 3 
and 29) that a rapidly growing fatigue crack exhibits 
the 45"-mode fracture. 

Fig. 36 shows the fracture surfaces of four specimens. 
The following trends are observed. The 90"mode area 
is larger for a lower value of S,,,,,. The 45"-mode is 
gradually developing, starting as shear lips at the free 
suiface of the specimens, see the fracture surfaces of 
specimens nrs. 3B36 and 1A35. In general this led to 
a single shear failure at the moment that the transition 
from the 90"-mode to the 45"-mode was completed. 
Sometimes a double shear failure originated then, see 
for instance specimen 111. 3A35 in fig. 36. If this oc- 
curred the direction of growing showed a tendency of 
deviating some 5 to IO" from being perpendicular to 
the specimen axis. 

In fig. 37 the length of the crack, I , , ,  a t  which the 
transition from the 90"-mode to the 45"-mode was 
completed has been plotted as a function of the applied 
stress. In the same graphs curves are shown which in- 
dicate the crack length until which crack observations 
were made. In  view of the high crack rate towards the 
end of a test it is impossible to record the crack length 
at which the final failure occurs. This length will have 
been larger than indicated by the latter curves. Also 
from the fracture surfaces it could not be deduced at 
which crack length final failure occurred. Fig. 37 shows 
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__crack lengfh I$,  (see fig. 36) at which the transnion from 
the 90"mode to the 45"-mode of fracture was completed. 
- - _  crack length until which crack growth observations 
were made. For the small and the large notched specimens crack 
growth observations were not extended beyond I = 1 mm and 

I = 20 mm respectively. 

Fig. 31 Length of the 90"-mode of the fatigue fracture. 

that it is not correct to associate the 45"mode of the 
fracture with the final failure. 

Microscopical observations showed that the fatigue 
fracture was transcrystalline during both the 90" and 
the 45'mode of fracturing. On the basis of an analysis 
of the shear stress distribution around the tip of a crack 
it was indicated in ref. 30 that the transition from one 
mode to the other one is associated with a transition 
from a state of plane strain to a state of plain stress. 
The transition need not be correlated with a change of 
the fracture mechanism. 

6.3 The notch effect and the size effect 
The notch effect under fatigue loading has puzzled 

a few generations of investigators. The stimulus for 
investigations on this problem is twofold: ( I )  On one 
hand there is the basic idea that there should be a 
correlation between the fatigue processes in a notched 
specimen and in an unnotched specimen. (2) On the 
other hand it is easily recognized that it would he of 
great value to the designer if he could calculate the S-N 
curves for a notched component from the fatigue data 
for the unnotched specimen, the latter being regarded 
as a material property. The problem is still far from a 
rigorous and generally accepted solution. Although the 
qualitative understanding of the problem has in- 
creased, this has revealed that the problem is more 
complex than was thought in previous days. At the 
same time several empirical rules have been postulated 
embedding the experience of numerous empirical data. 
In  this chapter a brief review will be given of the 
knowledge of the problem and the background of some 
empirical solutions. Secondly tile meaning of the results 
of the present investigation for this problem will be 
discussed in more detail. 

Thenotcheffect and thesizeeffectare bothdiscussed 
in this chapter since the size effect is so closely as- 
sociated with the notch effect that a separate discussion 
is neither practical nor feasible. I t  is not the intention 
of this chapter to present a thorough review of these 
problems illustrated by empirical data from the litera- 

ture. For such reviews the reader is referred to two 
recent textbooks by Heywood (ref. 11) and Forrest 
(ref. 6). 

The simplest problem is a comparison of the fatigue 
limit, S,, (Le. the fatigue strength for infinite life) of a 
notched and r n  unnotched specimen at zero mean 
stress. In fact this is the problem dealt with in most 
publications on the notch effect. For components 
loaded in rotating bending for which an  infinite life is 
required this is indeed the practical problem being 
frequently met in machinery. In aircraft structures 
positive mean stress and finite life are two rather 
common, complicating aspects. 

The definition of the fatigue limit, S,, given by the 
ASTM (ref. 38) is: S,. is the limiting value of the 
median fatigue strength as the fatigue life, N ,  becomes 
very large. For the present purpose it is more illustra- 
tive to  read the definition as follows (omitting the 
statistical adjective): S, is the highest stress amplitude 
which does not produce microcracks* and is therefore 
the highest stress amplitude still giving infinite life. 
Using the subscripts 1 and K for unnotched and 
notched specimens respectively, their fatigue limits are 
indicated by S,, and SJK. In the notched specimen the 
peak stress at the fatigue limit is K,S,, assuming 
elastic behaviour. Since this stress is the maximum 
stress in the notched specimen unable of producing a 
microcrack and since S,, is the maximum stress in the 
unnotched specimens unable of doing so, an obvious 
and simple assumption is: 

K , S J K = S J I .  (6.0 
The assumption is illustrated in fig. 38a and b. By 
definition the fatigue notch factor, K,, is: 

Sf L 
SJK 

K, = -. 

Equation (6.1) then implies: 

K,=K,. (6.3)** 

However, a general***.observation is :  

K,< K , .  (6.4) 
The explanation of this trend has been the subject of 

* This definition is allowed only if non-propagating cracks 
will not occur. These cracks were extensively studied by Frost 
(refs. 7 and 8) who showed that the non-propagating cracks may 
occur at stress amplitudes below the fatigue limit in severely 
notched specimens. Frost's work was elucidatory for the notch 
effect for high Kt-values (say Kt > 4). This aspect, however, is 
not considered in this report. 

** For round specimens with a notch the state of stress at the 
root of the notch is biaxial and this should be accounted for in 
K,, which requires a yield criterion (see ref. 25). 

I** The observation does not apply to bolt and rivet holes 
involving crack nucleation assisted by fretting corrosion. 
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Fig. 38 Comparison of the stress distributions at the fatigue limit in an unnotched and a notched specimen (S,” = 0) assuming elastic 
and plastic behaviour. 

many studies. The major aspects of such studies will be 
briefly summarized. 

An obvious difference between figs. 38a and b is that 
the peak stress in the notched specimen occurs only 
locally, whereas in the unnotched specimen the stress 
S,, is transmitted over the full cross section. In other 
words there is astress gradient inthe notched specimen 
which is absent in the unnotched specimen. A second 
difference to be considered is the possibility that the 
peak stress in the notched specimen will exceed the 
yield stress So, implying that the peak stress will be 
smaller than KJ,,, see fig. 38c. 

These two differences have led to two differer.t 
approaches of the notch problem. In one approach the 
stress gradient is considered as a second parameter on 
which S,, willdepend. In  the second approach theplas- 
ticity is taken into account and it is tried to estimate the 
local peak stress, which then should be equal to Sfl. 
The first approach includes the size effect whereas the 
second does not. 

The effect of a stress gradient at a notch on the 
strength of an element was already considered by 
Neuber (ref. 21). Based on the idea that the mean 
stress over a small “elementary particle” at the root 
of a notch was an important parameter for the strength, 
he developed the well known formula for an “effective 
stress concentration factor”, KN, sometimes indicated 
in the literature as the Neuber factor: 

where r is the root radius and a is the half width of the 

elementary particle, also called Neuber constant. Ac- 
cording to eq. (6.5) KN is smaller than Kr, the more so 
for smaller values of r ,  i.e. for sharp notches. It should 
be pointed out that the formula is lacking a rigorous 
analytical background. Its usefulness for correlating 
fatigue data has been extensively checked a t  various 
laboratories, notably by Kuhn and Hardrath (refs. 16 
apd 17), starting from the assumption that 

K,=K,. (6.6) 

The quantity a was regarded as a material constant and 
values for steels and aluminium alloys were derived 
from available fatigue data. This approach is essentially 
empirical. Modifications of eq. (6.5) were proposed by 
Heywood (ref. 11) to improve its usefulness for limiting 
conditions. 

Peterson (ref. 25) employed the notch sensitivity 
factor q defined by 

Ki. 1 - K. 

w- xi-’ - q - NO;CH SENSITIVITY AS DEFINED 

BY PETERSON (REF. 281 
K y  K,*q- I-HIGHLY NOTCH SENSITIVE 

K,. 1 

K p  1-q- O- NOTCH IN~ENSITIVE 

Fig. 39 Generally observed K ,  - Kt relation for S, = 0. 



For K,= 1 (notch insensitive), q is equal to zero and 
for K,=Kt (fully notch sensitive), q is equal to one. 
Increasing values of q from 0 to 1 indicate an increase 
of fatigue notch sensitivity, see fig. 39. Peterson has 
plotted q as a function of the root radius r a n d  found 
such curves to depend on the type of material (refs. 25 
and 26), see fig. 40 for an example. The material is now 
characterized by a curve. Peterson (ref. 26) feels that 
the q-r curves can be represented by the analytical 
relation 

where a is again a material constant. The similarity 
(and the difference) with the approach of Kuhn and 
Hardrath is apparent since eqs. (6.5), (6.6) and (6.7) 
may be reduced to: 

Peterson's approach as well as the Neuber formula are 
easily recognized as being associated with the effect of 
stress gradient, if it is realized that the relative stress 
gradient x at the root of the notch is approximately 
inversely proportional to r .  The relative stress gradient 
at the root of the notch is defined as the (absolute) 
value of the stress gradient of the normal stress at that 
location, divided by the peak stress (K,&J at the 
same location, see fig. 41. For most notches (refs. 26 
and 33): 

(6.10) 1 % -. 

Siebel and Stieler (ref. 33) start from the idea that x is 
a second parameter to K ,  in  predicting K,-values. They 
proposed that the ratio K J K ,  is a function of x only, 
this function being characteristic for each material, see 
fig. 41. Since K,/K, cannot be written as a function of 
q only, there is again another empirical formula for the 
prediction of the notch effect. 

I t  is not the purpose of the present study to compare 
the merits of the above methods. However, it may be 

L 
r 

Fig. 40 The fatigue notch Sensitivity factor as a function of the 
radius of the root of the notch according to Peterson (ref. 25). 
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fig. 41 The relative stress gradient x as a second parameter to 
Ki for predicting K f .  Proposal of Siebel and Stieler (ref. 33).  

pointed out that Kt alone is incapable of predicting the 
notch effect and even adding the relative stress gradient 
(i.e. some more information on the elastic stress distri- 
bution) is insufficient for doing so. The material has to 
enter the problem and in the above methods this oc- 
curred by an empirical material constant or an empiri- 
cal curve, characteristic for the material. 

Asking now for which physical reasons the stress 
gradient is important the explanation may be twofold. 
First the stress gradient is related to the volume of 
highly stressed material. Secondly the amount of 
plastic deformation at the root of the notch will depend 
on the stress gradient. These aspects will be discussed 
successively. 

If the volume of the highly stressed material has 
some effect on the fatigue limit a statistical aspect is 
involved. In a larger volume there is an increased 
probability for weak spots being present. One may then 
be tempted to develop an analysis based on a weakest 
link concept. However, without a physical background 
this is virtually impossible. For instance, let it be 
assumed that the weak spots are inclusions, which ac- 
cording to Stulen, Cummings and Schulte (ref. 34) 
seems to apply to certain types of steel. Then an in- 
crease of all dimensions of a specimen with a factor k 
will increase the number of weak spots in the highly 
stressed volume k3 times (statistical volume effect). 
However, if the weak spots are due to machining effects 
the number of weak spots will increase kZ times (sta- 
tistical surface effect). If the cross section of the speci- 
men is not round but rectangular and cracks originate 
from the edges the number of weak spots has increased 
k times (statistical edge effect). In  all cases the stress 
gradient has decreased k times. The problem may be 
even more complicated if more than one type of weak 
spots have to be considered. Let it be assumed that the 
type of weak spot is known, then its effect on the fatigue 
strength has to be considered. I t  has to be expected 



that the size or the severity of the weak spots obeys 
some statistical distribution law, which will be un- 
known. Since this law is required for the analysis it has 
lo be determined indirectly from fatigue tests. This can 
only be successful if other sources of scatter can be 
excluded. 

The foregoing gives a brief indication of the difficul- 
ties involved in arriving at the basic data for a weakest 
link analysis. The statistical aspect of the notch and the 
size effect certainly form a useful field for research 
studies, but the possibilities for arriving at a rational 
quantitative engineering theory are at the present time 
limited and one is forced to employ such empirical 
methods as discussed before. It would be of great 
advantage if basic studies could provide more informa- 
tion on the physical nature of weak spots or rather the 
sites at which cracks are nucleatkd. Such information 
for a variety of materials will be illuminating for 
technical problems, despite the qualitative character it 
will have. 

With respect to the effect of plastic deformation at 
the root of the notch on the fatigue limit one might try 
to correlate this effect with the amount of plaiic de- 
formation. Consider a large and a small notched 
specimen which are geometrically similar. The size of 
the plastic zone and the plastic deformation integrated 
over the plastic. zone will be larger for the larger 

~ specimen. However, the plastic strain at the root 
of the notch will be the same for both the large 
and the small specimen, provided the material is 
homogeneous. It is thought that the plastic strain 
rather than the integrated plastic deformation will be 
controlling the nucleation of a microcrack. At first 
sight this would outrule an influence of the stress 
gradient as caused by the plastic deformation. This is 
correct only if the material behaves as a homogeneous 
material, which need not apply for high stress gradients, 
i.e. small specimens with sharp notches. Under such 
conditions the size of the plastic zone may be of the 
same order or magnitude as the grain size or even 
smaller. The plastic strain may then depend on the 
stress gradient. 

From the foregoing it will be recognized that it is 
very difficult to decide whether a stress gradient effect 
is associated with either statistical aspects (weak spots) 
or with plasticity. It is thought that in  general the 
former aspect will dominate for large specimens, 
whereas for small specimens both may be active. 

Irrespective of the size (or stress gradient) effect, 
plastic deformation at the root of the notch will cause 
a peak stress which is lower than K,S,,,. This can 
explain why KI< K,, see fig. 38c. (It may be repeated 
that the discussion is still restricted to S,=O). Defining 
now KDI as the stress concentration factor in the pre- 

sence of plastic deformation by: 

one might try to calculate KDl and assume subsequently 

K,=& ( < K c ) .  (6.12) 

Two noteworthy efforts may be mentioned here. 
Hardrath and Ohman (ref. 10) generalized a formula 
of Stowell for the estimation of KDI for a circular hole 
in an infinite plate. Their solution was: 

(6.13) 
K,,=I+(K,-I) 2 E 

E 
where E is the elastic modulus and E, the secant 
modulus in the stress-strain diagram corresponding t o  
a stress KplS,, L. Since E,  depends on KpI a method of 
trial and error, requiring the static stress-strain dia- 
gram, has to be used for calculating KPI with eq. (6.13). 
Hardrath and O h ”  found KDI to be in remarkably 
good agreement with strain measurements in static 
tests. Gunn (ref. 9) adopted KpI for the fatigue notch 
problem of aluminium alloys and obtained a reason- 
able confirmation of eq. (6.12) in some cases, the agree- 
ment being less good in some other cases. 

A second approach was published by Forrest (refs. 
5 and 6). He  assumed that the strain distribution obeys 
the elastic solution also after exceeding the elastic 
limit. From the strain distribution the stress distribu- 
tion is derived by employing a dynamic stress-strain 
relation obtained with unuotched fatigue specimens 
and neglecting the biaxiality or triaxiality in the 
notched specimen. From this distribution Kp, (= 
S,,,JS.,,) was deduced and the equality K,=K,, (eq. 
(6.12)) was checked for a variety of materials. Although 
the agreement was much better than for K,=K, a good 
agreement was obtained for some materials only. 
Probably the method breaks down for most materials 
since the stress distribution in a notched specimen, for 
which the peak stress exceeds the elastic limit will not 
remain constant during a fatigue test. Several materials 
show cyclic strain hardening or cyclic strain softening. 
Only those materials which rapidly stabilize to a con- 
stant stress amplitude under cyclic plastic strain with 
a constant amplitude may show some promise for 
Forrest’s approach. The aluminium copper alloys seem 
to behave this way (summarized in ref. 30) and indeed 
Forrest found a good agreement between K,, and K ,  
for these alloys. Still it should be kept in mind that a 
good agreement can only be expected if the material 
will not show a size effect. Gunn and Forrest both 
neglect the influence of the stress gradient at the root 
of the notch. 

The foregoing discussion was concerned with 
estimating the fatigue limit of a notched specimen, 
S,,, at S,,,=O, from the fatigue limit of an unnotched 
specimen S,, also at &=O. This problem is more 



complicated when S,#O, since then the definition of 
K, as given in eq. (6.2) is not unambiguous. If the 
fatigue limit is understood to be the highest stress 
amplitude for infinite life, then S,, and S,, can be 
related either to the same mean stress (S,) or to the 
same stress ratio (R) ,  see fig. 42. Indicating the cor- 
responding K,-values by K,,, and KIR respectively 
these factors will in general be functions of S, and R 
respectively. For ductile materials it is frequently 
assumed (refs. 6 and 25) that K,,, is independent of 
S,,,, or in fig. 42b: cld is constant for all S,-values. More 
complicated relations were proposed by Heywood 
(ref. 11). 

,,~~!'...~".~OT,,D b %JNOTCHED X".': 

Fig. 42 The fatigue limit as a function of S, and two definitions 
of the fatigue notch factor. 

Fig. 43 The effect of plastic yielding on the maximum stress and 
the stress amplitude at the mot of a notch according to Gunn 

(ref. 9). 

A noteworthy evaluation is due to Gunn (ref. 9). He 
assumes that K I R =  K, if the peak stress in the notched 
specimen (= K,S, , , )  does not exceed the yield limit. 
In  that case the straining af the root of the notch would 
apparently be completely elastic (see fig. 4 3 4  and it 
seems indeed appropriate to adopt K I R  for a correla- 
tion with K,, since the stress ratios for the stress at the 
root of the notch and for the nominal stress on the 
specimen are the same. If K,S,,,, exceeds the yield 
limit Gunn assumes that the maximum peak stress at 
the root of the notch is K,,,S,,,, (KpI according to eq. 
6.13) and that the amplitude of the stress a t  the root 
of the notch is KJ,, see fig. 43b. In  other words, the 
cyclic straining after the first load cycle is assumed to 
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be'elastic. With the above assumptions one can con- 
struct s,, as a function of S, if s,, as a function of 
S, is known. Gunn checked his method with some 
results from the literature and found a reasonable 
agreement in some cases, being less successful (although 
conservative) in other cases. Obviously the same 
problems arise as mentioned before, viz. KPI is derived 
from a static test and the stress gradient effect is not 
accounted for. The former aspect may lead to even 
greater inaccuracies than for S,=O since for S,,, > O  
plastic shake down may occur. 

In  the previous paragraphs the relation between 
S,, and S,, was considered, first for S,=O and sub- 
sequently for s,"# 0. The final complication is to extend 
the problem to the fatigue strength, S,, for a finite 
life, N .  Usually the fatigue notch factor is then defined 
as the ratio between the fatigue strength of the un- 
notched specimen, S,,, and the fatigue strength of the 
notched specimen S,, or K,=S,,/S,,. Since K, for 
large values of N will be of the order of K, and K,  for 
small values of N will be of the order of 1 it is clear 
that K, will be a function of N .  Further for &#O the 
ambiguity of defining K, a t  the same value of R or the 
same value of S,,, again arises. 

For the case of infinite life, looking for a K,-K, 
relation seems reasonable since for both the unnotched 
'and the notched specimen one compares the highest 
stress amplitudes which can be endured without the 
nucleation of a crack. However, for a finite life the 
fatigue strength cannot be defined in such a unique 
way. In fact, it is the cyclic stress which in N cycles 
leads to complete failure ofthe specimen. The present 
study has indicated that in both theunnotched and the 
notched specimen the fatigue life is occupied by crack 
propagation. I t  is difficult to see why crack propagation 
should occur at the same rate in unnotched and notched 
specimens if both yield the same fatigue life. This 
implies that looking for a K,-K, relation for finitelife 
is not a rational procedure, the more so in view of the 
ambiguity of the K,-definition.' One could only hope 
that test results would lead to empirical relations with 
a reasonably general applicability. One such method 
consists of estimating S,, and S,, for the notched 
specimen and assuming an  S-Nrelation satisfying S,, 
for N = m  and Sui  for N =  1 (ref. 1 I ) .  

In ref. 28 it was suggested that dividing the fatigue 
life in a precrack stage and a crack stage might allow 
a better relation between the fatigue lives a t  the end of 
the precrack stage for the notched and the unnotched 
specimen. The results of the present study, however, 
indicate that a definition of the precrack stage is not 
easily done in a rational way. Some more thoughts on 
the relation between the crack propagation in un: 
notched and in notched specimens are presented in 
section 6.4. 
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It will now he tried to  formulate some conclusions 
from the previous discussion. 

1. K t - ,  relation. Looking for a relation between K, 
and K, appears to be a rational approach for the 
fatigue limit S, only. The problem is complicated by 
the occurrence of plastic yielding, especially if 
S,"#O. An additional complication is the size effect, 
which for notched specimens is associated with the 
stress gradient. Unfortunately unnotched specimens 
may also exhibit a size effect which then implies that 
the fatigue limit cannot be a constant material 
property. 

For the fatigue strength S, it will be difficult to 
arrive at a K,-K, relation on a rational basis in view 
of the occurrence of fatigue crack propagation in 
both the notched and unnotched specimens. 

2. Empirical'solutions. Tests with sharp notches and 
high K,-values have certainly improved the under- 
standing of the notch effect. Nevertheless i t  is 
thought to be unreasonable from an engineering 
point of view to require that an empirical K,-K, 
relation satisfies such extreme conditions which have 
no technical significance. 

Using empirical relations in fact implies an extra- 
polation of available experience. I t  is then always 
advisable to make an  extrapolation 'as small as 
possible or, in other words, to start from fatigue 
data with a K,-value and an r-value (radius of the 
notch) as nearby as possible to the case for which 
estimates of fatigue properties have to be made. 
This implies that starting from data for unnotched 
specimens will in  general not be the most advisable 
method. It is suggested here that materials which in 
handbooks are frequently characterized by un- 
notched rotating beam specimen results should he 
better represented by data from mildly notched 
specimens (say K,=2.5) with not too small a radius 
of the notch and for aircraft materials by results of 

' tests with a positive mean stress. Standardizing of 
one or a few notched specimens is to be advised. 

3. Research problems. Two topics seem to offer fruitful 
fields foi research efforts. First the correlation 
between crack propagation at various stress levels 
(S, and Sa) and in various types of specimens should 
ultimately provide the answer to the question how 
fatigue lives for various stress levels and different 
specimens can he correlated. Some more thoughts 
to this problem are  given in the following section. 

Secondly as has been indicated before, an im- 
proved understanding of the physical character of 
the sites at which cracks are nucleated is required 
to analyse the statistical aspect in a meaningful way. 
l t  is indeed surprising to see that in general only one 
macrocrack is observed in an unnotched specimen 
loaded just above its fatigue limit. 

6.4 Further evaluation of'the present data 
In this chapter the fatigue life results of the present 

investigationarecompared with NASA results. Second- 
ly the crack rate data are further evaluated. 

* 

In  ref. I8 Landers and Hardrath report a study on 
sheet specimens with central holes. Two materials were 
used, viz. 2024-T3 and 7075-T6 both in the bare 
condition, thickness 0.091" (2.3 mm). Three values of 
the specimen width, w, were applied, viz. w=4" (102 
mm), 2" (51 mm) and 0.5" (12.7 mm). The ratios 
between hole diameter, d, and the specimen width were 
d/iv=&, A, Q, 'j and f respectively, involving K,- 
values varying between 2.9 and 2.16. S-N curves were 
determined for R=O(S,,.=O) and R = - l  (Sm=O). 
Their tests at R=O and d/w=-& lend themselves for a 
direct comparison with the present investigation to 
which these values also apply. The comparison is made 
in fig. 44. The NASA results ford= 12.7 and d=6.3 are 
almost coincident whereas the smallest specimen, 
d= 1.6 mm, gives a higher fatigue strength especially at 
high endurances. The latter could be the result of a 
size effect. The NLR results for d=5 mm agrees 
reasonably with the NASA result for d=6.3 mm, 
whereas the NLR curve for d=12.5 mm has a some- 
what lower position than'the NASA result for d= 12.7 
mm. Although both investigations indicate a higher 
fatigue strength for the smaller specimen fig. 44 shows 
that the two investigations do not show a completely 

Fig. 44 Comparison of S-N curves obtained by Landers and 
Hardrath (ref. 18) with S-N curves of the present investigation. 



consistent picture. It is poor comfort to conclude that 
this might have been caused by differences of the mate- 
rials used. The static properties were approximately the 
same, but of course it is possible that there were 
differences in the impurity and inclusion contents whkh 
might be responsible for the differences of the test 
results. 

In the NASA investigation a total of 46 S-N curves 
were produced, which led to the following conclusions. 
(I) For a constant value of d/iv the fatigue strength 
decreases with increasing size of the specimen. (2) The 
difference between'K, and K, became smaller for IO- 
creasing d/w values. (3) At R =  - I  (S,,,=O and K I R =  
KfS ,J  there was a tecdency for the specimens with the 
larger holes (d= 1" and 2") and for high fatigue lives 
towards K,=K,, as might be expected in view of the 
lower stress gradient. The results, however, were not 
sufficiently systematic to conclude that this equality 
was really obtained. For R=O (S,,,=O and S,,,>O) 
this trend (for K,,J was less marked. 

.- K ,  _. . . -. . . - -. 

Fig. 45 The fatigue notch factor K f n  for the small and the large 
notched specimens of the present investigation. 

For completeness the K,,-values of the present in- 
vestigation are shown in fig. 45. (For stress levels below 
the yield limit S,, was corrected for K,= 1.085 for the 
unnotched specimen before calculating KIR). The 
figure shows two usual features, viz. K,- I for small 
N-values and K, is increasing for higher N-values. The 
figure also shows a somewhat unusual feature, since 
the increase of if, is followed by a smaller decrease at 
high N-values. Since the S-N curves for the notched 
specimens do not seem to be unusual as compared with 
the NASA data the cause of the decrease of K, at high 
N-values should be maiiily looked for i n  the S-N curve 
of the unnotched material. The fatigue limit of the un- 
notched material was indeed somewhat low, viz. 
S,= 19.2 kg/mm* (S,,,,, at R=O and N =  IO', corrected 
from K,= 1.085 to K,= 1) whereas the NASA arrived 
a t  S,=23.6 kg/mm2. A previous NLR study (ref. 31) 
on sheet material with a thickness of 5 mm yielded a 
value S,=22.5 kg/mm2. As pointed out in chapter 4 
some cracks did not start at the edges, but away from 
the edges and probably from inclusiqns. It is not im- 

possible that the fairly low fatigue limit has to be 
associated with an insufficient cleanness of thr material. 
This would be consistent with the results of the large 
notched specimens being also somewhat lower than the 
NASA results (fig. 44) and it re-emphasizes the import- 
ance of a better understanding of the sites a t  which 
cracks are nucleated. 

I t  will now be tried to correlate the crack rates in the 
three types of specimens. This will be done for two 
extreme conditions. First very small cracks will be 
considered, say l i  1 mm. Such cracks have not yet 
penetrated through the thickness of the specimen and 
have approximately a quarter-circle form (figs. I O  and 
11). Secondly relatively large cracks are considered 
which are growing through the full thickness of the 
specimen. 

As long as the cracks are very small the stress distri- 
bution which applies in the absence of cracks will be 
affected by the cracks in a very small area only. One 
might hope that the stress distribution for the un- 
cracked specimen could still be used for correlating the 
crack rates in different types of specimens. In fig. 46a 
the crack rate was plotted as a function of the crack 
length (results being read from figs. 20, 21 and 22) for 
the three types of specimens tested. The same stress at 
the edge of the specimens applies to all results, viz. 32 
kg/mm', which implies that for the notched specimens 
a nominal stress level .of  32/K,=12 kg/mm2. was 
considered*. The stress level of 32 kg/mm2, being the 
only one for which such a comparison could be made, 
is below the yield 1imit:Fig. 46a shows considerably 
different results for the three types of specimens, which 

NOTLXED W E C I M E S  S""+.,l i r i n Z  N0TC"iD SPEClMENI '..,.$ .c 

W I T "  C.i.ill ; ,.t2+Y 
Fig. 46 Comparison of the crack rates in the unnotched and the 

notched specimens for small values of the crack length. 

For the small notched specimens the lowest Smar-value in 
fig. 21 is 13 kg/mmz, so that a small extrapolation was necessary. 
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proportion KJ3. Fig. 46b shows that in this way a 
reasonable agreement between the results of the three 
types of specimens was obtained. From the agreement 
one should not conclude that the above procedure is 
fully rational, however, it may be said that the agree- 
ment indicates that looking for a correlation of crack 
rates in different types of specimens is not an un- 
realistic approach. 

In fig. 47 crack rate data for the small and the large 
notched specimens are compared for two stress levels, 
viz. 13 and 20 kg/mm*. This has been done in  three 
different ways (data read fromfigs. 21 and 22). Fig. 47a 
shows in a similar way as fig. 46a that the crack rate 
dl/dn as a function of I does depend on the type of 
specimen, Le. on the,size of the specimen in the case 
of fig. 47a. In fig. 47b the crack rate d//dn was plotted 
as a function of the crack length, expressed as a frac- 
tion of the specimen width (//w). For the same value 
of //w the small and the large notched specimens are 
geometrically similar except for the sheet thickness 
which is 2 mm for both. The differences between the 
results of the large and the small notched specimens are 
large. If the cracks instead of having a quarter-circle 
shape had penetrated through the complete thickness 
of the specimens the theory of the stress intensity 
factor would have pedicted the same result for the two 
specimens in  fig. 47b. This theory is discussed hereafter 

is not unexpected in view of the stress gradients in the 
notched specimens. A second approach was made i n  
fig. 46b, taking again Sm,,=32 kg/mm* for the un- 

STRESS DISTRIBUTION 
OF UNCRACKED SPECIMEN 

__- 

notched specimen and S,,,-values (S,,,,, is the nominal 
stress on the net area) for the notched specimens, such 
that the stress in the uncracked specimen for x = l  (see 
sketch) was also equal to 32 kg/mm2. This procedure 
might yield a more characteristic nominal stress value 
for correlating the crack rates as long as the crack is 
sniall and has grown only partly through the sheet 
thickness (2 mm). For the procedure the stress distri- 
bution in the neighbourhood of the hole (uncracked 
specimen) is required. It was assumed that 

Fo; an  infinitely wide specimen (K,=3)  the relation is 
correct, whereas for a finite width S, is reduced in the 
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Fig. 41 Comparison of the crack rates in the large and the small notched specimens for small values of the crack length. 



when considering larger crack length values. In  fig. 47c 
both the crack rate and the crack length are related to 

the specimen width, viz. d(k)/dnis plotted as afunction 

of / /w.  Also this does not lead to an agreement between 
the results of the large and the small notched specimens. 

Now larger cracks are considered for which it is 
required that they have penetrated through the com- 
plete thickness of the sheet and that the crack front is 
perpendicular to the sheet. I t  is thought that this did 
occur for l a 2  mm (= sheet thickness). To such 
conditions the theory of the stress intensity factor 
applies as published by Paris et al. (ref. 23). For a 
specimen with a crack perpendicular to the loading 
direction the stresses in the neighbourhood of the crack 
tip (elastic theory) are approximately represented by: 

1 SY 

c 
LOADING DIRECTION 

k 0 . 30 

I k 0 . 0  30 
S,, = - cos - sin - cos - 

1/2r 2 2 2 

where r and 0 are polar co-ordinates and k is the so- 
called stress intensity factor. For a central crack 
(length 21) and for an  edge crack (length I )  in an infinite 
sheet k follows from: 

k = SI// (6.16) 
where S is the stress loading the sheet. For a finite 
width, correction factors for k are available (ref. 2 3 ,  
but since the corrections are small (< 3 %) for the data 
to be discussed they will not be applied. The theory 
now predicts that the crack rate is a function of k only. 
Since k is defining the stress distribution around the 
crack tip this assumption has a rational background. 
The plasticity of the material does invalidate the elastic 
solution. However, if the material has alimired amount 
of ductility the’ plastic zone will be small, If it is as- 
sumed that the stress redistribution in the plastic zone 
will have a negligible influence on the stress distribu- 
tion outside that zone, the location of the boundary 
and the stresses at the boundary of the plastic,zone are 
correctly indicated by the elastic solution. It then seems 
reasonable to state that the elastic stress distribution is 
a basis for correlating crack data. The stress intensity 
factor being a parameter characterizing the elastic 

stress distribution could thus be used for the correla- 
tion. The crack rate for / > 2  mm has been plotted as 
a function of the stress intensity factor for the three 
types of specimens in figs. 48, 49 and 50 respectively. 
For the unvotched specimens crack rate data were 
available for /=2 mm only. For the notched specimens 
a range of /-values could be used. For the notched 
specimens the hole and the crack were considered as 
a central crack with a length 21‘ as defined in fig. 49. 
For the three types of specimens a number of 
values were considered so as to cover a large range of 
stress values. Each data point in figs. 48, 49 and 50 
represents a single reading of figs. 20, 21 and 22 
respectively. The figures show a consistent increase of 
dl/dn as a function of k and zs figs. 49 and 50 reveal, 
a single curve is obtained for the various values of / and 
S,,,,,. In fig. 50 the results for / = 2  mm deviate from the 
results for the other !-values. This is not strange, since 
for I=2 mm and a hole diameter of 12.5 mm the 
assumption of the crack and the hole being together a 
single crack with 21’=2+ 12.5 mm is somewhat too 
drastic. 

The curves of figs. 48, 49 and 50 were collected in 
fig. 51. Although the curve for the unnotched specimen 
suggests a somewhat different slope than the other two 
curves, it may be concluded that the agreement 
between the results of the three types of specimens is 
reasonable and indicates that the stress intensity factor 
can be a useful parameter for correlating crack rate 
data. 
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Fig. 48 The crack rate for the unnotched specimens as a function 
of the stress intensity factor k(Sv/ ) .  
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Fig. SO The crack rate for the large notched specimens as a function oi the stress intensity factor k(Sl /Y) .  I'and S are defined in fig. 49 

For completeness a curve is shown in fig. 51 (dotted 
line) presented by Paris and Erdogan (ref. 24) for 
2024-T3 sheet material as  the average trend of Ameri- 
can data of various sources. The differences with the 
present data may have several reasons, for instance 
small differences in the material. This will not be fur- 
ther analysed here. 

For the study of the notch and the size effect as dis- 
cussed in this chapter a possible applicability of the 
conception of the stress intensity factor for / a 2  mm 
would solve a minor part  of the problem only, since a 
relatively short stage of the fatigue life is left if the 
crack length is larger than 2 mm, see figs. 23, 24 and 
25. Nevertheless it is stimulating to see that a correla- 
tion of crack rate data for different types of specimens 
is not a priori impossible. 

Inref. 37 Weibullproposes that d(k)/dn as a function 

of //w will be independent of the size of the specimen. 
For very small cracks fig. 47c showed this assumption 
to be incorrect. From fig. 52 it follows that also for 
large values of / the proposal is not confirmed by the 
present test results. I t  should be pointed out that 

Weibull was considering still larger values of //I?. The 
size effect on the propagation of macrocracks in large 

Fig. 5 1  Comparison of the crack rates for the three types of 
specimens as a function of the stress intensity factor, k .  
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Fig. 52 Comparison of the crack rates in the large and the small 
notched specimens for large values of the crack length. 

sheet specimens is studied in a current NLR test pro- 
gram which will be published in due course. 

In  conclusion to this section it may be repeated that 
the evaluation of the present’ data shows that the 
problems of the notch and the size effect for finite life 
are essentially problems of correlating crack rates in 
different types of specimens. 

6.5 Some remarks on scatter 
In the literature the idea that scatter in crack propa- 

gation’is relatively low and scatter in crack nucleation 
is relatively larger has frequently been expressed. This 
idea has received confirmation from results on scatter 
of the propagation of macrocracks in large sheet 
specimens, which in general is low and much lower 
than is usual for fatigue lives of small specimens ob- 
tained in conventional fatigue tests. A second feature 
referred to in the literature is that scatter at high 
fatigue loads (standard deviation of log life) is smaller 
than at low fatigue loads. 

The results of the present investigation (chapter 5)  
partly confirmed the second trend mentioned above. In  
figs. 28, 29 and 30 the scatterband for the fatigue life 
(NO,5) until a small crack (I=0.5 mm) is broadening 
for fatigue lives beyond IO5 cycles whereas the scatter- 
band for the crack propagation period from l=O.5 mm 
to final failure (N-No.,) does not. As was pointed out 
in  chapter 5 there was no obvious correlation between 
the magnitudes of No.5 and N-No,,. This suggests that 
the causes of scatter should be different for the crack 
growth until [ = O S  mm and for the remaining life 
until final fracture. In  such a case one should look for 
causes in the specimen itself rather than in the proce- 
dure oftesting. Such causes are ( I )  surface preparation, 
(2)  impurities (inclusions) and (3) resistance against 
cyclic plastic deformation. The present results do 
not allow to discriminate definitively between these 
causes. In view of the occurrence of sheet cracks, see 

chapter 4, it is speculated that the scatter of the 
nucleation period was largely due to some type of 
inclusions, despite the lack of confirmation from 
microscopical indications. The scatter in the crack 
growth is thought to be related to inhomogeneities of 
the cyclic plastic behaviour of the material. Obviously 
a clear picture was not obtained. The scatter results re- 
emphasize that more should be known about the sites 
at which cracks are nucleated. 

6.6 Some concluding remarks and prospects for  the 

I t  seems to be fairly well established that microcracks 
are nucleated very early in the fatigue life. Only at 
stress levels just above the fatigue limit they can be 
made visible relatively late in the fatigue life. This con- 
firms that the definition of the fatigue limit as being the 
hiphest stress amplitude which will not produce micro- 
cracks* is a useful one. As a consequence the problem 
of the notch effect and the size effect is different for the 
fatigue limit (infinite life) and the fatigue strength 
(finite life). 

For the estimation of the fatigue limit of a notched 
element from the fatigue limit of the unnotched 
material the problem is how to account for the stress 
concentration at the root of the notch and for the 
stress gradient at the same location. The problem can 
be complicated by the presence of a non-zero mean 
stress and by the peak stress at the root of the notch 
exceeding the yield stress. A safe procedure is to apply 
K, to both the mean stress and the stress amplitude. 
For ductile materials and  for small notches this may 
involve a good deal of conservatism. Some methods 
are available which will lead to more accurate estimates 
and further improvements of these methods could be 
a goal for future research. An important difficulty is 
the statistical aspect which amongst other things may 
imply that the fatigue limit of the unnotched material 
is size-dependent. 

Although the solution of the notch and size problem 
will see further improvements in the future it would be 
unrealistic to deny that for many materials the designer 
for several years will have to employ empirical rules for 
estimating fatigue properties. I t  therefore was proposed 
in section 6.3 that estimates should not be based on the 
fatigue data of unnotched material, but on fatigue data 
of notched specimens with values of K, and the root 
radius close to those of the element for which estimates 
are required. In  this way the extrapolation of the given 
data can be kept small and will involve less uncertain- 
ties. This implies that fatigue data of notched specimens 
with technically realistic values for K,, root radius and 
S, should be of greater value to the designer than 

future 

* Very sharp notches with high Kc-values, producing non- 
propagating cracks are not considered. 



fatigue data of unnotched or notched rotating beam 
specimens, which, if notched, usually have an un- 
realistically small root radius. This especially applies to 
the aircraft designer, since his structures in general have 
no rotating parts, usually carry a positive mean stress 
(which in fact makes fatigue a problem) and where 
small root radii can generally be avoided. It may be 
pointed out here that it is not reasonable to require 
that empirical rules satisfy extreme conditions (high 
Kpalues, small root radii) which have no technical 
relevance. 

The problem of estimating the fatigue strength 
(finite life) has a greater complexity for both the 
theoretical and the empirical approach. As a result of 
the previous section the impression was obtained that 
the crack growth i n  different types of specimens can be 
correlated on the basis of stress distributions. How- 
ever, this is far from a solved problem. Moreover the 
complexity of this problem should depend on the 
plastic behaviour of the material under cyclic load. 
Some correlations indicated in the previous section 
were probably obtained by virtue of the low ductility 
of the aluminium alloy. 

Further improvements of a rational treatment of the 
fatigue strength problem may certainly be anticipated, 
but also here the same remarks apply as made for the 
fatigue limit .before, i.e. empirical rules cannot be 
missed. Since using such rules implies extrapolating 
from existing fatigue data it is again advisible to start 
from data of tests for which the circumstances are 
similar to those of the case for which estimates are to 
be made. 

It has not been the purpose of the present study to 
give a thorough and complete treatment of the notch 
and sire effect. It was thought, however, that the test 
results did justify a reconsideration of the present 
situation of approaching these problems, which 
revealed the duality of this situation. On the one hand 
there is an increasing understanding of these problems 
and on the other hand empirical rules are still indis- 
pensable. The understanding of the problem is largely 
qualitative in nature and to arrive at a rational quanti- 
tative theory will meet with rather complex problems. 
Nevertheless the qualitative understanding can be very 
useful also from a technical point of view. One aspect 
mentioned a few times before is the incomplete under- 
standing of the sites at which cracks preferably nucle- 
ate. That such preferred sites do exist is obvious if one 
considers the small number of macrocracks occurring 
in a specimen. In general only one such a crack is 
observed at low stress amplitudes. 

With respect to arriving at empirical rules it is re- 
emphasyzed that such rules should primarily cover 
realistic values of the variables involved and that the 

classic approach of starting from unnotched specimen 
data as so-called fundamental material properties may 
seem attractive for sentimental reasons, but is a some- 
what indirect method for practical reasons. 

I Conclusions 

Unnotched and notched specimens of 2024.T3 sheet 
material were tested under an axial fatigue load. A zero 
minimum stress and various values of the maximum 
stress were applied. The notched specimens had a 
central hole and two geometrically similar sizes, having 
a size ratio of 2.5:l were employed. Crack growth was 
recorded by using microscopes. A summary of conclu- 
sions is presented below. 
1. The microscopical observations indicated that 

microcrack nucleation and growth started in the be- 
ginning of the fatigue test. The magnitudes of the 
crack rates were established. Probably the crack 
rate was approximately constant i,n the first stagehf 
the fatigue tests, after which accelerating occurred. 
A division in a pre-crackbtage and a crack stage as 
proposed earlier now seems to be somewhat artifi- 
cial. 

2. If N o , 5  and N indicate the fatigue life until a crack 
length 1=0.5 mm (0.02 inch) and until final failure 
respectively, the scatter (standard deviation of log 

.life) for No.,  increased for decreasing stress ampli- 
tudes, whereas for N-No., the scatter was approxi- 
mately constant over the entire range of stress 
amplitudes. A correlation between and N-No., 
was not apparent. 

3. Final failure occurs at a crack length depending on 
the applied fatigue load. The results indicated that 
in  general this will account for minor deviations 
from the Palmgren-Miner rule only. 

4. The fatigue strength for thelargenotched specimens 
was lower than for the small notched specimens, the 
difference being relatively larger for higher en- 
durances. 

5 .  For very small cracks (length smaller than the sheet 
thickness = 2 nun) a correlation of the crack rates 
in the unnotched and the notched specimens ap- 
peared to be present if comparisons were made on 
the basis of stress in the uncracked condition at the 
location of the tip of the actual crack. For relatively 
large cracks (length larger than the sheet thickness) 
such a correlation was most successful when using 
stress intensity factors. Further study of such 
correlations may yield valuable results. 

6. If  sharp notches and high &values are disregarded 
the fatigue limit (infinite life) can be defined as the 
highest stress amplitude which does not produce 
microcracks. The fatigue strength (finite life) is 
essentially associated with (micro)crack propaga- 
tion. For the fatigue limit the correlation for 
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different types of specimens is therefore a problem 
being essentially different from that for the fatigue 
strength. 

7. AlFhough the qualitative understanding of the notch 
and the size effect is increasing and further im- 
provements may be expected empirical rules for 
estimating fatigue properties are indispensable for 
the time being. Usually such rules start from the un- 
notched material fatigue data. However, it is more 
expedient to employ fatigue data for which the 
stress concentration factor, the root radius of the 
notch and the mean stress have values comparable 
to those for the case for which fatigue properties 
have to be estimated. Fatigue data of mildly notched 
specimens are therefore of greater value than 
rotating beam data for unnotched or sharply 
notched specimens. 

8. I t  is not necessary that empirical rules for estimating 
fatigue properties cover extreme conditions, which 
are lacking engineering significance. 

9. Disregarding very sharp notches it is thought that 
the size effect in many cases will be a statistical 
effect associated with weak spots at which cracks 
are 'nucleated. Further study of this aspect is 
advisable. 
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APPENDIX A 

Results of a crack propagation study carried out a t  the 
“Metaalinstituut TNO” at Delft, The Netherlands 

An improved replica technique for a nbn-destructive 
study of the nucleation and growth of fatigue cracks 
was recently developed at the “Metaalinstituut TNO” 
at  Delft. The technique is described by de Lange in a 
forthcoming publication (ref. 19), including results of 
fatigue tests on steel and the aluminium alloy 26 ST. 
He was so kind as to make available to the NLR his 
results in detail for an analysis similar to that applied 
to  the results of the present investigation. 

The material 26 ST corresponds to the AMS 
designation 2014-T4, which is almost similar to the 
2024-T3 material of the present investigation. Un- 
notched specimens were tested in rotating bending. The 
tests were periodically interrupted for making replicas. 
The length of the fatigue cracks was measured from the 
replicas. The data on the crack length as a function of 
the number of load cycles were treated in the way as 
described in chapter 5 for the results of the present 
investigation. Crack propagation curves were drawn 
from which the average crack rate for a number of 
crack growth intervals was determined. In fig. A1 these 
calculated crack rates are plotted as a function of the 
crack length 1. The first data point of each curve was 
not derived from the crack propagation curve, but 
directly from the data of de Lange, i.e. it gives the 
average crack rate until detection of the crack, as- 
suming a zero crack length at the beginning of the 
test, These encircled data points are plotted in fig. A t  
at half the length of the crack at the moment of detec- 
tion. 

For I >  100 p=O.1 mm log d//dn is approximately a 
linear function of log / with a slope which seems to be 
independent of the stress amplitude. The same result 
was found for the unnotched specimens of the present 
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Fig. A1 The crack rate as a function of the crack length in un- 
notched rotating beam specimens of 26 ST material. Results of 

de Lange (ref. 19). 

investigation, see fig. 12. I n  fig. AI the slope is ap- 
proximately 1.5 whereas in fig. 12 this value is about 2. 

A second noteworthy result is that for decreasing 
values of log /(lower than say I= 100 p) log d//dn does 
not decrease much further. Although the data are 
somewhat unsystematic in this region there is a 
tendency towards an approximately constant crack 
rate in the first part of the fatigue test. Some of the 
cracks found by de Lange were initiated by inclusions. 
Ifthis occurs just below the surface and there is a break 
through of the crack to the surface the initial value of 
the crack rate might have been enhanced. This could 
have been so for curve nr. 5 .  

Although the picture is still far from complete and 
more research of this type also for axially loaded 
specimens with a positive mean stress is needed an 
approximately constant crack rate during the nuclea- 
tion period seems to be acceptable as a qualitative 
feature for the time being. 
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The influence of the mean stress on the propagation 
of fatigue cracks in aluminium alloy sheet 
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Summary 

Clad 2024.T3 and 7075-T6 sheet specimens were loaded at three different load amplitudes and three different mean loads. It turned 
out that the mean stress had an important influence on the crack rate. The test results suggest a relation to exist of the form 

The crack rate in the 7075 specimens was.3 to 4 times as large as in the 2024 specimens. 
Existing crack propagation theories were checked by means of the present results. The theory of Paris gives some promise for further 

development. 

Contents 
. _Page 

Notations. 41 
1 Introduction. 42 
2 Experimental details. 42 

2.1 Materials and specimens. 42 
2.2 Fatigue machine and testing technique. 42 
2.3 Stresses. 43 

3 Test results. 43 
4 Comparison of the two alloys tested. 43 
5 The influence of mean stress; comparison with 

other investigations. 50 
5.1 General. 50 
5.2 Summary of crack propagation theories. 50 
5.3 Application of the theories to the present 

results. 52 
5.4 Discussion. 54 

6 Crack propagation theories. 55 
6.1 Comparison of theories. 55 
6.2 Evaluation of the theory of Paris and its 

6.3 Practical usefulness of the theory of Paris. 
results. 56 

57 

8 Conclusions. 60 
7 Fractographical observations. 59 

This investigation has been performed under contract with the 
Netherlands Aircraft Development Board (N.I.V.). 

9 References. 
12 tables. 
27 figures 

60 

Notations 

A,B,C - constants 
K -stress intensity factor; eq. (5) (kg/mmf) 
K. - amplitude of stress intensity factor 
K,,, - maximum stress intensity factor in a cycle 
KE - stress concentration factor for an elliptical 

KH - stress concentration factor for a circular hole 
I - half crack length (see fig. I). (mm) 
n - number of cycles 
n,-ny - number of cycles to extend a crack from 

dl/dn - crack rate ("/kc) 
4 - material parameter, constant 
R - 
S - stress (kg/mm2) 
Sa - stress amplitude 
S,,, - mean stress 
Smax 
S,, 
S. - nett stress 
S, - ultimate tensile strength 

hole 

l=y mm to l=z mm 

- maximum stress in a cycle=S,,,+S. 
- minimum stress in a cycle = S,,, - So 
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- 0.2% yield strength 
t - sheet thickness (mm) 
Iy - half width of sheet (see fig. I) (mm) 
X - See fig. 1 (mm) 
a,/?,y - constants 
pE - effective tip radius of crack 
I kc= 1000 cycles 
I inch=25.4 m m  

I I inch/cycle=25.4 mm/kc 
I kglmm' = 1,422 psi 
1000 psi=O.703 kg/mm2 

1 Introduction 

I n  modern aircraft structures designed for finite 
fatigue life fatigue cracks may occur during service. 
These cracks should be detected and repaired early 
enough to prevent them from growing to catastrophic 
dimensions. Therefore the designer should be able to 
prescribe safe inspection periods, for which purpose he 
should avail himself of sufficient and reliable crack pro- 
pagation data. At this moment already a large amount 
of crack-propagation data is available, but unfortuna- 
tely most of these data were obtained from tests in 
repeated tension (minimum stress in a cycle zero). 
Therefore a test program has been carried out to 
investigate the influence of mean stress on fatigue crack 
propagation in two clad aluminum alloys (2024-T3 and 
707ST6). 

In this report the test results are given and discussed. 

5 
' 

with a small severe central notch consisting of a drilled 
hole of I mm (0.04") diameter and two saw cuts of I 
mm (0.04') depth and 0.2 mm (0.008") width. These 
saw cuts were made by means of a jeweller's fret-saw. 
An enlarged view of the notch is given in fig. 1. 

The area containing the notch was locally polished 
and provided with fine scribe line markings at spacings 
as illustrated in f ig .  1. 

l b O n . , d l " ,  

The'results..allow..a..more . p e n e r a l . v e r i f i c a t i M . a f t h . ~  - __ 
Fig. I Sheet specimen for Craci propagation 

I 

theory of Paris on crack propagation. This results in 
some conclusions on the significance and practical 
value of the theory. 

Some fractographical observations have been made 
on the transition of the fatigue crack. The relation of 
this phenomenon with the theory of Paris is discussed. 

2 Experimental details 

2.1 Materials and specimens 
The specimens were cut from clad 2024.T3 and 

7075T6 sheet of 2 m m  (0.08") thickness. Static 
properties of the materials were (averages of 8 tests). 

~ 

2024-~3  37.1 48.3 18.9% 
(52.8 ksi) (68.7 ksi) 

7075 .~6  47.3 53.0 9.4% 
(67.3 ksi) (75.4 ksi) 

The specimens (fig. 1) were cut to the same dimen- 
sions used in previous investigations (refs. 1-4) in order 
to facilitate comparison. The specimens were provided 

2.2 Fatigue machine and-testing technique 
The fatigue machine was a vertical Schenck pulsator 

type PVQ-002s with a maximum capacity of 6 tons, 
running at a frequency of approximately 2000 cycles 
per minute. 

Recording of the crack growth occurred by counting 
the number of load cycles necessary to propagate the 
crack over the interval between two successive scribe- 
line markings. The tips of the crack could easily be 

SO Number 
of tests 

kg/mm2 psi kg/mmz psi 

- 12 17100 6.5 9200 3 
4 5700 3 
2.5 3600 3 

9 12800 6.5 9200 3 
4 5700 3 
2.5 3m0 3 

4.5 Moo 4 57w 3 
3.2 4600 3 
2.5 3m0 3 
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observed with the aid of a spot light and a large 
magnifying glass of low magnification (2x). 

2.3 Stresses 
Three values of the mean stress have been inves- 

tigated, viz. Sm=4.5, 9 and 12 kg/mmz. At each mean 
stress 9 tests were carried out at three different stress 
amplitudes. In order to prevent buckling of the speci- 
men compressive stresses were avoided. The complete 
program is specified in the table on page 2. 

All values are based on the gross sectional area, no 
allowance being made for the notch and the crack. 
Mean and alternating loads remained constant through- 
out a test. 

1 3 Test results 

The manufacturing procedure of the notch by means 
of sawing may produce (from a microscopical point of 
view) largely different notches in different specimens, 
which will influence thefatigue lifeuntil crackinitiation 
and also the early crack-propagation. Therefore crack- 
propagation records were not started b:fore the crack 
had escaped from the region in the immediate vicinity 
of the notch, The notch extends to I %  1.5 mm (see fig. 
I ) .  Crack-propagation records were started when the 
crack had reached / = 2  mm. 

The crack length I is defined as half the total crack 

length from tip to tip; the crack-propagation life n,-nz 
is the number of kilocycles (1 kc=1000 cycles) neces- 
sary to extend the crack from a length of 2 mm to a 
length of I mm: 

Numerical test results are given in tables 1 to 9 incl. 
The crack-propagation curves have been plotted in 
figs. 2 4  incl. for the 2024-T3 material and in figs. 5-7 
incl. for the 7075-T6 material. The curves for S,=3.2 
kg/mm2, Sm=4.5 kg/mm2 are plotted in fig. 8 for both 
2024 and 7075 material. Since scatter was low (see 
tables 1-9 incl.) only the mean curves of three tests have 
been plotted in order to avoid confusion by almost 
coinciding curves. 

Figs. 2-7 incl. allow an immediate appreciation of 
the influence of the mean stress. 

The crack rate dI/dn as a function of I has been 
calculated in tables 1-9 incl. as the linear average over 
the interval between two successive scribe-line- 
markings. The crack rate so obtained is assumed to be 
the crack rate a t  the middle of the interval. d//dn has 
been plotted versus I on a double logarithmic scale in 
figs. 9-11 incl. The scatter around these curves must be 
due to small irregularities in crack growth and small 
errors in the measurements. 

4 Comparison of the two alloys tested 

Figs. 9 through 11 clearly demonstrate the superiori- 

2024 

TABLE 1 

Crack propagation records 
S, = 12 kg/mm*; So = 2.5 kg/mni3 

specimen mean of three 
A92 A63 A14 specimens 

nun kc kc kc kc kc mm/kc 

2 
3 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
45 

0 
89.25 

138.55 
167.70 
187.95 
2co.20 
211.80 
221.65 
230.60 
245.60 
255.60 
264.65 
271.05 
276.55 
288.65 
295.75 
299.55 
301.35 
302.20 

0 
88.50 

132.55 
162.45 
181.65 
198.10 
208.70 
221.35 
229.20 
246.30 
256.35 
265.55 
272.80 
278.85 
290.30 
296.40 
299.70 
301.70 
302.35 

0 
93.40 

132.95 
162.15 
1 79.55 
194.00 
207.25 
217.15 
225.75 
244.05 
256.55 
267.15 
273.30 
278.45 
287.35 
292.55 
295.85 
297.60 
298.20 

0 
90.38 

134.68 
164.10 
183.05 
197.43 
209.25 
220.05 
228.52 
245.32 
256.17 
265.82 
272.42 
277.99 
288.89 
295.02 
298.45 
300.30 
301.00 

90.38 
44.30 
29.42 

14.38 
11.82 
10.80 
8.47 

16.80 
10.85 
9.65 
6.60 
5.57 

10.90 
6.13 
3.43 
1.85 
0.70 

I 8.95 

0.0110 
0.0226 
0.0340 
0.0528 
0.0695 
0.0845 
0.0926 
0.118 
0.119 
0.191 
0.207 
0.303 
0.359 
0.463 
0.816 
1.46 
2.70 
7.14 

7075 

specimen mean of three 
A708 A731 A745 specimens 

nt-m nt-m 111--112 nr-nz A n  d/ /dn 

kc kc mm/kc kc kc kc 

0 0 0 0 
13.95 15.05 17.70 15.57 15.57 0,064 
21.90 23.35 28.25 24.50 8.93 0.112 
27.45 28.65 35.80 30.63 6.13 0.163 
30.70 32.45 39.M) 34.25 3.62 0.276 
33.15 34.95 42.50 36.87 2.62 0.382 
35.65 37.25 45.50 39.47 2.60 0.384 
37.05 39.05 48.20 41.44 1.97 0.508 
38.40 40.60 49.30 42.77 1.33 0.752 
40.75 43.20 52.00 45.32 2.55 0.784 
42.45 45.20 54.25 47.30 1.98 1.01 
43.70 46.65 55.80 48.72 1.42 1.41 
44.60 47.60 56.90 49.70 0.98 2.04 
45.25 48.50 57.60 50.45 0.75 2.67 
46.30 49.70 58.75 51.58 1.13 4.43 
46.75 50.15 59.25 52.06 0.48 10.4 
46.95 50.35 59.45 52.26 0.20 25.0 

50.55 59.55 52.41 0.15 33.3 
59.65 52.51 0.10 50.0 
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TABLE 2 

Crack propagation records 
S, = I2 kg/mm2; Sa = 4 kg/mmZ 

2024 7075 
- 

mean of three 
specimens 

specimen 

A738 A725 A707 

mean of three 
specimens 

specimen 

A6 A68 All1 

I 111-m 

mm kc 

2 0 
3 18.50 
4 30.45 
5 39.90 
6 47.95 
7 54.25 
8 60.40 
9 64.35 

10 67.30 
12 72.80 
14 75.40 
16 78.60 
18 80.20 
20 81.65 
25 84.15 
30 85.45 
35 86.20 
40 86.55 

nr-m ni-8% 

kc kc 

0 0 
15.80 18.90 
25.85 28.45 
34.50 37.10 
40.45 42.20 
44.45 48.45 
49.65 52.95 
54.05 57.75 
56.80 60.55 
62.90 65.45 
66.10 69.30 
68.80 71.80 
70.65 73.85 
71.95 75.05 
74.45 77.55 
75.60 78.90 
76.30 79.55 
76.65 79.85 

kc kc mm/kc kc kc kc kc kc mm/kc 

0 
17.70 
28.22 
37.14 
43.51 
49.03 
54.31 
58.69 
61.52 
67.02 
70.24 
73.04 
74.87 
76.19 
78.69 
79.96 
80.66 
80.99 

17.70 
10.52 
8.92 
6.37 
5.52 
5.28 
4.38 
2.83 
5.50 
3.22 
2.80 
1.83 
1.32 
2.50 
1.27 
0.70 
0.33 

0.0565 
0.095 
0.112 
0.157 
0.181 
0.189 
0.228 
0.354 
0.3H 
0.612 
0.714 
1.10 
1.52 
2.00 
3.94 
7.15 

15.1 

0 0 
4.20 4.35 
7.W 7.00 
9.60 9.05 

11.45 10.85 
13.20 11.95 
14.45 12.75 
15.25 13.30 
15.85 13.65 
16.85 14.25 
17.55 14.60 
18.00 14.85 
18.35 15.15 
18.55 15.30 
18.90 15.45 
19.10 
19.15 

0 
3.50 
5.85 
7.90 
9.45 

10.65 
11.35 
11.90 
12.30 
12.85 
13.20 
13.40 
13.60 
13.80 
13.90 

0 
4.02 4.02 
6.62 2.60 
8.85 2.23 

10.58 1.73 
11.93 1.35 
12.85 0.92 
13.48 0.63 
13.93 0.45 
14.65 0.72 
15.12 0.47 
15.42 0.30 
15.70 0.28 
15.88 0.18 
16.08 0.20 
16.28 0.20 
16.33 0.05 

0.249 
0.384 
0.449 
0.579 
0.74 
I .09 
1.59 
2.22 
2.78 
4.25 
6.67 
7.14 

11 .1  
25.0 
25.0 

IW 

TABLE 3 

Crack propagation records 
Sm = 12 kg/mm2; S, = 6.5 kg/mm2 

I 

2024 7075 

mean of three 
specimens 

specimen 

A40 A28 A84 

mean of two 
specimens 

specimen 

A724 A744 

" kc kc kc kc kc mm/kc kc kc kc kc m / k c  

2 
3 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
18 
20 
25 
30 
35 

0 0 0 
4.90 5.45 5.30 
7.85 9.95 10.70 

11.40 13.25 12.75 
15.10 15.35 15.30 
17.40 17.05 16.85 
19.55 18.20 18.90 
20.90 19.40 19.70 
21.85 20.10 20.35 
23.25 21.55 21.25 
24.05 22.35 21.95 
24.65 22.95 22.45 
25.00 23.35 22.75 
25.30 23.65 23.00 
25.75 24.25 23.30 
26.00 24.45 23.40 
26.10 24.55 

0 
5.22 
9.50 

12.47 
15.25 
17.10 
18.88 
20.00 
20.75 
22.00 
22.77 
23.34 
23.69 
23.97 
24.42 
24.62 
24.72 

5.22 
4.28 
2.97 
2.78 
1.85 
I .78 
1.12 
0.75 
1.25 
0.77 
0.57 
0.35 
0.28 
0.45 
0.20 
0.10 

0. I92 
0.234 
0.336 
0.360 
0.540 
0.562 
0.894 
1.33 
1.60 
2.60 
3.51 
5.72 
7.14 

11.1 
25.0 
50.0 

0 
3.00 
4.00 
4.80 
5.45 
5.85 
6.05 
6.10 
6.25 
6.35 
6.50 

0 0 
2.65 2.83 
3.85 3.93 
4.80 4.80 
5.45 5.45 
6.00 5.93 
6.30 6.18 
6.40 6.25 
6.70 6.48 
6.90 6.63 
7.05 6.78 
7.15 6.88 

2.83 
1.10 
0.87 
0.65 
0.48 
0.25 
0.07 
0.23 
0.15 
0.15 
0.10 

0.354 
0.91 
1.15 
1.54 
2.08 
4.0 

14.2 
4.3 

13.3 
13.3 
20.0 
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TABLE 4 

Crack propagation records 
S,,, = 9 kg/mm2; So =.2.5 kg/mm2 

specimen mean of three 
A120 A41 A30- specimens 

mm 

2 
3 
4 
5 
6 
7 
8 
9 

12 
14 
16 
18 

25 

35 
40 
45 
50 
55  

- 

i n  

20 

30 

kc kc kc kc kc mmjkc 

n n 0 
152.15 121.50 128.65 
230.60 194.30 210.85 
264.35 230.10 244.20 
290.60 250.50 ~66.50 
310.20 266.60 284.70 
326.30 281.30 301.60 
342.60 294.05 315.20 
353.40 306.25 327.10 
373.30 325.20 348.90 
387.35 338.45 361.70 
399.75 350.30 374.30 
409.90 360.80 385.30 

433.85 386.45 407.80 
444.10 397.30 416.90 

453.70 406.95 425.40 
455.95 409.15 427.70 
457.111 410.05 428.70 

419.35 369.70 393.75 

449.95 403.35 422.10 

428.80 

0 
134.10 134.10 0.0075 
211.92 77.82 0.0129 
246.22 34.30 0.0292 
269.20 22.98 0.0435 
287.17 17.97 0.0557 
303.07 15.90 0.0630 
317.29 14.22 o.0703 

349.14 20.22 0.0990 
362.61 13.47 0.149 
374.89 12.28 0.163 
385.44 10.55 0.190 
394.37 8.93 0.224 
409.47 15.10 0.331 
419.54 10.07 0.497 

328.92 11.63 0.0860 

425.24 '5.70 0.878 
428.79 3.55 1.41 
431.04 2.25 2.22 
432.06 1.02 4.90 
432.16 0.10 50.0 

7075 

specimen mean of three 
A704 A743 A722 specimens 

nl-m v - n z  n-In1 ni-na A n  d//dn 

- 
kc kc kc 

0 n 
26.811 21.25 
35.85 30.85 

46.20 45.50 

52.50 53.90 

56.80 59.35 

63.55 68.20 

42.15 39.55 

49.45 49.65 

55.W 56.75 

60.55 64.25 

65.60 70.65 
67.15 72.85 

69.95 76.85 
68.30 74.35 

70.85 78.20 
71.35 78.80 
71.60 79.25 

79.45 

n 
18.60 
26.75 
32.75 
35.95 

41.643 
43.95 
45.55 
48.85 
51.35 
53.15 
54.55 
55.75 
57.65 

59.30 
59.75 
59.95 

39.00 

58.70 

60.05 

kc kc mm/kc 

0 
22.22 22.22 0.045 
31.15 8.93 0.112 
38.15  7.00 0.143 
42.55 4.40 0.227 
46.03 3.48 0.287 
49.33 3.30 0.303 
51.90 2.57 0.389 
53.90 2.00 0.500 
57.95 4.05 0.494 
61.07 3.12 0.641 
63.17 2.10 0.952 
64.89 1.72 1.16 
66.17 1.28 1.56 
68.19 2.02 2.48 
69.29 1.10 4.54 
69.86 0.57 8.78 
70.23 0.37 1 3 . 5  
70.43 0.20 25.0 
70.53 0.10 50.0 

TABLE 5 

Crack propagation records 
S ,  = 9 kg/mmz; S, = 4 kg/mm2 

2024 7075 

mean of three specimen mean of three specimen 
A86 A54 A17 specimens A705 A737 A726 specimens 

1 nt-nz nz-n2 n ~ - m  nt-m A n  d//dn "8-82 nl-m n ~ - n 2  ~ i - m  An dljdn 

kc mmjkc kc kc  kc kc kc mm/kc mm kc kc kc kc 

2 n n 0 n n n n n 

4 42.20 40.40 49.90 44.17 15.57 0.0642 6.40 7.40 5.55 6.45 2 78 0.360 
5 52.70 49.30 61.95 54.65 10.48 0.0955 9.211 10.20 7.70 9.03 2.58 0.388 
6 61.20 56.90 72.05 63.38 8.73 0.114 11.30 12.95 9.20 11.15 2.12 0.472 

9 80.60 74.25 89.90 81.58 5 .18  0.193 15.50 17.60 12.85 15.32 1.02 0.98 
in 85.35 78.10 94.60 85.98 4.40 0.227 16.10 18.311 13.55 15.99 0.67 1.49 
12 93.00 84.75 103.40 93.68 7.70 0.260 17.10 19.65 14.75 17.17 1.18 1.70 
14 98.45 90.45 108.90 99.21 5.53 0.362 17.90 20.70 15.45 18.02 0.85 2.35 

18 105.25 98.20 116.65 106.61 3.17 0.630 18.70 21.75 16.40 18.96 0.42 4.76 
20 107.55 101.05 118.80 109.04 2.43 0.823 18.95 22.10 16.60 19.23 0.27 7.40 
25 111.35 105.70 122.55 ii3.11 4.07 1.23 19.35 22.70 17.10 19.73 0.50 10.0 
30 113.25 108.55 124.15 115.23 2.12 2.36 19.511 23.115 17.35 19.98 0.25 20.0 

40 114.75 1111.15 125.55 116.63 0.52 9.6 

3 26.20 25.70 33.90 28.60 28.60 0.0350 3.85 4.10 3.05 3.67 3.67 0.273 

7 69.35 64.50 79.10 70.98 7.60 0.132 13.15 14.70 10.643 12.82 1.67 0.600 
8 75.40 69.10 84.70 76.40 5.42 0.185 14.70 16.40 11.80 14.30 1.48 0.675 

16 102.40 95.00 113.20 103.44 4.23 0.472 18.30 21.30 16.00 18.54 0.52 3.84 

35 114.20 109.65 125.05 116.21 0.98 5 .10  19.60 23.20 17.45 20.10 0.12 40.0 

45 115.05 110.45 125.75 116.90 0.27 18.5 



46 

TABLE 6 

Crack propagation records 
S, = 9 kg/mmz; Sa = 6.5 k g h "  

7075 

specimen mean of three 
A22 A33 AI00 specimens ... 

I nz--11% ni-m nr-ni ni-nz A,, dl/dn 

mm kc kc 

2 
3 
4 
5 
6 
7 

9 

12 
14 
16 

20 
25 
30 
35 
40 

n 

to 

i n  

0 
7.63 

13.28 
17.68 

25.06 

30.36 

21.73 

27.76 

31.36 
33.76 
35.06 
36.01 
36.61 
37.11 
37.76 

38.51 
38.11 

38.71 

n 
6.25 

11.00 
14.60 
in.00 
20.40 
22.05 

25.40 

28.60 

29.70 
30.10 
311.65 
30.85 

23.85 

27.25 

29.25 

31.15 

0 
9.00 

14.10 

22.80 

27.55 

18.60 

25.30 

29.40 
30.80 
33.10 
34.70 
35.95 

36.95 
37.55 

36.60 

38.30 
38.60 

kc kc mm/kc 

n 

12.80 5.17 0.194 
16.97 4.17 0.240 
20.85 3.88 0.258 
23.58 2.73 0.367 
25.78 2.20 0.455 
27.86 2.08 0.481 
29.18 1.32 0.757 
31.36 2.18 0.917 

33.73 0.95 2.10 
34.30 0.57 3.51 
34.72 0.42 4.76 
35.32 0.60 8.33 

36.08 0.33 15.2 
36.28 0.20 25.0 

7.63 1.63 0.131 

32.78 1.42 1.41 

35.75 0.43 11.6 

specimen mean of three 
A721 A710 A734 specimens 

nc-m nl-nz n1-m ' nt-m An dlidn 

kc kc kc kc kc mmlkc 

n 0 
2.15 2.40 
3.65 3.35 

5.55 5.20 

6.65 6.00 

4.50 4.60 

6.20 5.60 

6.85 6.10 
7.00 6.30 
7.25 6.50 

7.60 6.80 
7.70 6.911 
7.80 7.00 

7.45 6.70 

0 
5.60 
7.25 
8.60 
9.45 
9.90 

10.40 
10.65 
10.85 
11.25 
11.40 
11.60 
11.70 

~ 

n 

5.90 1.15 
6.73 0.83 
7.23 0.50 
7.68 0.45 
7.86 0.18 
8.04 0.18 

8.50 0.18 
8.65 0.15 
8.75 0.10 
8.85 0.10 

3.38 3.38 
4.75 1.37 

8.32 0.28 

0.296 
0.730 

1.21 
2.00 
2.22 
5.55 
5.55 
7.14 

0.869 

11.1 
13.3 
20.0 
20.0 

TABLE 7 

Crack propagation records 
S, = 4.5 kg/mm*; S. = 2.5 kg/mmz 

2024 7075 

specimen mean of three 
All6 A59 A l l  specimens 

I nr-ns nt-m nr-m nz--112 A n  dl ldn 
~ 

mm kc kc kc kc kc mmlkc 

2 
3 
4 
5 
6 
7 

9 
10 
12 
14 
16 

n 

i n  
20 

30 

40 

25 

35 

45 
50 
55 
60 
65 

0 

434.00 
242.00 

524.80 
~68.40 
597.05 
624.70 
640.15 
655.75 
685.00 

723.75 

749.45 

797.45 
813.15 
822.15 

830.45 

832.35 

705.85 

738.00 

778.45 

821.45 

831.90 

0 
139.15 
286.15 
377.50 

422.05 
464.10 

411.20 

483.00 
497.30 
529.00 
55n.in 

584.95 
570.30 

597.25 
623.50 
642. I5 
655.70 
665.20 

674.55 
676.75 

671.30 

677.85 
678.25 

n 

411.60 
450.60 

196.45 
324.00 

479.40 
503.70 
525.05 

570.00 
594.75 

539.60 

610.70 
631.411 

685.00 

708.20 

644.60 
668.60 

698.25 

714.00 
717.20 
718.65 
719.311 

0 
192.53 

437.97 
476.74 

348.05 

506.17 
530.84 
549.41 
564.22 
594.68 
616.91 
634.93 
651.46 
663.78 

708.22 
722.39 

690.20 

731.87 
737.60 
740.75 
742.45 
743.33 
743.73 

192.53 
155.52 
89.92 

.29.43 
24.67 
18.57 
14.82 
30.45 
22.23 

16.53 
12.32 
26.42 
18.02 
14.17 
9.48 
5.73 
3.15 

38.77 

18.02 

1.70 
0.88 
0.40 

0.0052 
0.0064 

0.0258 
0.01 1 I 

n.0340 
n.04os 
o.ns4o 

0.0655 
n.ow 
n.111 

0.162 

0.278 

0.873 

0.0675 

0.121 

0. I89 

0.353 
0.527 

1.59 
2.94 
5.68 

12.50 

specimen mean of three 
A739 A711 A727 specimens 

111--11% n l - w  ni--11% nt-m An d//dn 

kc kc kc kc kc mm/kc 

0 0 n 0 
104.40 59.10 49.10 70.87 70.87 n.014i 
141.25 83.611 69.25 98.04 27.17 0.0368 
156.15 92.85 79.55 109.52 11.48 0.0871 
166.35 99.45 85.55 117.12 7.60 0.132 
175.55 104.65 90.60 123.60 6.48 0.154 
180.90 i09.50 95.10 128.50 4.90 0.204 
186.65 113.25 98.80 132.90 4.40 0.228 
191.45 116.65 101.65 136.58 3.68 0.272 
z n n . ~ n  123.05 107.70 143.65 7.07 0.282 
207.25 127.70 i12.25 149.07 5.42 0.369 
213.80 132.80 117.20 154.60 5.53 0.362 
219.05 137.05 120.90 1~9.00 4.40 0.454 
223.20 i4osn 12.65 162.78 3.78 0.529 
230.95 147.00 131.50 169.81 7.03 0.710 
235.75 150.85 135.30 173.96 4.15 1.21 
238.65 152.90 137.45 176.29 2.33 2.15 
240.35 154.05 138.80 177.67 1.38 3.62 
241.25 154.70 139.50 178.42 0.75 6.67 
241.70 155.05 139.95 178.84 0.42 11.9 
241.95 155.25 140.15 179.06 0.22 22.7 
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TABLE 8 
Crack propagation records 

Sm = 4.5 kg/mm2; Sa = 3.2 kg/mmz 

2024 ' 7075 

Specimen mean of three 
A23 A37 A103 specimens 

specimen mean of three 
A702 A723 A748 specimens 

mm kc kc kc kc kc mm/kc kc kc kc kc kc mm/kc 

2 
3 
4 
5 
6 
7 
8 
9 

10 
12 
I4 
16 
18 
20 
25 
30 
35 
40 
45 
50 
55 

0 
106.35 
170.10 
193.20 
212.05 
225.35 
238.75 
249.60 
261.50 
278.50 
293.45 
307.70 
316.85 
325.90 
341.75 
351.15 
358.10 
362.40 
365.15 
366.60 
367.20 

0 
151.55 
218.00 
250.15 
267.80 
281.10 
293.80 
306.40 
315.60 
335.20 
350.75 
362.90 
371.65 
379.65 
396.40 
409.15 
411.15 
422.15 
424.75 
426.00 
426.55 

0 
139.55 
181.70 
204.70 
230.20 
244.45 
259.95 
273.85 
283.40 
305.60 
321.05 
333.85 
343.45 
350.65 
365.80 
378.20 
386.60 
391.85 
394.85 
396.50 
397.10 

0 
132.48 
189.93 
216.05 
236.72 
250.34 
265.21 
277.66 
287.88 
307.48 
322.80 

345.04 
353.12 
369.04 
380.56 
388.34 
393.19 
395.97 
397.42 
398.00 

335.87 

132.48 
57.45 
26.12 
20.67 
13.62 
13.87 
12.45 
10.22 
19.60 
15.32 
13.07 
9.17 
8.08 

15.92 
11.52 
7.78 
4.85 
2.78 
1.45 
0.58 

0.0076 
0.0174 
0.0383 
0.0484 
0.0735 
0.0720 
0.0804 
0.098 
0.102 
0.130 
0.153 
0.218 
0.248 
0.314 
0.433 
0.643 
I .03 
1.80 
3.45 
8.63 

60 397.30 398.20 0.20 25.0 

TABLE 9 
Crack propagation records 

Sm = 4.5 k p h " :  Sa = 4 kg/mm" I 

0 0 0 
20.05 23.30 30.70 
29.55 34.20 43.35 
36.05 40.50 50.85 
40.45 44.85 56.95 
44.45 48.60 61.40 
48.55 52.70 65.60 
51.55 55.60 69.25 
54.70 58.50 72.60 
60.60 64.40 79.05 
65.20 68.65 83.75 
68.35 72.85 87.10 
71.00 75.95 90.25 
73.10 78.30 92.60 
76.45 82.50 96.70 
78.00 84.55 98.90 
78.85 85.75 100.05 
79.30 86.45 100.70 
79.55 86.80 101.15 
79.75 87.00 101.45 

87.10 101.65 

0 
24.68 24.68 0.0405 
35.70 11.02 0.091 
42.47 6.77 0.148 
47.42 4.95 0.202 
51.49 4.07 0.246 
55.66 4.17 0.240 
58.84 3.18 0.314 
61.97 3.13 0.319 
68.05 6.08 0.328 
72.57 4.52 0.442 
76.14 3.57 0.560 
79.11 2.97 0.673 
81.38 2.27 0.881 
85.26 3.88 1.29 
87.19 1.93 2.59 
88.29 1.10 4.54 
88.89 0.60 8.3 
89.24 0.35 14.3 
89.51 0.27 18.5 
89.66 0.15 33.3 

2024 

specimen mean of three i A72'  A57 A4 specimens 

I n,-m ut-nz m-na nt-m An  d/ /dn 

mm kc kc kc kc kc mm/kc 

2 0 0 0 0 
3 38.80 42.95 46.85 42.87 42.87 0.0233 
4 62.10 70.50 68.50 67.04 24.17 0.0455 
5 85.70 88.20 86.60 86.84 19.80 0.0505 
6 96.20 100.10 98.60 98.31 11.47 0.0872 
7 105.25 108.65 109.40 107.78 9.47 0.106 
8 ,115.25 117.80 117.50 116.86 9.08 0.110 
9 127.15 127.40 126.25. '126.94 10.08 0.100 

10 136.20 135.10 132.00 134.44 7.50 0.133 
12 151.30 150.70, 147.35 149.79 15.35 0.130 
14 162.50 160.35 158.00 160.29 10.50 0.190 
16 170.55 168.55 168.70 169.27 8.98 0.222 
18 178.85 174.30 178.05 177.07 7.80 0.256 
20 188.65 179.65 184.45 184.25 7.18 0.278 
25 202.15 191.40 196.15 196.57 12.32 0.406 
30 211.30 200.10 203.40 204.94 8.37 0.598 
35 217.05 205.30 207.45 209.94 5.00 1.00 
40 220.15 208.55 209.90 212.87 2.93 1.71 
45 222.15 210.45 211.20 214.60 1.73 2.89 
50 223.00 211.35 212.05 215.47 0.87 5.75 
55 223.30 211.80 212.55 215.89 0.42 11.9 

7075 

Specimen mean of three 
A718 A742 A713 specimens 

kc kc kc kc kc mm/kc 

0 
11.70 
18.85 
24.20 
28.30 
32.10 
35.65 
38.55 
41.05 
46.15 
49.30 
51.65 
53.35 
54.50 
56.25 
57.25 
57.80 
58.10 
58.25 

0 0 
14.25 11.40 
23.45 17.95 
29.10 23.40 
33.40 27.70 
37.45 31.20 
41.45 34.80 
45.10 38.05 
47.00 40.20 
52.05 45.00 
56.00 48.45 
59.15 51.15 
61.30 52.95 
62.90 54.00 
64.90 55.60 
66.25 56.50 
66.95 57.00 
67.25 57.20 
67.45 57.30 
67.65 

0 
12.45 
20.08 
25.56 
29.79 
33.57 
37.29 
40.56 
42.74 
47.72 
51.24 
53.97 
55.85 
57.12 
58.90 
59.98 
60.56 
60.83 
60.98 
61.18 

12.45 
7.63 
5.48 
4.23 
3.78 
3.72 
3.27 
2.18 
4.98 
3.52 
2.73 
1.88 
1.27 
1.78 
I .08 
0.58 
0.27 
0.15 
0.20 

0.0804 
0.131 
0.183 
0.236 
0.264 
0.269 
0.306 
0.458 
0.382 
0.568 
0.733 
1.06 
1.58 
2.81 
4.63 
8.63 

18.5 
33.4 
25.0 
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Fig. 2 Crack-propagation curves for 2024-T3 material at S, = 
2.5 kgjmmz. 

"( ", I b l ,  

Fig. 3 Crack-propagation curves for 2024-T3 material at So = 
4 kg/mmz. 

n 
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Fig. 4 Crack-propagation curves for 2024-T3 material at S, = 
6.5 kg/mm2. 

ty of the 2024 alloy above the 7075 alloy. The latter 
consistently shows a higher crack-rate and consequent- 
ly a shorter crack-propagation life. These observations 
confirm those of other investigators (refs. 1 and 5-10 
incl.). 

1D 

m m m 
"l.",O1l 

Fig. 5 Crack-propagation curves for 7075-T6 material at S, = 
2.5 kg/mmz. 

Fig. 6 Crack-propagation curves for 7075-T6 material at So = 

4 kglmmz. 

a I s I I I 6  2 I *  10 
"rli0~, 

Fig. 7 Crack-propagation curves for 7075-T6 material at S. = 

6.5 kg/nunz. 

In table I O  the endurances n30-n2 for a crack exten- 
sion from 2 through 30 mm are tabulated and the ratio 
of crack-propagation lives indicated. It appears that 
the crack-propagation life of the 7075 alloy on the 
average is only 25% of the corresponding life of the 
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Fig. 8 Crack-propagation curves at S, = 3 ~ 2  kg/mmz 

Fig. 9 The crack rate as a function of the crack length at S, = 
2.5 kg/mm2. 

2024 alloy. In table I 1  results of McEvily and Illg (ref. 
5) are given on an equivalent basis. Here the 7075 alloy 
shows relatively better properties giving an endurance 
in the order of 409/, of that of the 2024 alloy. Results 
of Weibull (refs. 6,7) show about the same ratio; how- 
ever, results from different investigators, collected in 
ref. I O  gave a ratio 0.1-0.3. 

The 7075 alloy has a higher static strength, but it is 
unable to experience large plastic strains. Its ductility 
is low as compared with the 2024 alloy. This means 
that in the 7075 alloy there will be less stress relief by 
plastic flow in the vicinity of the crack tip. Therefore 
the actual stress concentration at the crack tip will be 
higher than in the 2024 alloy resulting in a higher crack 
rate. 

. ,R*NS,IION POINT 

I l l  I 
6 B 10 12 l b  20 111 10 I O  60 10 

' 0 0 1  

l i m - 1  

Fig. 10 The crack rate as a function of the crack length at 
Sa = 4 kg/mm2. 

0.1 

n.m 

0.0' 
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<I", 

Fig. 1 1  The crack rate as a function of the crack length at 
S. = 6.5 kg/mmZ. 

The same reasoning may explain the fact that Mc- 
Evily and Illg (ref. 5) found relatively better crack- 
propagation properties for the 7075 alloy than ob- 
tained in the present investigation, since the elongation 
of the material tested by them was 11.8%, whereas the 



TABLE I O  

Comparison of 2024 and 7075 alloy; present results 

S" ratio 

12 2.5 301 
4 81 

, 6.5 24.7 
9 2.5 432 

4 117 
6.5 36.3 

4.5 2.5 744 
3.2 398 
4 216 

52.5 
16.3 
6.9 

70.5 
20. I 

8.9 

89.7 
61.2 

Average 

179 

0.175 
0.201 
0.279 
0.163 
0. I72 
0.245 
0.241 
0.226 
0.284 
0.23 
- 

TABLE I 1  

Comparison of 2024 and 7075 alloy; results of McEvily and l l l g  
(ref. 5) 

max. Stress " 0 . 5 . , - n 0 . 2 , ,  

specimen in a cycle for 2" specimens 

(in) zero: R=O) for 12"s~ecimens 
width (min. stress lt1l.-"o.*1. ratio 

(ksi) (kc) 
2024 7075 

2 7. I 841 265 0.315 
10 266 ' 74.2 0.279 
14.5 40.6 14.3 0.352 
20 16.3 8.5 0.521 
25 9.3 5.1 0.548 
30 6.3 2.8 0.444 

12 IO 170 19.8 0.469 
14.5 50.3 24.8 0.493 

, 20 27.6 11.8 0.427 
25 14.4 6.0 0.416 - 

A"Crage 0.43 

alloy used in the present investigation showed an 
elongation of 9.4% (both based on a 2" gage length). 

In figs. 9 and 11 some results for a 2024-T3 alloy as 
obtained in ref. I are compared with the results of the 
present investigation. Clearly the crack rates in the 
alloy studied in ref. 1 were higher than the crack rates 
in the 2024-alloy studied here. The elongation of the 
material from ref. 1 was only 16%, whereas the present 
material showed an elongation of 18.9%. The yield 
stress and the ultimate-stress were practically the same 
for both materials. 

Unfortunately most investigators which studied the 
crack propagation properties of the 7075-alloy do not 
give static properties in their reports: This makes a 
further comparison on the basis of ductility impossible. 

Still it is felt, that the ductility is a very important 
parameter for crack propagation properties. 

5 The influence of mean stress; comparison with other 
investigations 

5.1 General 
The general trend revealed by figs. 9-1 1 incl. is an 

increasing crack rate with increasing mean stress, which 
consequently leads to shorter fatigue lives. This con- 
clusion holds for both the 2024 and the 7075 alloy, the 
influence of the mean stress being very similar for both 
materials. 

It is not unexpected that the mean stress affects crack 
propagation since it does affect the endurance in 
conventional fatigue tests. Some investigators (refs. I I ,  
12) argue that the influence of the mean stress is of 
minor importance as compared with the effect of 
stress amplitude. There are very few data available in 
the literature that may shed some light on this aspect. 
Frost and Dugdale (ref. 13) tested a mild steel at four 
values of the mean stress and did not find any influence 
indeed; on the other hand they found a definite influ- 
ence of the mean stress for an aluminum alloy employ- 
ing two values of the mean stress. In the following it 
will be shown that the test results of Frost and Dugdale 
are in agreement with the present results and that the 
crack rate is approximately proportional to  the mean 
stress. 

Some further data on the influence of mean stress 
are available. Due to the form in which these data are 
given the most convenient way to compare them with 
the present results is the indirect way via crack- 
propagation theories. Therefore it is necessary to give 
a short review of relevant theories, which will be done 
in the following section. In section 3 of this chapter it 
will he shown that the present results agree fairly well 
with those of other investigations. 

5.2 Summary of crack propagation theories 
In the past few years a number of crack-propagation 

theories were published. All these theories were dis- 
cussed already in ref. 1 and therefore this will not he 
done again in detail here. In this section only those 
facts will be reviewed which are relevant for the dis- 
cussion in this report. 

In all theories it is tried to derive an analytical func- 
tion for the relation 

where dl/dn is the crack rate, 1 the crack length and S 
some stress parameter. In ref. I a general formula for 
this relation was given: 



5 1  

- 

s,= -s+s l l~ .  vh cos e [ I  -sin sin y] 
2 2 2  

- 

s,,= S l f i .  v'; cos 0 . 0  sin cos - 30 2 

in which p is a function of mean stress S,, testing 
frequency w, sheet thickness t and some intrinsic 
material parameter q. Eq. (2) was arrived at as a 
summary of a number of theories, which all give values 
for the constants c( and /L Values of these constants and 
the way in which they were obtained are tabulated 
below. 

~ (4) 

a B way in whichconstants Investigators ref. 
were obtained 

I dimensional analysis Frost and 13 
3 empirical approach Dugdale 1 3  

~~~ ~ 

I dimensional analysis Liu 14.11 
2 analysis of I I  

mechanical model 

1,5 analysis of Head 15 
mechanical model 

2,6 empirical approach Weibull 16 _- 
1,5 2,6 empirical approach Schijve, Broek I 

and de Rijk 

It should be noted that eq. (2) is correct only up till 
a crack length of 10-15% of the sheet width. 

For the function p of eq. (2) several authors derived 
empirically a numerical value valid for their particular 
tests. 

Two theories indirectly lead to a function for eq. (I) ,  
namely the theory of Paris et al. (refs. 12, 17, 18) and 
the theory of McEvily and Illg (ref. 5) .  Both theories 
are based on the same principle (refs. 18,21); they were 
published independently at the same time. 

The theory of McEvily and l l lg states that the crack 
rate is a function of the stress at the tip of the crack 
only. This stress is assumed to be equal to the product 
of a stress-concentration factor KE and the net stress 
for the cracked specimen, or 

(3) 

KE is defined as the theoretical stress concentration 
factor for an elliptical hole, representing the crack. The 
major axis is equal to 21 and the tip radius p is assumed 
to be a material constant. McEvily and lllg checked 
their theory by plotting their extensive test results at 
R=O in terms of KE.S.. versus the crack rate. All their 
test results fell within a narrow scatterband around a 
single curve, thus confirming eq. (3). McEvily and lllg 
derived empirically a rather complicated function for 
this curve. 

The theory of Paris is based on more or less the same 
arguments. The crack is considered to b- an elliptic 
hole in an infinite shset with a zero minor axis and the 
major axis equal to the crack length. Formulas for the 

5 

t 4 + t t t ! t ! t +  

s 

It appears from eqs. (4) that the stress fi:ld around 
the tip of the crack depends on the parameter K=SI I /  
only, apart from the constant term S in the second 
relation of eqs. (4). The latter term, however, can be 
neglected for small values of r ,  i.e. in the region close 
to the tip of the crack. For a sheet of finite width 2w 
the factor K can be corrected to (ref. 2 5 )  
K is known in the literature as the stress intensity 
factor. 

Paris now argues that the crack rate is fully deter- 
mined' by the local stresses around the crack tip, and 
since K determines the stress field in the tip region, this 
parameter and only this governs the rate of crack 
growth. This means: 

I 

Paris checked his theory by plotting a large number 
of test results in  terms of d//dn versus K and indeed all 
these tests results plotted on a single curve within a 
narrow scatterband. He also tried to give a relation for 
this curve in order to definef(K) in eq. (6). 

Originally Paris (ref. 17) claimed that K,,, should be 
the important parameter (K,,, is obtained if in eq. ( 5 )  
S,,, is substituted for S )  but in his later work (ref. 12) 
he argues that K. should be preferred (K. is obtained if 
in eq. (5) So is substituted for S). 
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Fig. 12 The influence of the stress amplitude on the crack rate at 

different crack lengths and mean stresses. 2024-material. 
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Fig. 14 The influence of the stress amplitude on the crack rate 
at different crack lengths and mean stresses; 7075-material. 
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Fig. 15 The influence of the mean stress on the crack rate 
at different crack lengths and stress amplitudes 7075.T6 material. 

5.3 Application of the theories io the present resulis 
In figs. 12 through 15 the crack rate has been plotted 

versus stress amplitude and mean stress for both 
materials tested. The plots on a double logarithmic 
scale apparently lead to straight lines. This means that 
for a certain crack length eq. (2) can be written as: 

d l  
dn 
- = CSLS! (7) 

The exponents f l  and y of equation (7) follow from 
figs. 12 through 15 as the slopes of the lines. Values of 
f l  and y so obtained have been compiled in table 12. 
The upper part of table 12 giving values for f l  can be 
compared immediately with the table in section 2 of 
this chapter (page 42). It appearsfrom table 12 thatp 
is not a constant, but depends upon crack length and 
mean stress. The mean value for f l  in table 12 is 2.5, 
which is very close to the mean of the values given in 
the table on page 51. A close examination of the re- 
sults of ref. I learns that also there p was not a 
constant, although this was less obvious. For 2024 
and 7075 f l  appears to be almost the same. 

The behaviour of the exponent y is more or less 
analogous to that of p. The value of y depends on I and 
on S,. The values of y can be compared with a result 
from ref. 13, where values for C in the relation: 

d l  
dn 
- = cs:r 

have been derived. For a mild steel C appeared to be 
0.086 for all (four) values of the mean stress. This leads 
to y=O, However, for the aluminum alloy BS L 71 
(almost the same as 2024) the following results were 
obtained: 

Sm=2 tons/in2; C=1.42 

S,=4 tons/in*; C=3.02 
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TABLE 12 

The exponents f l  and y in the equation: 
d//dn = CS!S:P 

p a t  different values of Sm 

I 2024 7075 

(mm) s, = 12 kg/mm% s, = 9 kg/mmZ S,,, = 4.5 kg/mmZ S, = 12 kg/mmz S, = 9 kg/mm2 S, = 4.5 kg/mm2 

6 2.3 2.2 2.1 2.1 2. I I .0 

10 2.3 2.4 1.8 2.3 2.4 1.0 

20 3.2 3.1 1.6 3.4 3.1 2.6 

30 3.6 3 .7  2. I 3.5 3.8 3.0 

y at different values of S, 

7075 

sa = 2.5 kg/mmz. S, = 4.0 kg/mmz Se = 6.5 kg/mm2 

6 0.6 0.8 1.3 0.8 1.2 I .6 

10 0.7 I .0 1.5 
~ 

20 1 .o I .6 I .7 

1.0 1.6 1.7 

1.6 1.8 - 

30 1.3 2.1 4.1 1.8 1.9 - 

From these results it follows that 7% I ,  which is in good 
agreement with the values obtained here for small 
cracks. 

The value y =  1 was also found by F S s t  in his later 
work (ref. 20), where for a large variety of materials 
Frost concludes from his test results that 

dl 
dn 
- = (A+BS,)S,31 

For a mild steel he again found that B=O, but for an 
aluminium-copper alloy he concluded that A =O. 

In ref. 14 Liu determined values for the constant C 
in the equation 

- _  dl  - CI 
dn 

Liu called C the crack-propagation factor. If this 
factor for Liu’s results on 2024 sheet specimens is 
plotted, versus the mean stress at constant Sa it appears 
that C = c S ,  for 2024 material. So here again a value 
y= l i s found .  

The application of the theory of Paris to the present 
results was carried out for the 2024 alloy only, since the 
crack-propagation behaviour of the 7075 alloy is almost 
the same, apart from a nearly constant factor. This may 
imply that the results of the analysis will be valid also 
for the 7075 material, again apart from a nearly 
constant factor. The application of the theory was 
carried out in the following way. Six values of R 
(= Smjn/SmJ were chosen arbitrarily, viz. R=O.l, 0.2, 
0.3,0.4,0.5and 0.6,all between the two extreme R-values 
of the present tests. For each of the three values of Sa 

used in the present tests a certain value of S,  cor- 
responds to each value of R .  For these combinations of 
S ,  and Sa the crack rate at diffekeut crack lengths can 
he read from fig. 13. On the other hand for each of the 
three S,-values used in the present tests one value of 
S, can be found for each value of R. For such combina- 
tions of S, and S, fig. 12 gives the crack rate. Figs. 12 
and 13 were further completed with lines for a 
large number of crack lengths and from these fi- 
gures d//dn was derived as a function of I for the 
values of R given before. With the applicable values 
of Sa the values of K, were calculated, using eq. (5). 
Then it was possible to compile a figure in which 
the crack rate is plotted for different values of R 

I d  la’ 
Ki..h.i 4 ”  

Fig. 16 The crack rate as a function of the stress intensity factor. 
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versus the stress-intensity factor K.. This has been 
done in fig. 16. To avoid confusion by a great number 
of data points fig. 16 shows the individual points for 
the highest and lowest RLvalue only. This still allows 
an impression on the scatter. The scatterbands for the 
other values of R have a similar character. By plotting 
in fig. 16 also the curve for R=O (as obtained in ref. 
17 by treating results of refs. 5 ,  6, 7, 13, 16) a com- 
parison can be made with results of other investiga- 
tions. It is felt that a satisfactory agreement exists. 

1 0 2  " , "/k, 
d "  

17a Km, versus d//dn for different values of R (ref. IO). 

O10-1 kkkH 10-1 I 00 1 0 1  I D 2  

"I m+ , 
d "  

17b KmaX versus d//dn; present results. 

Figs. 17a and b The crack rate as a function of the maximum 
stress intensity factor. 

In ref. 10 results of several investigations were also 
analysed in order to determine the influence of R. For 
this purpose the crack rate was plotted versus K,.,. 
The result obtained in ref. 10 is given here in fig. 17a. 
The present results were evaluated in the same way in 
fig. 17b. Comparison of figs. 17a and 17b learns that 
there is a fairly good agreement between both graphs. 

5.4 Discussion 
The influence of the mean stress is apparent from the 

present results. 
It was already shown that the crack rate is proportion- 

al to a power of s,, which varies from 0.6 to 2 
depending on S, and 1. A further appreciation of the 
influence of S, can also be obtained from the relation 
between the crack rate and the stress-intensity factor, 
as will be shown below. 

7; 

Fig. 18 K,,, versus d//dn an double-logarithmic scale. 

In fig. 18 the maximum stress-intensity factor, Kmax, 
has been plotted versus the crack rate on a double 
logarithmic scale. On this scale a set of nearly parallel 
curves is obtained. For the present purpose it is 
accurate enough to approximate these curves by a set 
of parallel straight lines. Then the following relation 
holds: 

(9) 
i o  .d l  10 log - = "log A + B log K,,, . dn 

The constant B in eq. (9) is the same for all the lines, 
since they have the same slope. B appears to be 
approximately 3. The constant A is different for all 
lines. So, it is not a real constant but a function of R. 
This function can be determined as follows. 

For d//dn= 1 mm/kc, or log d//dn=O eq. (9) gives 

h A =  -B "lOg(Kmsr)di /dn=imm/kE (10) 10 

or with 8 = 3  

A = ( K ~ ~ ) d l { d n = I m m / k E  ' (11) 

In fig. 19a K:: for dl/dn= 1 mm/kc is plotted versus 
R on a semi-log scale. Fig. I8 suggests a constant 
vertical spacing between the lines of constant R- 
values, for which the difference in Successive R-values 
is also constant. This is confirmed by the linear relation 
shown in fig. 19a. The analytical function for this 
relation is 



-3 "log K,,,= -R-"log lo5+ "log 1.1,  (12) 

Neglecting log 1.1 against log IO5 the following rela- 
tion is found for A :  

(13) A=K,2x=10-5 e-z.2TR 

With R = (S, - Sa)/(& + So) and Kmax = (S, + Sa) I* eq. 
(13) can be substituted in eq. (9) to give: 

dl 
dn - = 10-5.(S,+S,)31fexp 

From eq. (14) it appears that the influence of S, is 
somewhat more complicated than was predicted by eq. 
(7). 

5 -3 
' 0  K m o x  

1.0 

0.e 

0.6 

0.d 

0.2 

I I  
5 - 1  mm/kc  
d n  

0.1 
0 0.2 0.4 0.6 0.8 1.0 

R 

19a Kmar versus R on semi-log scale 

.-2.21 R 

R 

19b e-2.27n versus R 

Figs. 19a and b 10-5Kc2x and e-a.z7n as functions of R. 

In ref. 13 no influence of the mean stress was found 
for mild steel; the following tentative explanation may 
be given. In the vicinity of the crack tip cyclic plastic 
straining will take place. If this occurs to a sufficient 
amount some relaxation of the mean stress in the tip 
region will occur. It is assumed that due to the typical 
straining behaviour of mild steel the relaxation will be 
practically complete. So even for a positive nominal 
mean stress S, on the specimen the stress cycle in the 
tip region becomes symmetric around a zero mean 
value (plastic shake down). An effect of S, on the crack 
rate should not be expected then. Apparently this 
reasoning does not apply to the aluminium alloys since 
there is a pronounced effect of S,. 

6 Crack propagation theories 

6.1 Comparison of theories 
The similarity of the theory of Paris and other crack- 

propagation theories has been shown in ref. 18. The 
theory of Paris states (see also fig. 16) 

d l  
- dn = f(K)=f(sl/r) 

if the correction for finite width is neglected. The crack- 
propagation theories as summarized in the table in the 
previous chapter can all he approximated by the 
formula 

(15) 

For small cracks eqs. (15) and (16) are in agreement if 

P = 2 a .  (17) 

The similarity of the theory of Paris and the theory 
of McEvily and lllg has been shown in refs. 18 and 21, 
where it was proved that the stress intensity factor is 
equal to the product of the stress-concentration factor 
of a crack as defined by McEvily and lllg and the nett 
stress, apart from a constant. The theory of Paris must 
be preferred, however, for its simplicity and for the 
fact that the stress intensity factor contains no constants 
to be derived from test results. 

In fact none of the existing crack-propagation 
theories has a proper theoretical basis. It is felt that 
this basis should be a dislocation model. At this 
moment there is one theory available, based on a 
dislocation model, which was composed by Valluri 
(ref. 22). Although Valluri devoted a good deal ofwork 
to the analytical treatment of his theory, the equations 
he arrived at are very complicated and'based on too 
many assumptions which are not supported by physical 
evidence. Nevertheless, further development and im- 
provement of his theory seems to be worthwhile. 

At this moment the theory that required the least 
assumptions and that agrees best with empirical 



evidence, should be preferred. The theory of Paris 
satisfies these requirements. 

In fact the theory of Paris can hardly be appraised 
as a theory, since it is rather a hypothetical basis for 
comparison of crack rates. Its meaning and the results 
to which it leads will be discussed in the following 
section. 

6.2 Evaluation of the theory of Paris and its results 
As has been pointed out in sect.  5.4 the theory for 

2024 material leads to (eq. 14) 

This relation was based on stress intensity factors 
which did not account for a finite width of the speci- 
men. So the latter parameter does not enter into eq. 
(18). However, one should expect that for large cracks 
say larger than 259: of the specimen width, the effect 
of the finite width on the stress distribution can not 
longer be ignored. Comparison of the test data with 
calculated crack rates according to eq. (IS) showed 
indeed an increasing discrepancy for larger cracks. The 
finite width correction given in eq. ( 5 )  hardly improved 
this. A better agreement was obtained by a correction 
of eq. (IS) as given in the following relation 

The accuracy of eq. (19) is demonstrated in fig. 20, 
where crack propagation data as predicted by eq. (19) 
are compared with the actual results as obtained in the 
present investigation. For relatively small cracks there 
is practically no difference between eqs. (18) and (19). 

To obtain a better understanding of the meaning of 
eq. (19) the function e-””” is plotted versus R in fig. 
19b. The curve in fig. 19b can be roughly approximated 
by the straight line as shown. This allows to write for 
eq. (18): 

(S,+S,,)’lt (20) dn 

- dl  = 10-5 e-2.27R 
dn 

Fig. 20 Comparison of calculated and measured crack rates 
(2024-specimens). 

or after rearranging terms 

Eq. (21) predicts the crack rate to be proportional to 
the square of the maximum stress in a cycle. It can be 
shown by substituting a yield criterion in eqs. (4) that 
the width of the plastic zone a t  the tip of the crack 
should also be proportional to the square of ,  the 
maximum stress in a cycle. Then eq. (21) predicts the 
crack rate to be proportional to the width of the plastic 
zone at the tip of the crack. This result strongly 
appeals to intuitive feelings. According to eq. (21) the 
crack rate should also be proportional to the stress 
amplitude (or the stress range). Since the amplitude of 
the force Fa per unit length of the dislocation is 

in which b is the Burger’s vector and C i s  a constant, 
the crack rate should be proportional to the amount of 
cyclic plastic strain. 

For short cracks eq. (21) predicts the crack rate to 
be proportional with [f which is in good agreement 
with a wide range.of test results. 

The conclusion to be drawn from the present 
discussion is that eq. (19) is a fairly accurate formula 
for the prediction of crack propagation properties. Eq. 
(19) is restricted to the 2024-T3 material used for the 
present investigation, but it is felt that a generalization 
is possible by writing: 

Fo = C.S. b (22) 

In principle it is possible to determine the constants 
C ,  and C, for any material by carrying out two tests 
a t  different values of R. 

The crack rates of two other materials have been 
calculated with the aid of eq. (23), adapting C ,  and C, 
to the test data. The results are compared with the 
actual test results in figs. 21 and 22. These figures show 
that eq. (23) satisfies the results very well for the 2024 
material (fig. 22). For the 7075 material the agreement 
on the average is fairly good if the crack length is not 
too large. For relatively large cracks eq. (23) gives 
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unconservative results, especially for the 7075 alloy. It 
is felt that this is to be associated with the fact that the 
plastic zone at the tip of the crack becomes so large 
that a ccmplete re-distribution of stresses takes place, 
which cannot be described any longer by means of a 
stress-intensity factor based on elastic calculations. 

Fig. 22 Calculated crack rates compared with test data for the 
2021-specimens from ref. 1. 

CR..CI L E N G T H , " ,  

Fig. 21a Calculated crack rates compared with test data for the 
7075-specimens. 

.. .. 
N Y Y B E R  O r  X l L o C I C L L I  

Fig. 23 Retardation of crack proDagation due to peak loads. 
(refs. 3,4). 

6.3 Practical usefulness of the theory of Paris 
The theory of Paris was developed to correlate crack 

rate data of constant-amplitude tests. In service the 
loadings generally have a variable amplitude. Interac- 
tion effects on the crack propagation of loads with 
different amplitudes should be expected. Fortunately 
such effects are either negligible or favourable, see for 
instance refs. 3 and 4. Illustrations of favourable inter- 
actions are presented in figs. 23 and 24. Consequently 
crack rates under variable-amplitude loading are lower 
than predicted by the Palmgren-Miner rule. This rule 
being conservative for crack propagation, the major 
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Fig. 25 Stress intensity factors and crack propagation for 
different configurations (results from refs. 10 and 24). 

problem is to estimate reliable crack rate data for 
constant-amplitude loading. The problem to be 
considered here is whether a designer can use the 
theory of Paris for the latter purpose. Two pertinent 
questions have t o  be answered then. 
(a) Has the theory a general validity also for other 

configurations? Cracks in service generally occur in 
more complicated parts than in a simple sheet 
specimen. 

(b) Has the theory a general validity also for other 

The problem raised in the first question was recently 
discussed by Donaldson and Anderson (ref. IO). The 
stress intensity factor has been calculated for a number 
of configurations (ref. 24). A summary of some of 
these cases and the corresponding crack rate data as 
derived from ref. I O  is presented in fig. 25. The graph 
shows that the stress intensity factor offers some 
promise for correlating crack rate data for geometrical- 
ly different configurations. It is hoped that a more 
general validity can be shown in the future. 

The second question was also discussed in ref. I O  and 
it was shown for a large variety of materials that a 
relation between the stress intensity factor and the 
crack rate could be arrived at. Such a relation was 
found in the present investigation for sheet specimens 
with a central crack. Evaluation of the relation led to 
eq. (19) which proved to be useful for the 2024-alloy 
and the 7075-alloy. I t  was disappointing, however, to 
notice that the crack rates in the 2024-alloy in the 
present investigation were approximately two times 
lower than found in ref. I for exactly the same specimen 
of the same material, but from a different producer. So 
even in AI-Cu-Mg alloys no generalization of crack 
rate data seems to be allowed. This was also shown by 
Harpur (ref. 28). In a recent study of the N.L.R. on 
the effect of sheet thickness (not yet published) it was 
found that the sheet thickness also has a considerable 
and systematic effect on the crack rate. This emphasizes 
that one can not extrapolate data from one sheet 
material to another sheet material if only the chemical 
composition is the same. 

As a consequence of the previous reasoning it has to 
be said that application of the theory of Paris requires 
a set of curves as shown in fig, 18 and it is not allowed 
to borrow such data from the literature. So crack pro- 
pagation tests have to be performed. For sheet 
metals in an aircraft structure applied in an area which 
might be prone to fatigue cracking such tests are 
advised anyhow, since they will give the designer some 
indication of the crack-growth sensitivity of his 
material. If he performs two tests a t  different R-values 
on simple sheet specimens this will allow an assessment 
of C ,  and C, in the relation given before: 

materials? 

This relation was based on the theory of Paris. For 
small cracks in a structure the term ( I f10  I*/M") 
would be negligible and the only size parameter would 
be I ,  i.e. the absolute value of the crack length. In ref. 
2 it was pointed out, that this view is probably correct. 
The above relation could then be used for a structure 
if relevant values of Smax can be indicated. In stiffened 



structures this will not be very simple and a rough in- 
dication can be obtained at most. 

To get the theory of Paris accepted by designers it 
will be necessary: 
1. To assess the stress intensity factor for configura- 

tions with the geometrical complexity as it occurs in 
real aircraft structures. 

2. To show that such factors can be correlated with the 
crack rate in those structures and in simple speci- 
mens made from the same material as the structure 
itself. 
Although it is clear that the crack rate is a functipn 

of the intensity of the stress field around the tip of the 
crack the application of the theory as advocated by 
Paris obviously requires much further research. 

7 Fractngraphical observations 

The fractures showed the usual characteristics. On a 
macro-scale all fatigue cracks started in a plane 
perpendicular to the direction of loading, but after a 
certain amount of crack extension the plane of the 
crack rotated around the direction of crack propaga- 
tion as an axis until it made an angle of about 45 
degrees with the loading direction and the sheet sur- 
face. This rotation is called the transition and the end 
of the transition is defined here as the transition point 
(see fig. 26a). 

The moment of transition depends.upon mean stress 
and stress amplitude. In the crack-propagation curves 
of figs. 2 through 8 the transition point has been 
indicated and also in figs. 9-1 I where the crack rate is 
plotted versus the crack length. From figs. 9-1 1 it may 
be concluded that the transition occurs at a constant 
crack rate, which is in agreement with the results of 
refs. 1 and 26. The value of the crack rate for the 
transition in the 2024 alloy is the same as found in ref. 
1. The crack rate for the transition appears to he 
different for the two alloys tested in the present in- 
vestigation. 

In order to be able to indicate the transition points 
also in fig. I8 the value of K,,, at the transition was 
plotted versus R in fig. 26b. With the aid of this figure 
the transition points could be plotted in fig. 18. Again 
the transition is found to occur at constant crack rate. 

In ref. 27 Liu states that the transition takes place 
when the plastic zone at the crack tip reaches a width 
equal to half the thickness of the specimen. Since the 
specimens in the present investigation were of the same 
thickness and since the plastic-zone width is propor- 
tional to S:,, and I, the transition should take place 
a t  a constant value of Si,,. I. This has been checked 
in fig. 27 for both alloys tested, but the results are 
negative. For the ?024 alloy this result was already 
shown by fig. 26b, ,since .S&xI=K:ax. From figs. 9, 
I O  and I I  it is easily deduced that neither does the 

Specimens are from the investigation of ref. I 

Fig. 26a The transition. 
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Fig. 27 Si, , /at  the transition. 

rotation occur at a constant value of S: I since these 
figuresXpply to constant .S;-values and the transition 
does not occur at a constant I-value. 

8 Conclusions 

From an experimental investigation on the influence 
of the mean stress on the propagation of fatigue cracks 
in light alloy sheet and a discussion on crack-propaga- 
tion theories, the following conclusions may be drawn. 
1. The influence of the mean stress is evident, but 

rather complicated. The test-results suggest a rela- 
tion between crack rate and stresses of the form: 

in which 

This relation holds both for 2024 and 7075 material. 
2. The crack rate in the 7075 material was about 3 to 4 

times as large as in the 2024 material under the same 
conditions (as for geometry and stress). 

3. For sheet materials of the same.type of alloy (Le. 
similar chemical composition) the crack rate depends 
on the ductility of the material and is higher for a 
lower ductility. 

4. The application of the stress intensity factor to 
predict crack rate data for design problems requires 
further research. 

5. The transition of the fatigue crack appears to occur 
at a constant crack-rate, independent of mean stress 
and stress amplitude. 
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I The effect of sheet thickness on the fatigue-crack propagation 

in 2024-T3 Alclad sheet material 

D. BROEK and J. SCHIJVE I 

Summary 

The influence of the sheet thickness on fatigue-crack propagation was studied on specimens of 2024T3 alclad sheet of five thicknesses, 

The different states of stress at the crack tip probably cause the thickness effect. The transition from the tensile mode fatigue fracture 
viz. 0.6, 1, 2, 3 and 4 mm. It turned out that cracks grow faster in thicker sheets. 

to the shear mode fatigue fracture and its relation with crack propagation are also discussed. 
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List of symbols 

C '-constant 
21 
1, I 

- length of crack from tip to tip (mm) 
- crack length (mm) at the transition from 

tensile mode to shear mode of fracture 

This investigation has been performed under contract with the 
Netherlands Aircraft Development Board (N.I.V.). 

n - number of cycles 
n,-n, - number of cycles to extend the crack from 

I=x mm to l = y  mm 
dl/dn -rate of crack propagation (mm/kc; 

1 kc= loo0 cycles) 
P 
S -stress (kg/mm2) . 

So - stress amplitude 
S,  - mean stress 
Su - ultimate tensile strength 
S, - yield stress 
So.2 - 0.2% yield strength 
f - sheet thickness (mm) 
2 w  - sheet width (mm) 
6 

-width of plastic zone at tip of crack (mm) 

- elongation (yo of 2" gage length) 
sm,x - s,+s. 

I Introduction 

In recent years fatigue-crack propagation in aircraft 
sheet materials has drawn more and more attention. 
Although a fairly large amount of crack propagation 
data has become available there is still a lack of 
systematical data on the effect of different parameters 
influencing the crack-propagation rate. One of these 
parameters i s  the thickness of the sheet. Since the 
static residual strekgth of cracked sheets depends upon 
sheet thickness, it might be expected that also the rate 
of crack propagation under alternating load should be 
affected by the sheet thickness. 



The aim of this investigation was to study by experi- 
ments whether such an  influence exists and to deter- 
mine its magnitude. Five values of the sheet thickness 
were investigated in test series on 2024-T3 alclad sheet. 
I t  turned out that crack propagation is faster in sheets 
with larger thickness. 

In this report the test results are given and discussed. 
It is tried to give a qualitative explanation for the 
trends revealed by the experiments. Some fracto- 
graphical observations are an essential part of the 
explanations and conclusions. 

2 Experimental details 
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2.1 Material tested 
The material tested was 2024-T3 alclad sheet. Five 

different sheet thicknesses were investigated, viz. f = 
0.6, 1, 2, 3 and 4 mm. The static properties of the 
sheets are given in the table 1. The table gives average 
results of four tests except for the 3 and 4 mm gauges 
where only two static specimens were employed. 

TABLE 1 

Static properties of  sheets 

Sheet sa., S U  6 
thickness t 

mm inch kglmmz ksi kg/mmZ ksi %of  2" 
gage length 

0.6 0.024 35.9 51.1 46.0 65.5 I6 
I 9.04 36.8 52.3 47.2 67.1 16.5 
2 0.08 37.0 52.6 48.0 68.3 18 
3 0.12 37.7 53.6. 48.1 68.4 18.5 
4 0.16 40.4 57.4 49.3 70.1 17 

The 2 mm sheet material was the same as that used 
in a previous investigation on the influence of the mean 
stress on crack propagation (ref. 1). 

2.2 Specimens and testing technique 
The specimens were cut to a size of 100 x 280 mm 

and provided with a sharp central notch as shown in 
fig. 1. The notch consisted of a drilled hole of 1 mm 
diameter and two saw cuts of I mm length and 0.3 mm 
width made by means of a jeweller's fret saw. 

Fine line markings inscribed in the surface of the 
specimen at spacings as indicated in fig. 1 facilitated 
recording of the crack growth. 

Crack growth records were made by counting the 
number of cycles applied each time the tips of the crack 
had grown to the successive line markings,. 

The specimens were loaded in tension in a horizontal 
Schenck pulsator type PP6D of six tons capacity. The 
machine can be equipped with either a 2-tons or a 
6-tons dynamometer. For part of the tests (on speci- 

Fig. 1 Dimensions of sheet specimens. 

mens of 0.6 mm and 1 mm thickness) the 2-tons 
dynamometer was used in view of the low loads 
involved. . 

The fatigue machine is of the resonance type 
(mechanical excitation) and loading frequency depends 
slightly upon specimen thickness and stress amplitude. 
The frequency was between 1700 and 2300 cycles per 
minute. 

2.3 Stresses 
All tests were performed at a positive mean stress 

S, = 8 kg/mm2 (1 1,400 psi). Three values of the alter- 
nating stress were used, viz. S,=2.5 kg/mm*, 4 kg/mm2 
and 6.5 kg/mm* (3,570 psi, 5,690 and 9,250 psi 
respectively). All stresses are based on the specimen 
gross section disregarding the notch and the crack. 

TABLE 2 

Loading frequencies 

Sheet thickness Frequency (c.p.m.) at 

mm inch sa = s. = sa = 
2.5 kg/mmz 4 kg/mmz 6.5 kg/mni2 
(3,570 psi) (5,690 psi) (9,250 psi) 

0.6 0.024 1700 1800 1900 
I 0.04 2050 2100 2150 
2 0.08 2100 2150 2200 
3 0.12 2150 2200 2250 
4 0.16 2 2 w  2250 2275 



Both the mean load and the load amplitude were kept 
constant throughout a test. At each stress amplitude 
three tests were carried out for the five sheet thick- 
nesses, leading to a number of 3 x 3 x 5=45 tests. 

Nominal values of the loading frequency are given 
in table 2. 

3 Test results I 

Crack-propagation records were started as the crack 
had reached a length of 3 mm. So the influences of the 
notch on crack initiation and the early crack-propaga- 
tion were eliminated. The crack length is defined as the 
average value of I ,  and I,, see fig. 1. There is no objec- 

< t-", 
(I 

10 

1 

Fig. 2 Influence of the sheet thickness an the crack prqmgation 
(Sa = 2.5 kg/mm2). 
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tion against this procedure since all cracks grew almost 
perfectly symmetrically. 

The crack-propagation data thus obtained are given 
in tables 3 through 5 .  The tables show that scatter was 
low. Therefore only the average results of three similar 
tests were plotted for drawing the crack-propagation 
curves in figs. 2-4. 

From the average results in tables 3-5 for each group 
of three tests the crack rate dI/dn was calculated as a 
linear average between two successive /:values indicated 
in the table: 

d l  l i + , - l i  
& = n ; + , - i i ;  ' 

<gum, 
y1 

a 

D 

11 i i I j I I I I ,no I I 1 I 1 . 1  I I ~ # ~ ~ 3 , h ~ t  1 I 1 1 
Fig. 3 Influence of the sheet thickness on the crack propagation 

(Sa = 4 kg/mm2). 

I TABLE 3 

Crack propagation records 
Figures in table represent number of kilocycles necessary to extend the crack from I = 3 mm to a length I mm 

Sm = 8 kg/n"; S,  = 2.5 kg/mm2 

0.6 mm I mm 2 mm 3 mm 4 mm 
thickness thickness thickness thickness thickness I 

Spec. 832 B38 B27 852 859 845 821 817 84 4 7 9 3 5 7 

3 0 0 
4 71.00 79.40 
5 118.50 123.15 
6 139.35 149.85 
7 160.15 174.15 
8 169.10 191.50 
9 192.55 211.05 

10 203.20 222.45 
12 219.55 248.30 
14 235.75 265.10 
16 249.95 277.55 
18 258.85 288.15 
20 264.90 294.95 
25 269.95 300.55 
30 271.00 401.70 
35 

0 
69.00 

102.60 
127.00 
147.00 
165.20 
182.70 
192.10 
212.75 
228.40 
241.60 
251.05 
256.70 
261.20 
262. 10 

- 
0 

7 I .00 
110.50 
144.75 
167.25 
186.30 
204.85 
218.40 
239.75 
257.65 
270.30 
280.35 
287.30 
295.30 
298. I5 
298.45 

0 0 
81.75 57.05 

129.75 85.85 
161.25 109.65 
183.50 123.80 
202.25 139.70 
215.00 152.25 
226.25 161.80 
246.00 179.20 
260.75 192.60 

276.00 205.05 
279.90 209.70 
287.75 216.55 
288.50 218.25 

271.00 200.10 

0 
62.75 
89.50 

107.45 
124.70 
137.65 
148.70 
156.65 
172.70 
187.35 
197.95 
205.25 
212.60 
220.50 
224.60 
225.90 

0 0 
58.75 60.75 
85.45 78.10 

104.80 99.75 
119.00 116.00 
134.30 125.40 
145.10 138.85 
154.60 149.05 
171.45 162.45 
183.05 174.65 
193.50 184.05 
200.10 189.10 
206.10 192.75 
216.00 203.55 
220.00 206.55 
221.40 

0 0 0 
35.80 27.80 53.00 
60.10 51.75 79.65 
74.90 171.00 98.10 
86.55 182.30 113.80 
97.45 192.90 124.95 

106.65 203.15 137.75 
115.65 209.55 144.35 
129.95 125.05 164.05 
138.70 134.60 174.05 
146.75 142.25 184.15 
152.20 148.80 190.35 
156.70 153.65 195.15 
164.00 161.30 204.15 
166.75 164.25 207.50 
167.60 165.15 208.40 

0 0 
64.45 36.05 
92.50 59.95 
108.30 70.35 
119.85 90.75 
132.30 98.60 
139.75 108.55 
143.95 119.65 
162.00 136.10 
172.80 146.80 
181.75 155.00 
189.80 162.45 
195.20 167.55 
202.35 173.60 
205.00 175.75 
205.80 176.55 

0 
45.05 
67.85 
81.50 
92.35 

100.80 
108.55 
116.00 
130.90 
139.80 
148.25 
152.95 
155.60 
160.95 
163.60 
164.25 
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TABLE 4 

Crack propagation records 

S,,z = 8 kg/mmz; Sa = 4 kg/mm2 
Figures in table represent number of kilocycles necessary to extend the crack from I = 3 mm to a length / mm 

0.6 mm 
thickness 

I mm 
thickness 

2 m m  
thickness 

3 mm 
thickness 

4 mm 
thickness 

Spec. 838 829 B43 
no. 

I (mm) 

858 847 865 8 6  BII B18 5 2 12 9 2 4 

3 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
18 
20 
25 
30 
35 

0 
25.60 
39.90 
52.85 
61.85 
69.55 
74.80 
81.35 
88.75 
93.60 
97.25 
99.70 

100.70 
101.50 

0 
20.35 
38.55 
47.10 
52.40 
59.45 
64.70 
68.80 
77.15 
81.75 
85.40 
87.50 
88.55 
89.20 

0 
26.20 
44.30 
55.35 
66.35 
73.20 
79.80 
84.55 
92.15 
97.10 

100.90 
103.00 
104.25 
105.20 

0 0 0 
18.60 15.65 17.95 
31.85 27.35 29.40 
40.25 34.75 41.35 
49.45 40.85 50.20 
54.95 46.70 57.65 
59.40 51.10 63.20 
63.80 ' 54.35 61.40 
70.20 59.75 75.00 
74.50 64.10 79.75 
17.35 67.15 83.45 
79.35 69.20 85.70 
80.70 70.30 87.20 
82.40 71.75 89.00 
83.10 72.15 89.30 

0 0 0 
13.85 15.95 13.85 
23.95 28.95 25.50 
31.70 40.65 34.35 
40.00 49.85 39.70 
46.25 57.05 45.90 
50.60 63.60 51.25 
54.35 69.25 55.75 
62.50 76.60 63.95 
68.95 82.60 69.60 
71.20 86.30 73.85 
72.95 89.60 76.75 
74.95 92.55 79.05 
76.85 97r15 82.05 
77.65 98.65 82.90 

99.50 83.10 

0 0 0 
12.30 10.20 14.25 
20.95 18.35 23.70 
26.65 25.55 30.45 
32.50 29.65 34.90 
37.35 33.60 39.80 
41.00 31.25 43.55 
44.00 40.20 46.05 
49.30 44.25 51.30 
52.90 48.10 54.30 
55.65 50.65 56.90 
57.40 52.10 58.65 
58.65 53.15 59.85 
60.45 54.55 61.35 
61.05 55.05 61.95 
61.30 55.20 62.25 

0 0 0 
10.40 10.90 9.05 
16.35 18.80 16.30 
21.50 24.80 23.05 
29.35 27.60 27.45 
34.35 31.15 31.95 
37.85 34.35 35.25 
39.60 36.60 38.45 
43.05 41.05 42.30 
45.25 44.65 45.00 
47.05 46.50 47.70 
48.05 47.60 48.65 
48.80 48.40 49.35 
49.80 49.40 50.35 
50.20 49.90 50.85 
50.30 50.10 50.95 

TABLE 5 

Crack propagation records 
Figures in table represent number of kilocycles necessary to extend the crack from /=3 mm to a length / mm 

S,,, = 8 kg/mm2; S. = 6.5 kg/mm2 

0.6 mni 
thickness 

I mm 
thickness 

2 mm 
thickness 

3 mm 
thickness 

4 mm 
thickness 

Spec. B34 841 844 
no. 

i ("1 

854 861 866 BI B23 ' 868 1 I O  8 6 8 1 

3 0  0 0 
4 9.20 10.40 10.85 
5 14.70 17.15 17.70 
6 19.70 20.45 21.95 
1 22.50 23.35 25.15 
8 25.35 25.65 27.90 
9 26.95 27.70 29.65 

10 28.40 28.75 30.70 
I2 30.30 30.45 32.60 
14 31.10 31.55 33.50 
16 31.65 32.15 34.05 
18 31.90 32.35 34.30 
20 32.00 32.50 34.40 
25 
30 

0 0 0 
7.05 6.90 6.85 

10.50 11.65 11.35 
14.35 15.00 14.70 
16.85 17.40 17.45 
18.60 19.40 19.40 
20.00 21.05 20.35 
21.45 22.35 21.95 
23.05 24.20 23.30 
24.25 25.15 24.45 
24.85 25.80 24.70 
25.10 26.05 25.10 
25.35 26.30 25.50 
25.50 26.50 

0 0 0 
4.40 4.65 5.35 
8.60 9.55. 10.60 

12.10 13.80 15.20 
16.40 16.60 19.90 
19.00 19.05 23.00 
20.80 21.30 25.95 
22.05 23.15 27.95 

25.50 30.25 
26.75 31.10 
27.50 31.90 
27.90 32.35 
28.15 32.70 
28.55 32.90 

0 0  0 
3.20 3.35 4.05 
6.60 6.50 7.25 
8.90 9.65 9.95 

10.90 12.35 11.70 
12.50 14.55 13.75 
13.90 16.45 15.10 
14.65 17.35 15.90 
16.00 18.70 17.45 
16.85 19.30 18.20 
17.45 19.75 18.75 
17.65 20.10 19.15 
17.85 20.35 19.30 
18.15 20.65 19.65 

0 0 0 
3.10 3.85 3.80 
5.45 6.40 6.20 
6.95 8.05 ' 8.75 
8.50 9.85 10.50 
975 11.00 11.95 

10.70 12.05 13.45 
11.65 12.75 14.30 
12.75 13.65 15.35 
13.15 14.15 15.95 
13.65 14.50 16.20 
13.95 14.70 16.50 
14.10 14.90 16.90 
14.30 15.10 16.90 
14.40 15.20 17.10 

Crack rates so obtained are plotted in figs. 5-7 at a 
crack length /=+(It+ 

4 Discussion 

4.1 Infruence of sheet thickness as found in the present 

Figs. 2 4  incl. show that there is a noticeable effect 
of sheet thickness. As a general trend cracks grow 
faster when the sheet is thicker. 

The effect of sheet thickness as found in this in- 
vestigation is confirmed by the work o f  Raithby and 
Bebb (ref. 2). Results of Raithby and Bebb on 1200 x 
2400 mm (48 x 96 inch) specimens are given here in and in other inuesligations 
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Fig. 4 Influence of the sheet thickness on the crack propagation 
(Sa = 6.5 kg/mmz). 

table 6. Their crack-growth records are plotted in figs. 
8-10. In these figures the early part of the crack 
propagation has been omitted (initial half length of the 
notch was 19 nim or 0.75 inch) in the same way as for 
the present results. The results of Raithby and Bebb in 
most cases show the same trends as Found in the 
present test series, although there are a Few exceptions. 

Another systematical study on  the influence of sheet 
thickness was published by Frost and Denton (ref. 3). 
This investigation was performed on mild steel speci- 
mens and no effect of sheet thickness was Found From 
a comparison of three thicknesses viz. 3.2;7.5 and 25 
mm (0.128, 0.3 and I inch respectively). It is known 
that crack-propagation properties of mild steel show 

Fig. 5 The crack rate as a function of crack length 

important differences with aluminium alloys. For 
example in ref. 1 a pronounced influence of the mean 
stress was Found on crack propagation in two alumi- 
nium alloys. A similar trend was Found by Frost (ref. 
4) For different materials except For mild steel, which 
showed no influence of mean stress. The thicknesses of 
the sheets tested by Frost and Denton are relatively 
high as compared with those of the present test series. 
It may be that a thickness effect vanishes at these large 
thicknesses as will be discussed in the Following section. 

More systematic investigations on the influence of 

TABLE 6 

The effect of sheet thickness as found by Raithby and Bebb (ref. 2) compared with the present results 

S, Sa Number of kilocycles for a crack extension of 30 mm' 

ksi kg/mm2 ksi kg/mm2 thickness thickness thickness Source Material 
0.04" = 1 mm 0.08'' = 2 m 0.16" = 4 mm 

DTD 546 10 7 6 4.2 13.7 ' 8.6 3.2 
8.7 (2024-T6 12 8.4 4 2.8 15.5 - 

artificially aged) 14 9.8 2 I .4 - 82 47 ref. 2 
14 9.8 4 2.8 13.9 9.6 - 

- 14 9.8 6 4.2 8.3 4.1 
158 163 DTD 610 14 9.8 2 1.4 - 

(2024-T3 14 9.8 4 2.8 30 25 ~ ref. 2 

- 14 9.8 6 4.2 8.3 4.1 
DTD 610 14 9.8 2 1.4 - 15R I67 ... . _ _  
(2024-T3 14 9.8 4 2.8 30 25 ~ ref. 2 
naturally aged) 14 9.8 6 4.2 10.8 12.82 - 
DTD 687 14 9.8 2 I .4 - I 6  5 21 7% 

~~ ~ 

(7075-T6 14 9.8 4 2.8 13.7 5.3 - ref. 2 
artificially aged) 14 9.8 6 4.2 1.8 0.3 - 

11.4 8.0 3.6 2.5 375 328 300 Present 
2024-T3 11.4 8.0 5.7 4.0 109 111 2 67 investi- 

11.4 8.0 9.3 6.5 32 35 = 21 gation 

n 5 o - m  for results of ref. 2; m - m  for the present results. 
Inconsistent results. 



Fig. 6 The crack rate as a function of crack length 
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Fig. 7 The crack rate as a function of crack length. 

sheet thickness could not be found. There are some 
incidental results in a review on crack propagation by 
Donaldson and Anderson (ref. 5) .  Based on the results 
collected they concluded that a thickness effect is 
completely absent. Reconsideration of these results, 
however, learns that the conclusion was mainly based 
on a comparison of crack-propagation records of 
specimens of different widths. This means that a 
thickness effect might have been obscured by the 
influence of sheet width. Donaldson and Anderson 
evaluated the results in terms of d//dn as a function of 
the stress-intensity factor K=S# and made a correc- 

f i n . ,  
I *o 

100 

80 

40 

" P 2 0  I k j  I 

Fig. 8 Influence of sheet thickness as found by Raithby and Bebb 
(ref. 2) for the DTD 546 alloy (2024-T6; artificially aged). 

n e ~ " , .  I L C  , 
a) DTD 546 alloy (z 2024-T6, artificially aged) 

I , * . ,  

",-",n, k / ,  

b) DTD 546 alloy and DTD 610 alloy (% 2024-T3, naturally 
aged) 

Fig. 9 Influence of sheet thickness as found by Raithby and Bebb 
(ref. 2). 



e 

69 



~~ ~ 

70 

mrr, T H , C K W U  
1 1 " /  

<//.CL ~1DS*i*,,O* LlFt $ / F O R E  n,<$,l,~, 
I" ~",,&, 

Fig:lS The influence of sheet thickness on the crack propagatidn 
life before and after the transition. 

AND LFTER 7°C ,i)L*IIT,D* 

fig. 12). The single shear failure occurs more frequently 
than the double shear fracture. 

In previous investigations (refs. I ,  6 and 7) the crack 
rate at the transition point was approximately constant. 
This trend is confirmed by the present results if a 
certain thickness is considered. Fig. 13 shows, however, 
that the crack rate a t  the transition point is a function 
of the sheet thickness, 1, being larger for higher f -  

values. The values for 1 4  mm, viz. 0.2 mm/kc is the 
same as found in refs. I ,  6 and 7 for the same material 
of that thickness. 

06 I 
IllE, T * I C * N L I I 1 , . m ,  

Fig. 14 Crack length at the transition point. 

In fig. 14 the crack length I,, at the transition point 
has been plotted as a function of the sheet thickness. 
It appears to depend upon sheet thickness. Average 
values of I , ,  as determined from fig. 14 are 1,,=5 mm, 
10 mm and 16 mm for stress amplitudes Sa=6,5 
kg/mm2, 4 kg/mm2 and 2,5 kg/mmz respectively. With 
these average values of I , ,  it was checked whether the 
effect of thickness on crack propagation is the same 
before and after the transition. This check has been 
carried out in fig. 15 by plotting the crack propagation 
life from / = 3  mm to / = I , ,  and the crack propagation 
life from / = I , ,  to /=30 mm both as a function of the 

sheet thickness. From fig. 15 it appears that the 
thickness effect is significant and systematical before 
the transition, i.e. the crack propagation life until a 
crack length I , ,  decreases with increasing sheet thick- 
ness: The thickness effect is less pronounced and not 
systematical after the transition, Le. the number of 
cycles to extend the crack from I,, to a length of 30 mm 
is not systematically influenced by the sheet thickness. 
Although the results are not completely consistent it is 
tentatively concluded that a thickness effect exists for 
pre-transition cracks and that after the transition the 
influence of sheet thickness is not significant. The same 
conclusion can in fact be drawn from figs. 5 ,  6 and 7, 
which also show that the results after the transition are 
not fully systematical. 

Some micrographs of the transition (fig. 16) show 
that the change in fracture direction is very abrupt. 
Also on a microscale the crack surface is almost 
perpendicuhto  the sheet surface in the pre-transition 
region whereas after the transition evidently the direc- 
tion of the largest macro-shear stress is followed. The 
fracture path does not follow the slip line directions. 
In ref. 8 this is explained by the fact that in the interior 
of the specimen several slip systems are activated due 
to constraint by the surrounding material and hence 
the fracture may follow a path which is apparently un- 
correlated with slip directions. 

4.3 Further considerations on the thickness effect and 

If the extent of the fatigue damage could be fully 
represented by the cracklength I ,  i.e. by one dimension, 
one would not expect a thickness effect on the crack 
rate, Moreover I does not indicate whether the trans- 
ition of the tensile mode to the shear mode fracture has 
occurred or not. It seems reasonable to assume that the 
transition and the effect of thickness on the crack rate 
are related phenomena. This is further analysed in this 
section. First it should be pointed out that the thick- 

the transition phenomenon 
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b. 

SHEARMODE - - - TENSILE MODE - .  
x 500 

C. 

HEARMODE - - - TENSILE MODE - 
x 200 - 

d. 

TENSILE MODE SHEAR-MODE 

WITH SHEAR LIPS 
x 50 

SHEAR MODE 

x 200 

Fig. 16 The transition. 

ness effect might be caused by differences of the dependent on sheet thickness and stress amplitude, see 
material properties on testing conditions. The static section 2.3. The thicker sheets being tested at  some- 
properties presented i n  section 2.1 hardly allow an what higher frequencies, showed the higher crack 
explanation of the thickness effect, since the thicker rates. However, the small frequency effect on crack 
sheets, exhibiting the higher crack rates. Thinner have propagation found in ref. 6,  would predict the opposite 
somewhat superior static properties than the thinner trend. Consequently the thickness effect cannot be 
sheets, for both strength (So.* and S,,) and elongation. related to the loading frequencies. 

With respect t o  the testing conditions the only It has been suggested by Liu (ref. 9) and Irwin (ref. 
difference was the frequency which was slightly IO) that the transition from the tensile mode to the 



shear mode has to be associated with a transition of the 
state of stress at the tip of the crack from plane strain 
to  plane stress. This suggestion was further evaluated 
in ref. 8, emploiing shear stress distributions on slip 
planes through the tip of the crack. I t  was made 
plausible there that plane strain will promote the 
tensile mode and that plane stress will promote the 
shear mode. At the specimen surface the state of stress 
will obviously be one of plane stress. At the interior of 
the material around the tip of the crack there will be 
approximately a state of plane strain, the more so if the 
plastic zone is small. For an  increasing size of this zone 
a change from plane strain to  plane stress will occur 
in that region. The gradual development of the trans- 
ition starting with shear lips at the free surface is a 
strong indication of a correlation of the shear mode 
fracture with plane stress. Such shear lips are not only 
found for large macrocracks since in ref. 8 they were 
found in unnotched 2024-T3 sheet specimens (bare 
material) for very small cracks (say I <  1 mm). 

In the previous section it was concluded as a broad 
trend from the test results that the sheet thickness 
effect on the crack rate disappears after the transition 
has been completed, i.e. I>/ , , .  Assuming that the 
plastic zone is then fully in a state of plane stress 
through the full thickness of the sheet this result seems 
to  be plausible. Before the transition point has been 
reached the plastic zone at the specimen surfaces will 
be larger than at the interior of the sheet. This has been 
schematically indicated in fig. 17. Along the crack 
front there is a variation of the size of the plastic zone 
and of the state of stress. It is reasonable to  assume 
that for a certain crack length and a certain stress 
amplitude (and mean stress) the change from approxi- 
mately plane stress at the surface to  approximately 
plane strain at the interior of the sheet will occur over 
a distance along the crack front which may be sup- 
posed to be independent of the sheet thickness. 
Consequently the central part of the crack front where 
the state of stress is one of plane strain will be larger 

Fig. 17 Plastic zone at the tip of the crack. 

for the thicker sheet. A sheet thickness effect on the 
crack rate then requires that a state o f  plane strain will 
induce a higher crack rate. 

In ref. 8 starting from asymptotic solutions for the 
stress distribution around the tip of the crack and 
employing the Tresca yield criterion the following 
relations were obtained for the size of the plastic zone, 
P: 

p = C I  - , C=0.60forplanestress (I) (‘1 c=0.31  for plane strain 

In this relation S is the stress loading the specimen and 
S, is the yield stress. The size of the plastic zone was 
defined by npz = area of plastic zone. In view of plastic 
deformations occurring in the crack tip region the size 
and the shape of the plastic zone cannot accurately be 
calculated, but it is thought that eq. (I) based on the 
elastic stress distribution will still give a rough estimate 
of the size of the plastic zone. It is thought that the 
result of eq. (I), indicating that the plastic zone for 
plane strain will be approximately twice as small as for 
plane stress, will be approximately correct. 

In ref. 8 crack growth was interpreted as a geometric 
consequence of dislocation movements in the crack tip 
region and it was pointed out that the efficiency of the 
conversion of slip into crack extension was dependent 
on the tensile stress “over the tip of the crack”. In the 
case of plane strain the plastic zone is smaller than for 
plane stress as shown above. As a consequence the 
leveling-off of the stress peak at the tip of the crack 
will be less effective and although the shear stresses 
driving the dislocations are smaller for plane strain (see 
ref. 8) the former effect, i.e. the higher peak stress, 
could be the predominant factor explaining the thick- 
ness effect as found in the present investigation. This 
explanation obviously has a tentative character. 

In ref, 9 Liu suggested that a state of plane stress 
along the whole crack front should be obtained if the 
size of the plastic zone, p, is equal to half the sheet 
thickness, f .  If at the same time the transition would 
be completed this implies that p=+f for I = / , , ,  which 
can be checked with eq. ( I )  and the present test results. 
An alternative suggestion is that the transition will be 
completed when the shape of the plastic zone, which 
in fig. 17 is indicated as some sort of a hyperboloid has 
become fully cylindrical and that this will occur at a 
constant size of the plastic zone. With eq. ( I )  Liu’s 
suggestion implies that 

should be independent of the sheet thickness and the 
stress, whereas the latter suggestion implies that 
/JS/SJ2 should be independent of these two variables. 
Bothquantities have been plotted in fig. I8 as a,function 
off for S= Sa, S= S,,, and S= S:ax . S,’ respSctively. 

: I . .  . ,  
I ,  



The latter S-value was derived from an  empirical 
relation for the crack rate presented in ref. 1. Fig. 18 
shows that an independence of the stress is neither 
obtained for S=S, nor for S=S,,,., which is not an 
unexpected result, since both Sa and S,,, will affect the 
amount of plastic deformation and the crack rate. For 
S=Sf,,,S! both quantities plotted vertically in fig. 18 
are approximately independent of S. I t  should be 
emphasized that this is an empirical result. Whether it 
could be obtained as a result of an analytical study 
would have to be further investigated. In figs. 18a and 
18b the effect of sheet thickness is easily recognized, 
indicating that both Lids suggestion and the one 
presented above oversimplify the actual situation. It 
could be said that the effect of sheet thickness is 
smaller in fig. 18b than in fig. 18a showing that the 
latter suggestion is somewhat better representing the 
plastic straining around the tip of the crack. It would 
be interesting to study this problem for a zero mean 
stress, since the correlation between the crack behavi- 
our and the calculated stresses is apparently much more 
complex for a non-zero mean stress. This was clearly 

0 so-15 i.,""2 

Fig. 18 Two functions for the transition point as affected by 
sheet thickness. 

OS, = 2.5 kg/mm2 AS, = 6.5 kg/mm2 
DS0=4  kg/mm2 S, = 37 kg/mml 
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illustrated in ref. 1 where it was tried to correiate the 
crack rate with the so-called stress intensity factor for 
crack propagation tests carried out at various mean 
stresses. 

5 Conclusions 

An experimental investigation on the influence of 
sheet thickness on the crack propagation in 2024-T3 
alclad sheet leads to the following conclusions: 
1. For the sheet thicknesses investigated (0.6, 1, 2, 3 

and 4 mm) the crack propagation was faster in the 
thicker material, see figs. 2, 3 and 4. 

2. Comparison with other investigations shows that the 
same is true for other aluminium alloys. 

3. At a particular crack length the fracture surface 
shows a transition from the tensile mode to the 
shear mode. The crack length at which the transition 
was completed was larger for a lower stress ampli- 
tude and for a larger sheet thickness. 

4. Indications were obtained that the effect of sheet 
thickness on the crack rate mainly occurred before 
the transition was completed. The effect was much 
smaller and unsystematical after the transition. 

5 .  The thickness effects on the crack rate and the 
transition are supposed to be both correlated with 
the change of the state of stress from plane strain to 
plane stress when the crack,length is increasing. 
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Summary 

The effect was studied of artificial aging (up to and beyond maximum hardness, bath with and without prior solution heat treatment) 
on the crack propagation in 2024-T3 alclad sheet. All heat treatments caused a noticeable increase of the rate of crack propagation, 
which was correlated with a decrease of ductility. The correlation is discussed and relevant data from the literature are summarized. 

Some implications af the results for the curing cycle of adhesive bonding and for aerodynamic heating of structures are briefly indi- 
cated. 
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This investigation has been performed under contract with the 
Netherlands Aircraft Development Board (N.I.V.). 

List of Symbols 

- kilocycle = 1000 cycles 
-crack length, see fig. 4 
- number of load cycles 
- number of load cycles to obtain a crack of 

length I 
-stress amplitude 
-mean stress 
- ultimate stress 
- 0.2% yield stress 
- elongation after failure in static test 

1 Introduction 

For aluminium alloys used in aircraft structures the 
static properties are controlled by the type of heat 
treatment. Depending on the type of alloy the producer 
employs natural or artificial aging procedures. Heating 
of an aircraft structure may lead to unintentionally 
prolonged aging. For instance, adhesive bonding may 
involve a curing cycle of &-I hour at a temperature of 
150-200°C. Longer heating times at  a lower tempera- 
ture may occur due to aerodynamic heating during 
supersonic flight. At Mach 2, which is approximately 
the upper speed limit for an aluminium alloy structure, 
heating times of several thousands of hours at a temper- 
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ature of say 130°C are to be considered. The effect of 
such additional aging treatments on the static proper- 
ties and the fatigue limit at  room and elevated temper- 
atures have been published in the literature. However, 
little is known about the influence on crack propa- 
gation although such. data are essential for judging 
fail-safe characteristics. Since artificial aging does 
affect the ductility of the material one might expect an 
influence on crack propagation rates. In the present 
investigation fatigue crack propagation tests were 
performed on 2024 sheet specimens subjected to 
various artificial aging treatments to explore their 
influences on growth rates of the cracks. Relevant data 
from the literature are summarized and some implica- 
tions for the above mentioned problems are indicated. 

2 The aging characteristics of the alloy tested 

2.1 Determination of the aging curves by hardness 
measurements 

From a sheet of 2024-T3 alclad material of 2 mm 
thickness (solution heat treated, cold rolled, naturally 
aged) 45 specimens were cut to a size of 20 x 30 mm. 
The specimen edges were ground with wet silicon 
carbide abrasive paper of grit size 600 and subsequently 
heat treated according to the following scheme. 

specimen solution heat aging temperature 
number treatment 

45 50 hours room temperature 
at 495" (naturally aged) 

1 through 50 hours 165°C 
17 at 495" 

18 through 50 hours 195°C 
35 at495' 

36 through none 
44 (as delivered 195°C 

condition) 
_ _ _ ~  

Specimens I through 35 and 45 were solution heat- 
treated in an electrical air-circulation furnace and 
quenched in water. Specimens I through 35 were 
brought into the aging furnace (also electrical air- 
circulation) within 1 hour after quenching. The 
remaining specimens (36 through 44) were aged at  
195°C without prior solution heat-treatment, i.e. the 
material in the naturally aged condition (T3) were 
further aged artificially. 

When a specimen was taken from the aging furnace 
its edges were again lightly treated with wet 600 
abrasive paper in order to remove excessive oxide 
layers, and immediately afterwards hardness measure- 
ments were carried out four times or more (room 
temperature) by means of a Vickers-micro-hardness 

Fig. 1 Aging curves, 

tester (Leitz manufacture) with a loading weight of 0.5 
kg (1.1 Ib). The measurements had to be carried out 
on the edges in view of the presence of the cladding 
layers. 

Specimen 45 was aged at  20°C after quenching, and 
from time to time its hardness was determined until 
natural aging had continued for 100 hours. 

The results of the hardness measurements are 
plotted in fig. 1 .  Each data point is the average result 
of at least four measurements. The aging curves are of 
a shape very similar to that of curves found in the 
literature (refs. 1, 2, 3). 

2.2 The microstructure of an aged 2024 alloy (refi. 1,  2 

From the precipitation hardened aluminium alloys 
the binary A1-4% Cu has been most extensively 
investigated. It appears that the precipitation phe- 
nomenon in the 2024 alloy (A1-4.5y0 Cu-1.5% Mg) 
occurs in a similar way as in the AI-4% Cu alloy, since 
the precipitation also starts with coherent zones in the 
form of platelets. Also the aging curves show a great 
similarity ,with those of AL4% Cu. A summary of the 
various phases of the precipitation for the latter alloy 
is given below. 

After solution heat treatment and quenching a n  
unstable super-saturated solution has been obtained, 
the copper being solved in the aluminium matrix. 
During subsequent aging at  room temperature or 
artificial aging precipitation of the copper takes place. 
At moderate aging temperatures (Le. below 160°C) the 
first precipitates to be found (by X-ray diffraction 
methods) are the Guinier-Preston zones type 1, o r  
G.P.l zones. G.P.1 zones appear as segregates of 
copper atoms at  the {loo} planes. The zones are only 
one atom plane thick. By further aging they are 
replaced by regions, Guinier-Preston zones type I1 or 
G.P.11 zones, with an ordered arrangement of copper 
and  aluminium atoms which are a few unit cells thick. 

The lattice of the Guinier-Preston zones, which have 
the form of platelets, remains continuous with that of 

and 4 )  
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TABLE 1 

Heat tr&tment of fatigue specimens and resulting static properties (averages of two tests) , 

Heat treatment by NLR Static properties 
Type of 

Solution Aging 0 .2% yield Ultimate Relative precipi- 

of2”  vickers 
gauge Hardness’) (see Sect. 
length (kg/mm2) 

tate Remarks 

3.2) 

Series treatment stress tensile 
S 0 . l  stress Su 

time tcmp time temp 
(hours)(“C) (hours) (“C) kg/mm2 ksi kg/mm’ ksi 

. .  
none none G.P.1 Condition T3 

A material as delivered 37.5 58.5 48.3 69.0 18.5 I54 and 
G.P.11 

B none 3.25 195 47.4 67.5 50.2 71.5 7.5 156 G.P.11 Critically aged 

C none 24 195 42.0 h0.0 47.6 68.0 7 I49 G.P.II 
and 
a’ Overaged 

G.P.II 

0’ 
D 50 495 6 195 40.0 57.0 46.9 67.0 9 1 5 1  with some Critically aged 

E 50 495 30 195 31.2 44.5 3Y.5 56.5 8 118 0‘ Ovcraged 

*) hardness number obtained from fatigue specimens. 

the matrix: the precipitate is coherent, Nevertheless, 
the two lattices do  not fit perfectly, thus inducing 
elastic distortions of the lattice of the matrix. These 
coherency strains, involving coherency stresses are 
considered to be mainly responsible for the hardening 
of the alloy. The coherency stresses between the matrix 
and the precipitate increase as the precipitate grows, 
which will finally lead to a partial breaking away. This 
facilitates structural rearrangements within the precipi- 
tate to a more stable form called B’, which is semi- 
coherent with the matrix. The phase 0‘ is the forerunner 
of the equilibrium precipitate 0 (CuAI,) which forms 
during still further aging. 0 is non-coherent, i.e. it is 
actually the second phase. At high aging temperatures 
precipitation may start with the immediate formation 
of G.P.11 or 0’. 

In general during natural aging only Guinier- 
Preston zones are formed, whereas during artificial 
aging the maximum hardness is attained in the 
presence of both G.P.!I and 0’. The 0 particles, which 
are visible through the optical microscope, are found 
only after extensive aging at high temperature, when on 
the aging curve the hardness has passed its peak value 
and is decreasing as a function of aging time (over- 
aging). 

3 Heat treatment of the fatigue specimens 

3. I Processing and resulting properties 
All specimens were cut from sheets in the T-3 

condition, as delivered by the manufacturer. Series A 
was tested in this condition, while series B to E were 
given a second heat treatment by the NLR, involving 
artificial aging.at 195°C. Series D and E were solution 
heat-treated before this aging, whereas series B and C 
were not. Artificial aging occurred to maximum hard- 
ness (critically aged) for series B and D and to an 
overaged condition for series C and E. Aging times and 
temperatures are specified in table I which also gives 
the resulting static properties. Hardness values 
obtained from the fatigue specimens and plotted in 
fig. I are in good agreement with the aging curves 
presented in section 2. I .  

It appears from table I that the heat treatment has 
about the same effect on the tensile strength as it has 
on hardness values; i.e. the ultimate tensile strength is 
high for the critically aged condition and drops off at 
over-aging. As compared with the material as delivered 
all heat treatments result in an important drop of 
ductility and in all cases the ratio between yield 
strength and tensile strength is higher than for the T-3 
condition. 

3.2 The microstructure of the specimens 
With the optical microscope it is virtually impossible 

to reveal G.P. zones or 0’. I n  general, it is difficult to 
examine aluminium alloys in the aged condition with 
the optical microscope. Fig. 2 shows the structures of 
static tests specimens after they had been loaded to 
failure. Slip lines are easily recognized. Although the 
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T-3 CONDITION ( A ) 

OVERAGED 
A T  195' C 

I 
WITHOUT PRIOR 
SOLUTION HEAT 
TREATMENT 

3.25 HOURS ( B ) 24 HOURS ( C ) 

6 HOURS 30 HOURS 

CRIT ICALLY 
AGED AT 
195' C 

SOLUTION H E A T  
T R E A T E D  50 HOURS 
AT 495' C 

Fig. 2 Static test specimens after testing; etched, 500 X .  

information to be drawn from the micrographs is 
limited, a certain similarity of the structures of series 
A and B can be noted. The same applies to the struc- 

tures of series C and D, whereas the structure for 
series E is different from the others. 

A similar trend can be observed in fig. 3, showing the 
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-& 11..#., I ,  

Fig. 3 Stress-strain curves of static teat specimens. 

first part of the stress-strain curves. There are again 
similarities between A and B and between C and D, E 
giving again a different result. The strain-hardening 
rate at low values of the plastic strain (up to I %) is 
relatively low for series A and B, higher for series C 
and D, while series E shows the maximum hardening 
rate (see also the numerical values indicated in fig. 3 
for plastic strain values of 0.1 yo and I yo). 

The low hardening rate in series A and B should 
probably be associated with the presence of G.P. 
zones. l n  the literature (refs. 5 and 6) it has been argued 
that dislocations have to cut through G.P. zones in 
view of their small distances. lf the stress is high enough 
for making this possible, subsequent dislocation 
movements will occur more easily and that would ex- 
plain the relatively low'hardening rate. It is therefore 
assumed that the precipitates for A and B are mainly 
G.P. zones, viz. G.P. 11 for series B in view of the 
aging temperature (195°C) and both G.P. I and G.P. 
11 for series A. The presence of G.P. I for series A is 
deduced from fig. I, which shows that the T3 condition 
(series A) exhibits the so-called reversion phenomenon 
(drop in hardness, see ref. I )  during aging at 195°C. 
The reversion is assumed to be due to the resolution 
of G.P. I during the beginning of artificial aging. 

When the G.P. zones are growing they are partly 
transformed into 0'. It then becomes more difficult for 
dislocations to cut through the precipitates in view of 
the latter's increasing size. Bowing between the precipi- 
tates is facilitated by the larger distances between the 
precipitates. Also by-passing of the precipitates by 
cross-slip will be easier. The bowing mechanism will 
leave dislocation loops around the precipitates. As a 
consequence of the above, dislocation interactions will 
increase and this would explain an increased hardening 
rate (refs. 5 and 6). It is assumed that for test series C 
and D G.P. 11 zones and 0' precipitates were present. 
Probably the amount of 0' was not yet high for series 
D since this material was at  peak hardness (fig. I), 
whereas much 0' will lead to overaging. 

For series E, which was averaged to  a greater extent 

than series C (see fig. I), the precipitate is supposed to 
be largely in the &phase. The distance between the 
precipitates was increased so much that dislocation 
movements between the precipitates are fairly easy. 
Moreover the coherency strains will have diminished 
and thus a relatively low yield strength is obtained. The 
relatively high strain-hardening rate indicates that the 
precipitates still exert a considerable influence on the 
dislocation motions. 

4 Details of fatigue tests 

The specimens were cut to a size of 100 x 280 mm 
with the latter dimension parallel to the direction of 
rolling. The specimens were provided with a sharp 
central notch (fig. 4). The notch consisted of a hole and 
two saw cuts made by means of a jeweller's fret saw. 
The dimensions of the notch are shown in fig. 4. After 
the heat treatment a number of line markings in longi- 
tudinal direction were inscribed in the surface at 
spacings as indicated in fig. 4. The specimens were heat 
treated three at a time (in a way also indicated in the 
figure) in order to assure similar and simultaneous 
heating and quenching. After the heat treatment the 
specimen side with the scribe line markings was 
lightly polished to facilitate crack-propagation obser- 
vations. 

The specimens were loaded in axial tension in a 
vertical Schenck pulsator type PVQ-002s of six-tons 
capacity. This machine is of the mechanical resonance 
type. Crack-propagation records were made by 
counting the number of cycles necessary to extend the 
crack over the distance between each two successive 
scribe.!ine markings. 

I 
I 
I 

I 

Fig. 4 Specimen for fatigue tests. 
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TABLE 2 ~ 

Crack propagation records for S, = 2.5 kg/mm2 
S, = 8 kg/mm2 I kc = 1000 cycles 

7i = average value of three specimens Sa = 2.5 kgjmmz 

A) B) C) D) E) 
I T-3 condition Critically aged Overaged Critically aged Overaged 

after sol. heat IT. after sol. heat tr without sol. heat tr. without sol. heat Jr. 

2 0 0 0 0  
3 90.0 102.8 130.3 107.7 
4 136.8 142.0 194.4 157.7 
5 170.7 177.5 234.7 194.3 
6 196.5 191.5 258.3 216.4 
7 211.2 211.0 273.1 231.8 
8 235.7 224.5 290.9 250.4 
9 248.8 236.0 301.2 262.0 

I0 257.2 216.0 312.6 271.9 
12 273.8 259.0 330.9 237.9 
14 289.1 2730 345.0 302.4 
16 300.3 283.0 355.3 312.9 
18 309.3 293.0 363.3 321.9 , 

20 316.1 299.5 370.5 328.7 
25 328.6 311.2 381.0 340.3 
30 3342 3159 385.9 345.3 
35 336.1 317.9 388.4 347.5 

0 0 0 0  
81.4 54.2 99.5 78.4 

110.2 86.7 127.3 108.1 
131.5 113.1 152.0 132.2 
147.6 129.5 169.0 148.7 
158.5 140.0 180.9 159.8 
168.8 150.6 190.5 169.9 
175.4 157.2 197.5 176.7 
181.5 162.8 201.4 181.9 
191.2 172.2 212.0 191.8 
198.3 179.4 220.9 199.5 
203.1 184.4 224.6 201.0 
207.2 183.7 229.0 205.3 
210.2 192.5 231.9 211.5 
214.8 196.2 236.8 215.9 
217.4 199.0 239.4 218.6 
218.2 199.9 240.4 219.8 

0 0 0 0  
64.4 73.4 87.4 75.1 
87.9 105.8 114.6 102.8 

113.1 132.0 140.9 128.7 
130.6 146.3 158.2 145.0 
141.1 159.3 170.8 157.1 
151.7 170.9 181.7 168.1 
158.8 178.4 188.6 175.3 
165.2 183.1 195.4 181.2 
176.7 193.9 206.1 192.2 
185.3 201.9 214.0 200.4 
190.6 206.4 219.6 205.5 
196.0 210.5 225.0 210.5 
199.4 213.6 228.5 213.8 
205.9 218.6 234.5 219.7 
209.1 221.4 238.1 222.9 
210.2 222.3 239.3 227.3 

0 0 0 0  
64.0 118.4 67.0 83.1 
91.0 179.0 105.4 125.1 

113.2 212.3 128.0 151.2 
130.9 231.1 143.9 168.6 
141.9 245.9 156.1 181.3 
152.4 256.9 163.7 191.0 
161.5 266.1 175.5 201.0 
167.6 273.3 181.3 207.4 
180.8 286.8 192.8 220.1 
188.0 287.1 201.0 225.4 
194.7 295.1 208.1 233.0 
199.8 302.1 214.4 238.8 
204.7 307.8 219.2 243.9 
212.3 316.5 227.3 252.0 
216.0 320.4 231.8 256.1 
216.8 321.7 233.3 257.3 

0 . 0  0 0 
52.8 49.4 50.8 51.0 
77.0 79.8 74.2 77.0 
99.6 104.2 95.2 99.4 

116.4 123.0 108.8 116.1 
126.9 135.7 118.0 126.9 
136.9 147.9 127.8 137.5 
142.5 155.0 133.3 143.6 
149.8 162.1 139.6 150.5 
158.7 173.6 150.8 161.0 
166.2 183.2 159.3 169.6 
171.3 189.7 166.0 175.6 
175.4 195.3 172.2 180.9 
178.5 199.6 176.1 184.7 
183.3 206.7 182.9 190.9 
185.2 210.7 187.0 194.3 
185.3 211.9 188.1 198.8 
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TABLE 3 

Crack propagation records for = 4 &/mmz 
S, = 8 kg/mma 1 kc = 1000 cycles 

7i = average value of three specimens S, = 4 kg/mmZ 

A) B) C) D) E) ' T-3 condition Critically aged Overagcd Critically aged Overaged 
without sol. heat 11. without sol. heat tr. after sol. heat tr. after sol. heat tr. 

2 0 0 0  0 0 0 0 0  
3 18.1 31.7 21.7 24.8 18.2 12.1 15.9 15.4 
4 30.7 44.2 36.1 37.0 26.7 22.0 24.2 24.3 
5 43.6 55.5 47.5 48.9 33.7 27.2 30.5 30.5 
6 52.2 65.4 59.8 59.1 38.1 32.0 35.5 35.2 
7 60.5 74.2 65.4 66.7 41.7 35.6 38.8 38.7 
8 67.4 80.3 70.5 72.7 45.1 39.0 41.8 41.9 
9 74.1 84.7 74.3 77.7 47.1 41.1 44.0 44.1 

10 78.0 88.9 78.0 81.6 48.9 42.9 45.8 45.9 
12 85.2 96.6 84.2 88.7 52.0 46.2 48.6 48.9 
14 90.5 103.9 88.4 94.3 54.0 48.7 50.6 51.1 
16 93.6 107.7 91.5 97.6 . 55.8 50.3 52.2 52.8 
18 97.0 111.1 94.2 109.8 57.1 51.7 53.4 54.1 
20 99.7 113.4 95.8 102.9 58.1 52.6 54.2 54.9 
25 103.1 117.0 98.4 106.2 59.5 54.0 55.3 56.3 
30 104.2 118.4 99.5 107.4 60.4 54.6 55.9 56.9 
35 104.5 118.7 99.8 107.7 60.7 54.9 56.1 57.2 

0 0 0 0  
15.7 13.4 13.7 14.3 
23.0 23.9 21.4 22.8 
30.8 40.7 29.3 33.6 
36.4 45.8 34.8 39.0 
39.8 49.0 38.4 42.4 
43.5 52.0 41.6 45.7 
46.0 54.5 43.7 48.1 
48.1 56.5 45.8 50.1 
51.5 60.2 49.5 53.7 
54.5 62.8 52.1 56.5 
56.5 64.9 54.0 58.5 
58.1 66.3 55.3 59.9 
59.4 67.5 56.4 61.1 
61.0 69.3 58.0 62.8 
61.7 70.2 58.6 63.5 
62.0 70.5 58.7 63.7 

0 0 0 0  
15.5 17.9 18.0 17.1 
25.5 27.1 29.6 27.4 
32.9 33.3 37.7 37.9 
39.1 38.7 43.1 40.3 
43.4 42.7 47.6 44.6 
47.2 45.7 51.1 48.0 
50.3 48.3 53.8 50.8 
52.5 50.5 56.7 53.2 
56.8 54.4 59.9 57.0 
59.8 57.4 63.5 60.2 
62.3 59.5 66.0 62.6 
64.2 61.5 68.3 64.7 
65.7 62.8 69.8 66.1 
67.7 64.9 70.6 67.7 
68.7 65.6 71.1 68.5 
68.9 65.8 71.2 68.6 

0 0 0 0  
12.9 17.3 16.5 15.6 
21.7 25.7 25.3 24.2 
31.1 33.7 34.6 33.1 

40.1 44.6 45.5 43.4 
43.7 48.2 49.1 47.0 
46.1 50.9 51.9 49.6 
48.4 53.7 54.4 52.2 
52.2 58.1 58.6 56.3 
55.1 61.7 61.9 59.6 
57.2 64.4 64.4 62.0 
58.8 66.7 66.3 63.9 
59.9 68.4 67.5 65.3 
61.7 70.9 69.2 67.3 
62.1 71.8 69.9 67.9 

36.1 39.9 40.4 38.8 
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TABLE 4 

Crack propagation records for S ,  = 6.5 kg/mm2 
Sm = 8 kg/mml 1 kc 1000 cycles 

Sa = 6.5 kg/mm2 ,i = average value of three specimens 

A) B) C) D) E) 
I T-3 condition Critically aged Overaged Critically aged Overaged 

without sol. heat tr. without sol. heat tr. after sol. heat tr. after sol. heat tr. 

n i t , , .  R f l i * C l  li nwci n II iLC)  n nika iL 
-~ 

(mm) 

9 5  Bio Em (kc) Am Aiz Aim (kc) A 4 5  A m  A l i i  (kc) Bzn 8 8  A i  (kc) A34 Asa A m  (kc) 

0 0 0 0  0 0 0 0  2 0 0 0 0  0 0 0 0  0 0 0 0  
3 6.5 8.3 7.3 7.4 7.8 9.6 5.0 7.5 5.1 7.6 3.9 5.5 5.9 5.5 5.7 5.7 2.9 5.9 5.5 4.8 
4 11.8 13.612.8 12.7 10.412.3 8.010.2 7.7 10.7 6.5 8.3 9.7 8.9 9.5 9.4 6.5 8.5 8.5 7.8 
5 17.2 20.4 18.8 18.8 13.0 15.0 10.1 12.7 10.4 13.1 9.1 10.9 13.2 12.1 12.8 12.7 9.1 11.3 11.5 10.6 
6 21.0 25.8 22.5 23.1 15.0 16.5 12.1 14.5 12.4 14.8 11.1 12.8 16.2 14.8 15.4 15.5 11.0 13.5 13.7 12.7 
7 24.1 30.8 25.2 26.7 16.2 17.5 13.5 15.7 14.0 16.2 12.7 14.3 19.0 17.1 17.1 17.7 12.5 14.8 15.5 14.3 

26.7 33.9 28.6 29.7 17.5 19.0 14.8 17.1 15.5 17.3 14.0 15.6 21.8 18.3 18.8 19.6 13.6 16.3 16.9 15.6 8 
9 28.5 36.3 30.8 31.9 18.3 19.6 15.6 17.8 16.4 17.8 14.9 16.4 23.7 19.4 20.4 21.2 '14.5 17.4 17.9 16.6 

10 29.7 38.2 32.6 33.5 18.Y 20.2 16.4 18.8 17.2 18.4 15.4 17.0 25.5 20.4 21.2 22.4 15.1 18.2 18.8 17.4 
I 2  31.9 40.8 35.3 36.0 19.9 21.2 17.5 19.5 18.3 19.4 16.5 18.1 28.5 22.1 22.7 24.4 16.1 19.4 20.1 18.5 
14 33.2 42.3 37.5 37.7 20.5 21.9 18.2 20.2 19.1 20.1 17.2 18.8 30.1 23.1 23.7 25.6 16.8 20.1 21.0 19.3 
16 33.9 43.3 38.7 38.6 20.8 22.3 18.7 20.6 19.6 20.5 17.6 19.2 31.3 23.9 24.2 26.5 17.1 20.6 21.4 19.7 
18 34.4 43.0 39.5 39.3 21.1 22.6 18.9 20.9 20.0 20.8 18.0 19.6 31.9 24.4 24.6 26.9 17.4 20.8 21.7 20.0 
20 34.8 44.3 40.0 39.7 21.2 22.8 19.1 21.0 20.3 21.1 18.2 I9.Y 32.3 24.7 24.9 27.3 17.4 21.0 21.8 20.1 
25 35.2 44.7 40.7 40.2 21.4 23.0 19.4 21.3 20.6 21.4 18.5 20.2 32.7 25.0 25.2 27.6 17.4 21.2 22.0 20.2 
30 35.2 44.9 40.9 40.3 20.7 21.5 18.5 20.3 32.8 25.0 25.2 27.7 
35 

I 

I 

All fatigue tests were carried out at a positive mean 
stress of 8 kg/mm2 ( I  I .4 ksi). For each of the conditions 
A, B, C ,  D e n  E nine tests were carried out, viz. three 
tests at each of the stress amplitudes 2.5, 4 and 6.5 
kg/mm2 (3.6, 5.7 and 9.3 ksi). One of the three speci- 
mens which had been heat treated simultaneously, was 
tested at each of the three stress amplitudes, in order 
to avoid as far as possible a systematical influence of 
slight differences in heat treatment. 

5 Test results 

5 .  I Present results 
Records of the crack propagation were started at  the 

moment the crack had reached the first scribe line 
+"t", , h j /  

Fig. 5 Crack-propagation curves for S,  = 2.5 kg/mmz 
marking (see fig. 4). This moment was considered as 
the actual start of the test. The aim of this orocedure 
was to avoid an inhence  of the notch. (The number 
of cycles for crack initiation and early crack propaga- 
tion might he affected by slightly different notches.) 

Numerical test results are given in tables 2, 3 and 4. 
The crack-propagation curves have been plotted in 
figs. 5 , 6  and 7 :  each curve is the average result of three 
tests. From these figures it follows that all heat 
treatments B-E (applied in addition to the T3 condi- 
tion) caused an acceleration of crack-propagation. 
Although treatment B seems to be less unfavourable 
than C, D and E it cannot be said that the differences 
are large. For the latter three treatments the differences 
as shown in figs. 5 ,  6 and 7 are non-systematic. On the 

average the heat treatments reduced the crack propaga- 
tion life with 25% to SOYo, i.e. there was an average 
increase of crack rate with 50% to lOOo/,. 

5.2 Resulrs of otlrer inuesrigations 
Systematical investigations on the influence of heat 

treatment on the growth of fatigue cracks are very 
scarce. ln ref. 7 some results are given of crack-propa- 
gation tests on 2024-T8 and 2024.T3 bare sheet (The 
T-8 condition is solution heat treated, cold rolled and 
artificially aged: the T-3 condition is solution heat 
treated, cold rolled and naturally aged). Only two 
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Fig. 6 Crack-propagation curves for S, = 4 kg/mmz. 

--"c"2 l k i /  

Fig. 7 Clack-propagation curves for Sa = 6.5 kg/mmz 

Fig. 8 Crack-propagation of 2024 bare sheet in the artificially 
and naturally aged conditions (ref. 7). 

C R A C K  RATE!! 
d n  

m m/k c 

a 
-DTD 5Ab 0 ( A R T I F I C I A L L Y  A G E D ) ) S A M E  C H E M I C A L  

- D T D  610 0 ( N A T U R A L L Y  A G E D 1  C O M P O S l T l  

2 3 4 5 6  

- S T R E S S  A M P L I T U D E  5, I ks/mm21 

Fig. 9 The crack rate of two alloys (comparable to 2024 after 
different heat treatments) (ref. 8). 

tests were presented for which all other parameters 
influencing crack-propagation (sheet thickness, sheet 
width, cycling frequency and stresses) were the same. 
The results of these two tests are plotted here in fig. 8. 
Crack-propagation is faster in the artificially aged 
alloy than in the naturally aged alloy. 

If the effect of heat treatment on the crack rate is 
considered as an effect of ductility some more results 
may be quoted for aluminium-copper alloys. In ref. 8 
a comparison was made between a DTD 610B (equiva- 
lent to 2024) naturally aged alloy and an artificially 
aged alloy of the same composition DTD 5468. A 
summary of the results is given here in fig. 9 in terms 
of the crack-propagation rate, i.e. the crack extension 
per cycle (or kilocycle; I kc = 1000 cycles). It appears 
from fig. 9 that the crack rate in the artificially aged 
alloy is 2 to 10 times larger than in the naturally aged 
alloy. 
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Static properties 

Alloy Type So., Su So.dSu n 
Y 

ikgjmm') i2"G.L.) 

L73 AlCu 42.6 46.1 0.92 10% 
DTD 687 AlZn 49.4 54.5 0.91 12% 
2024T36 AlCu 41.0 50.4 0.81 . 14% 
2024T3iA) AlCu 35.2 48.0 0.73 19% 

Fig. 10 Crack rate results of Harpur  (ref. 9) for various AI alloys. 

A comparison of different alloys was also made by 
Harpur (ref. 9). His results for three AI Cu alloys (2024 
type) and one AI Zn alloy (7075 type) are presented in 
fig. IO, again as the crack rate as a function of crack 
length. These results pertain to large cracks and high 
crack rates. The effect of  the ductility, see the elonga- 
tion and the ratio between yield limit and ultimate 
stress indicated in the figure, is systematic and the same 
as noted above, i.e. cracks grow faster in the less 
ductile material. 

An extensive comparison of the crack rates in 
2024-T3 and 7075-T6 was made in ref. IO, including 
references to similar comparisons in the literature. The 
crack rate in the less ductile 7075-T6 material was 
considerably larger (about four times) than in the 
2024-T3 material. The effect of ductility on the crack 
rate was already indicated in ref. IO.  

5.3 Fructogruphicul observations 
Some observations were made on the so-called 

transition phenomenon (ref. 1 I ) ,  Le. the rotation of the 

TABLE 5 

The rate of crack propagation at the transition. 

Crack rate at the transition (d//dn; mm/kc) 

T-3 Condi- Condi- Condi- Condi- 

tion B C D E 

S" 
(kg'mn") Condi- tion tion tion tion 

2.5 0.22 0.46 0.61 0.62 0.60 
4 0.19 0.47 0.53 0.40 0.47 
6.5 0.21 0.60 0.60 0.59 0.62 
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fracture surface from a plane perpendicular to the 
sheet surface to a plane at  45" to it, or in other words 
from the tensile mode to the shear mode. The point at  
which this transition is completed is defined as the 
transition point, The transition points are indicated in 
figs. 5 ,  6 and 7. The rate of crack propagation dl/dn 
at the moment of the transition is tabulated in table 5. 
It appears from this table that for the T-3 condition the 
transition occurs at  a constant crack rate independent 
of stress amplitude. This is a confirmation of previous 
observations (refs. IO, 12 and 13) where the same value 
d//dn - 0.2 mm/kc was found. The heat treatments 
B-E have delayed the transition to a higher crack rate 
which is also approximately constant and practically 
the same for all these heat treatment conditions, viz. 
dlldn - 0.5 mm/kc. 

Since all heat treatments B-E resulted i n  almost the 
same ductility it might be concluded that there is a 
correlation between the transition (or the crack rate for 
the transition) and the ductility. 

6 Discussion 

6. I The ductility effect 
The results of the present investigation clearly 

suggest a correlation between the ductility of the 
material and the crack-propagation rate. A low 
ductility promotes faster crack growth: The correlation 
is confirmed by results of the literature summarized in 
section 5.2. A tentative explanation for the correlation 
will now be given. 

In ref. 14 crack propagation in fatigue was outlined 
as a geometrical consequence of dislocation movements 
at the tip of the crack, whereas the efficiency of the 
conversion of slip into crack extensionwas shown to 
depend on the tensile stress opening the crack. In the 
less ductile material one should expect a smaller 
plastic zone and smaller slip movements. Nevertheless, 
the crack extension per cycle is larger than in the more 
ductile material. It is thought that this is due to the 
higher tensile stress in the crack tip region, which is a 
consequence of the smaller plastic zone. The leveling- 
off of the stress peak is less effective and apparently 
this predominates over the smaller slip movements. In 
this respect it is noteworthy that in ref. I O  the effect of 
mean stress on  crack-propagation was more significant 
for the less ductile 7075-T6 alloy than for the 2024-T3 
alloy. 

I n  section 5.3 it was pointed out that the transition 
of the fracture surface from the tensile to the shear 
mode occurred at a higher crack rate for the less 
ductile material, Liu (ref. 15) has suggested that this 
transition is associated with the transition of a stateof 
plain strain at the tip of the crack to a state of plane 
stress. Considerable thought on this point has been 
given in refs. 13 and 14. Although a fully satisfactory 
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picture could not be obtained from a quantitative 
point of view, it appeared that the transition of the 

,-' state of stress was closely related -to the size of the 
plastic zone. If two sheets of the same thickness loaded 
at  the same stress amplitude and mean stress are 
considered it is clear that a certain size of the plastic 
zone will require a larger crack length in the less 
ductile sheet material. Figs. 5 to 7 confirm that the 
crack length at the transition of the fracture surface is 
somewhat larger for the specimens with the heat treat- 
ments B to E than for the specimens in the T3 condition 
(treatment A). This larger crack length and the lower 
ductility then explain the higher crack rate at  the 
transition point for the conditicns B to E. 

The present results do not allow a conclusion as to 
whether crack propagation for a certain sheet thickness 
(the crack rate depends on the sheet thickness, see ref. 
13) and for a certain fatigue load is depending on the 
ductility only. In figs. 5 to 7 the heat treatment B gave 
slightly lower crack rates than treatments C to E 
although the ductility was not better. Nevertheless it is 
concluded that the ductility has a pronounced influ- 
ence. 

From the discussion in section 3.2 it follows that the 
ductility is related to the state of precipitation. This 
relation is understood only qualitatively and it is 
difficult to forecast whether aluminium alloys with 
better crack propagation properties can be developed 
without sacrificingtheirductility and strength properties. 

6.2 Technical iniplicafions of the results 
In the introduction the curing cycle for adhesive 

bonding and aerodynamic heating were mentioned as 
examples of heating a structure which could involve 
aging of its material. In view of the considerable effect 
of ductility on propagation one might ask how the 
ductility is affected by the heating mentioned above. 
Some relevant data of the literature have been repro- 
duced in fig. I I for both 2024-T3 and 7075-T6 material. 

Due to  the curing cycle for adhesive bonding, say a 
few hours at  165"C, the 2024-T3 material will probably 
not experience a loss of ductility. However, for the 
7075-T6 material a noticeable decrease of ductility has 
to he anticipated and one should recognize the fact 
that this might adversely affect the crack-propagation 
properties. Such an effect can easily be determined 
since crack-propagation tests as described in this 
report are easily carried out and  do not ask much time. 

For supersonic aircraft exposed to aerodynamic 
heating for long times fig. I la  shows that the ductility 
of 2024-T3 material at 150" will decrease after about 
20 hours. lt is expected that also at  130°C a decrease 
of ductility, although requiring much longer soaking 
times, has to be anticipated. This temperature will 
probably be high enough for further aging, although 
overaging need probably not be feared. One could say 

- H E * T I N C T , U E ,  "OURS, 

Fig. I I The influence of ditferent heating times on the elongation 
of two aluminium alloys. 

that the aerodynamic heating will transform the 
material from the 7 3  (naturally aged) into the T8 
condition (artificially aged). 

For the Mach 2 supersonic aircraft aluminium 
alloys in the artificially aged condition will still be 
used. Chemical compositions will be somewhat 
different, i.e. the copper contents will be changed and 
other elements in small quantities will be added. The 
purpose of this is to improve the stability of static 
properties after long soaking times and to obtain 
better creep properties. One of these materials is RR58 
(British designation, French designation A.U.2GN) 
for which crack-propagation data were recently 
published by Lachenaud (ref. 16). He studied the 
effects temperature and frequency have on the crack 
propagation in RR58 sheet specimens with a central 
slit and part of his results could be directly compared 
with results of the present investigation for S, S, = 

8 + 6.5 kg/mm2 ( R  = Smm/Smaz = 0.1, which applies 
to all results of ref. 16). The comparison is made in 
table 6, which gives some further data on the material, 
its ductility and the test circumstances. The table shows 
that the ductility of RR58 is lower than for 2024-T3 
(condition A), whereas it is much like that of 2024-T8. 
The fatigue life for extending the crack from 5 mm to 
20 mm, (last column of table 6) ,  for RR58 is ap- 
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TABLE 6 

Crack propagation in RR58 (ref. 16) compared with results from the present study 

Ductility Cycles (kc) for growth of 
Material Condition So.dSz d(%) 21 = 5 mm to 2/= 20 mm at 

8 f 6.5 kg/mm2 

A (naturally aged) 0.78 18.5 28.8 
B (critically aged) 0.94 7.5 19.3 

2024 C (averaged) 0.88 7 13.5 
(present study) D (critically aged) 0.85 9 16.2 

E (overaged) 0.19 8 14.3 

RR58 (ref. 16) Artificially aged 0.86 10 13.6 

Data on RR58: Chemicalcomposition:2.4%Cu, 1.6%Mg, l . I%Ni ,  1.65%Ni, 1,65%FeandremainderAI. 
Average properties SU.Z = 31 kg/mm* (52.6 ksi), Su = 43 kg/mm2 (61.1 ksi) and I )  = 10%. 
Test data Cor RR58: Sheet width 100 mm, sheet thickness 1.5 mm, test frequency 2000 cpm, test temperature 20°C. 
The same test data apply to the present study apart of the sheet thickness, which was 2 mm instead of 1.5 mm. 

proximately half the life for 2024-T3 and equal to the 
lower values of the group B to E. Although this 
comparison is an isolated case, no  more data being 
available, it is expected on the basis of the present 
study that the crack-propagation properties of the 
aluminium alloys for the supersonic transport will be 
inferior to those of the conventional 2024-T3 material, 
in view of their limited ductility. 

I Conclusions 

From an experimental investigation on the influence 
of heat treatment on the fatigue crack-propagation in 
2024-T3 alclad sheet the following conclusions can be 
drawn. 
1. Further artificial aging of the material to or beyond 

maximum hardness reduces the crack-propagation 
life to an amount in the order of 50%. 

2. A new solution heat treatment and subsequent 
artificial aging to or beyond maximum hardness 
reduce the crack propagation to approximately the 
same amount. This implies that the fatigue crack- 
propagation properties of the 2024 alloy in the T-8 
condition should be far inferior to those of the T-3 
condition. This was confirmed by some incidental 
results from other investigations. 

3. The curing cycle for adhesive bonding will probably 
not affect the crack-propagation properties of the 
2024-T3 alloy, but it may adversely affect the crack- 
propagation characteristics of the 7075-T6 alloy. 

4. It must be expected however that aerodynamic 
heating, will accelerate the crack-propagation in the 
2024-T3 alloy. 

5 .  For precipitation hardened aluminium alloys a 
decrease of the ductility is associated with a 
reduction in crack-propagation lives. 
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Summary 

Tests were carried out at ZOOC and 2000 cpm, at l5OT and 2000 cpm and at 150°C and 20 cpm. Results indicate a temperature effect 
as well as a frequency effect, Crack extension due to creep was considered, a few provisional results being presented. Results are analysed 
and compared with relevant data from the literature. 
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List of symbols, abbreviations and units 

cpm - cycles per minute 

kg/mm2 - 1 kg/mm2 = 1.422 ksi, 1 ksi = 0.703 kg/ 

I -crack length 
mm 
n - number of cycles 

- kilocycle = 1000 cycles 

mmz 

- 1 mm = 0.04", 1" = 25.4 mm 

This investigation has been performed under contract with the 
Netherlands Aircraft Development Board (N.I.V.). 

-number of cycles tn obtain a crack of 

- National Aero- and Astronautical Re- 

-stress ratio = Smln/Smax 
- stress 
- stress amplitude ] 

length I 

search Institute, Amsterdam 

gross stress I - mean stress 
-minimum stress 
- maximum stress I 
- ultimate stress 
- yield stress 
- elongation 

1 Introduction 

In the present research crack propagation tests were 
carried out on 2024-T3 &lad sheet specimens at the 
following temperature/frequency combinations : 20°C/ 
2000 cpm, 15O0C/Z0O0 cpm and 150"C/20 cpm. In a 
previous study (ref. 9) the effect of frequency on crack 
propagation in 2024-T3 Alclad sheet material was in- 
vestigated at room temperature. I t  was found that the 
crack rate at 20 cpm was approximately 20 to 30% 
larger than at 2000 cpm. A satisfactory explanation of 
this result could not be given. Since one might think 
that creep in the crack tip region was contributing to 
this frequency effect a larger frequency effect had to 
be expected a t  a higher temperature. This was one 
reason for performing crack propagation tests a t  150°C 
a t  the same frequencies mentioned before, viz. 20 and 
2000 cpm. 
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In a concurrent study (ref. 2) on the effect of heat 
treatment it was found that artificial ageing in general 
involved a decrease of ductility and, associated with 
this decrease, the material exhibited higher crack prop- 
agation rates. Since 150°C is high enough for further 
ageing of 2024-T3, the crack rate may be adversely 
affected by raising the temperature to 150°C. ALtests 
at  this temperature were preceded by a presoaking 
under load for 100 hours at 15O"C, the load being the 
mean load of the tests (S, = 7 kg/mma). 

Although 2024-T3 (naturally aged) does not seem 
to be a competitive material for the Mach-2 transport, 
2024-T8 (artificially aged) may be so in spite of its 
lower ductility which is associated with increased crack 
propagation rates (ref. 2). 

It was thought that the results of the present tests 
might be elucidating with respect to the potential field 
of application of the 2024 alloy. 

This report presents the results of the test, their 
evaluation and some fractographical observations. A 
comparison is made with relevant data from the liter- 
ature. The contribution of creep to crack growth is 
considered and results of a few exploratory tests on 
crack growth under creep conditions are presented. It 
is tried to give a tentative explanation for the trends 
observed. 

2 Experimental details 

2 .  I Material und type of specimen 
All specimens were cut from 2024-T3 Alclad sheet 

Fig. I Sheet specimen for crack propagation. 

material with a thickness of 2 mm (0.08"). The static 
properties of the material were (averages of 8 tests): 
S, = 48.3 kg/mm2 (68.7 ksi),  SO.^ = 37.1 kg/mm2 
(52.8 ksi) and S = l8.9:/, (2" gage length). 

The type of specimen was the same as for several 
previous NLR investigations (e.g. refs. I ,  2 and 9), Le. 
a sheet specimen with a small severe central notch for 
rapid crack initiation. The dimensions are shown in 
fig. 1. The specimens were locally polished and provid- 
ed with fine line markings to facilitate the recording 
o f  the crack growth. The spacings of the markings are 
also indicated in fig. I. 

2.2 Tesfing technique 
The specimens were tested in a horizontal Schenck 

pulsator, type PPD 6 with a capacity of six tons. The 
machine has a quick drive and a slow drive. With the 
quick drive the machine i s  of the resonance type (me- 
chanical excitation). Thefrequencythen depends slightly 
on the stiffness of the specimen and the load amplitude. 
Usually the frequency is in the order of 2000 cpm. 

The. low frequency is obtained with a reversible 
screw drive. The frequency, which depends on the load 
amplitude and the adjustment of the machine, is in 
the order of 20 cpm. The same clampings and dynamo- 
meter are used as for the quick drive. For the quick 
drive the wave form of the load is purely sinusoidal, 
whereas for the slow drive this form is triangular. 

The specimens were axially loaded at a mean stress 
of 7 kg/mmz ( I O  ksi) .The following test circumstances 
were adopted. 

Temperature Frequency Stress amplitudes 
("C) (appr.; cpm) kg/mm% (ksi) 

20 2000 2.5 (3.6), 4.0 (5.7), 6.5 (9.3) 
I50 2000 ditto 
150 20 ditto 

In general each type of test was carried out three 
times. 

Heating at  150°C was achieved by circulating hot air 
in a bow surrounding the specimen. A hot air generator 
was connected to the box by two flexible insulated 
tubes thus forming a closed air circuit. The thermo- 
static temperature control allowed deviations from the 
desired temperature of j, 2°C at most. The hot air 
box was provided with a double glass window at one 
side in order to allow observation of the crack growth. 

At the high frequency the propagation of the crack 
was recorded by noting the number of applied load 
cycles each time that a tip of a crack reached a scribe 
line marking. This was done for both cracks in a spec- 
imen (see fig. I) at one side of the specimen only. The 
same procedure was adopted for the low frequency, 
except for Sa = 2.5 kg/mm2. In view of the long dura- 
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TABLE 1 

' Crack propaghion records for Sa = 2.5 kg/mm2 
~ L - - I E  is the number of cycles for extending the crack from a length of 3 mm to a length of I mm 

TemD. 2 0 T  1 5 0 T  1 SoPC 
2000 cmn 20 cam 

~ 

Freq. 2000 cpm 

specimen A13 A35 A l l 4  
~ 

mean A2 A16 A74 A51 mean A53 A39 mean 

1 6 "  

3 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
45 
50 
55 
60 
80 

___ __ 
0 

70.7 
117.3 
148.3 
172.9 
188.7 
205.3 
215.7 
238.5 
254.3 
266.8 
276.5 
285.4 
301.  I 
316.7 
324.5 
328.9 
331.2 
332.5 
332.7 

332.7 

0 
44.0 
87.2 

109.9 
121.3 
141.8 
152.2 
161.5 
181.1 
197.4 
208.8 
219.5 
228.5 
243.8 
253.5 
258.8 
264.6 
267.0 
268.1 
268.5 

268.6 

__ 
0 

37.1 
114.6 
141.3 
161.6 
181.1 
195.7 
203.6 
225.0 
240.7 
253.7 
266.8 
276.7 
294.7 
307.8 
315.1 
319.3 
321.7 
323.0 
323.1 

323.2 

0 
62.6 

105.3 
134.2 
152.9 
170.5 
181.4 
19L6 
214.9 
230.8 
243.1 
254.3 
263.5 
280.9 
292.7 
299.5 
304.3 
306.6 
307.9 
308.1 

308.2 

0 
37.4 
66.7 
87.1 

101.9 
101.5 
118.7 
125.6 
136.9 
147.2 
151.9 
161.4 
167.4 
177.3 
184.7 
189.6 
193.4 
195.3 
196.4 
- 

197.0 

171--115 (kc) 

0 0 
55.7 79.8 
93.3 122.8 

110.2 145.1 
121.9 160.5 
139.4 174.4 
149.5 182.4 
157.0 191.6 
170.4. 204.5 
180.4 214.2 
188.2 222.8 
195.6 229.5 
201.4 234.8, 
212.5 245.7 
218.6 253.8 
225.2 258.7 
229.2 261.9 
231.3 264.1 
232.6 255.2 
233.0 265.5 

233.0 265.5 

0 0 

53.2 83.2 
74.2 101.1 
87.6 118.5 
98.3 130.4 

108.2 139.7 
116.9 147.7 
127.7 159.9 
138.0 169.9 
146.3 178.0 
153.4 185.0 
159.0 190.6 
169.3 201.2 
176.9 208.5 
181.8 213.8 
184.9 217.3 
187.0 219.4 
188.0 220.5 

27.9 50.2 

- - 

188.4 220.9 

0 
25.4 
44.5 
56.9 
69.3 
81.4 
91.4 

101.1 
110.3 
116.4 
122.2 
127.2 
135.6 
141.4 
146.0 
149.5 
150.8 
151.9 
152.2 
152.2 
152.2 

93.5 

0 0 
31.9 28.6 
53.8 49.2 
70.1 63.5 
76.2 72.8 
83.1 82.3 
95.7 87.3 

103.9 98.7 
113.1 108.6 
120.2 115.2 
126.3 121.3 
127.8 125.0 
137.7 132.4 
146.7 141.1 
151.7 145.6 
155.7 150.8 
158.5 154.0 
160.1 155.5 
161.2 156.5 
161.5 156.9 

161.5 156.9 

TABLE 2 

Crack propagation records for S, = 4 kgjmmz 
m--113 is the number of cycles for extending the crack from a length of 3 mm to a length of I mm 

Temp. 20°C 150°C 15b.c 
Freq. 2000 cpm 2000 cpm 20 cpm 

s2ecimen A71 A124 A67 mean AI0 A58 A76 mean A19 A27 mean') 

I (mm) nz-m (kc) 

3 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
45 
50 
55 
60 
80 

0 0 
14.2 14.9 
31.4 30.3 
39.8 38.0 
49.0 45.4 
56.2 51.6 
61.8 57.0 
66.3 61.4 
75.0 69.6 
81.0 75.7 
86.2 80.4 
91.8 84.2 
94.2 87.3 
98.7 92.6 

101.2 95.0 
102.5 96.3 
101.2 96.9 
103.6 97.2 
103.7 - 

103.7 97.9 

0 
14.6 
25.8 
34.6 
41.7 
47.3 
52.6 
56.9 
63.1 
68.5 
72.7 
76.3 
79.5 
84.7 
87.3 
88.6 
89.5 
89.8 
89.9 

89.9 

0 
14.6 
29.2 
37.4 
45.3 
51.7 
57. I 
61.5 
69.2 
75.1 
79.8 
84.1 
87.0 
92.0 
94.5 
95.8 
96.5 
96.8 
- 

97.2 

0 
12.8 
22.0 
29.0 
33.8 
38.4 
42.2 
45.3 
50.8 
54. I 
58.0 
60.8 
63. I 
67.0 
69.5 
71.0 
71.9 
- 
- 

72.3 

0 
12.2 
22.5 
29.9 
35.4 
39.8 
43.4 
45.6 
52.2 
57.7 
61.9 
65.3 
68.4 
72.7 
75.5 
77.3 
78.2 
- 

78.7 

0 
13.3 
23.6 
31.8 
36.5 
40.6 
45.1 
48.8 
54.3 
56.0 
63.6 
66.8 
69.4 
74.8 
77.6 
79.1 
79.8 
80.3 
80.4 

80.5 

0 
12.8 
22.7 
30.2 
35.2 
39.6 
43.6 
46.9 
52.4 
57.3 
61.1 
64.3 
67.0 
71.5 
74.2 
75.8 
76.6 
- 
- 

77.2 

0 
12.5 
20. I 
26.0 
29.8 
33.5 
35.9 
37.7 
42.4 
45.7 
48. I 
50.2 
52.2 
55.4 
56.9 
58.8 
59.6 
60.1 
60.3 

60.3 
60.3 

0 
4.3 

10.1 
16.2 
19.4 
23.5 
26.3 

32.6 
36.0 
38.0 
40.5 
42.0 

28.6 

0 
8.4 

15.1 
21.1 
24.6 
28.5 
31.1 
33.1 
37.5 
40.8 
43.1 
45.3 
47.1 
50.3 
51.8 
53.7 
54.5 
55.0 
55.2 

55.2 
55.2 

9 In this column the mean value for / > 2 0  mm was obtained by adopting the increments of l - n ~  for specimen no. AI9 
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TABLE 3 

Crack propagation records for Sm = 6.5 kg/mm2 
nt-n3 is the number of cycles for extending the crack from a length of 3 mm to a length of / nun 

Temp. 20°C l 5 O T  150°C 
Freq. 2000 cpm 2000 cpm 20 cpm 

specimen A47 A79 A119 mean A29 A42 A81 mean A 7  A104 A46 mean') 

I(") nt-na (kc) 

3 0 0 0 0 0 0 0 0 0 0 0 0 
4 7.6 5.8 6.9 6.8 5.2 4.0 5.5 4.9 4.3 3.3 2.4 3.3 
5 14.6 12.6 12.6 13.3 10.5 6.4 9.5 9.5 7.6 5.0 6.4 
6 19.6 19.9 19.2 19.6 13.4 11.4 13.4 12.7 10.1 7.2 6.6 
7 23.7 26.6 22.5 24.3 15.6 13.2 15.8 14.9 11.6 8.6 10.2 
8 27.4 29.7 27.3 28.1 18.6 15.4 17.6 17.2 13.1 9.8 11.4 
9 30.2 32.4 29.2 30.6 19.6 17.4 19.2 18.8 14.4 10.9 12.6 

10 31.9 34.5 31.9 32.8 22.1 16.5 20.6 20.4 15.2 12.1 13.6 
12 34.2 37.4 34.9 35.5 24.7 20.9 22.3 22.6 16.7 15.8 13.5 15.1 
14 36.2 40.4 36.9 37.8 26.6 22.6 23.9 24.4 18.0 16.8 15.0 16.5 
16 37.4 41.9 37.9 39.1 26.0 23.9 25.0 25.6 19.3 17.9 16.3 17.6 
16 38.2 42.9 36.7 39.9 28.9 24.9 25.6 26.5 20.0 16.6 16.8 18.4 
20 38.8 43.6 39.4 40.6 , 29.6 25.8 26.6 27.9 20.7 17.5 19.1 
25 39.6 44.5 40.5 41.5 30.7 27.0 27.6 26.4 21.7 16.6 20.1 
30 40.1 44.9 40.7 41.9 31.3 27.9 22.3 19.2 20.7 
35 40.2 45.1 22.7 19.4 21.0 
40 40.3 45.3 22.9 19.6 21.2 
45 22.9 19.6 21.2 
50 21.6 19.7 
55 
60 
60 40.4 45.4 40.9 42.2 31.8 28.2 28.4 29.5 23.0 21.6 19.7 21.3 

I) The imcomplete data for specimen no. A104 were disregarded for calculating the mean values 

tion of these tests, recording of the crack growth was 
done automatically. At specific intervals of time (a 
usual period being 3 hours) pictures of the specimen 
were made with a Robot camera. With the aid of a 
mirror a cycle counter of the machine was simultane- 
ously photographed. Pictures were made at the moment 
that the load was at its maximum to obtain a maximum 
of crack opening .The crack growth records were 
deduced from the film after completion of the tests. 

All specimens tested at 150°C were presoaked under 
load at that temperature for 100 hours, the load 
corresponding to the mean stress of the tests (S, = 
I kg/mm2). For tests, which were interrupted overnight, 
the specimen remained under the mean load and the 
test temperature. In general, tests a t  the high frequency 
were completed in one day, whereas tests at  the low 
frequency lasted from 2 days to 2 weeks. 

3 Test results 

3.1 Crack propagation 
The high frequencies obtained in the tests for the 

three stress amplitudes 2.5, 4 and 6.5 kg/mm2 were 
approximately 2150 cpm, 2200 cpm and 2220 cpm 
respectively. The low frequencies for the three ampli- 
tudes were 17 cpm, 11 cpm and 7.5 cpm respectively. 

For convenience of the discussion the high and the low 
frequencies are indicated throughout the report by the 
nominal values of 2000 and 20 cpm respectively. 

The crack propagation records are compiled in 
tables 1, 2 and 3. Although the central notch initiates 
two cracks in each specimen, the two cracks are consid- 
ered as one central crack growing simultaneously at its 
two crack tips, The crack length / for such a crack is 
defined in fig. 1. The total crack length from tip to tip 
is 21 = I I  + 12. In general the differences between 11 
and /2 were very small. The crack propagation records 
start from I = 3 mm (or 2/  = 6 mm). Since the width 
of the central notch is 3 mm the effect of the notch on 
the crack growth will have vanished for 21>6 mm. 

An impression of the scatter can be obtained from 
the tables 1-3 and from table 4. In the latter table the 
fatigue life from I = 3 mm to final failure is split up 
in three intervals, vir. I = 3 to I = 5 ,  I = 5 to / = 10 
and I = I O  to finale failure. For each interval the 
fatigue lives and the scatter are presented. The table 
does not indicate any consistent influence on the scatter 
from either the crack interval, the stress amplitude or 
the testing temperature. The scatter is low, as is usual 
for macro-crack propagation. 

The mean crack propagation results for each group 
of similarly tested specimens, given in tables 1-3, were 
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TABLE 4 

Scatter of the crack propagation life for three crack propagation intervals 
Frequency 2000 cpm 

Crack propagation S,  Temp. Crack propagation Scatter Median 

( %) previous 
column 

interval (kgh") ("C) lifei) (kc) intervalz) of 

2.5 20 87.2, 114.6, 117.3 28 

150 53.2, 66.7, 90.3, 122.8 84 

I =  3 mm to 4 20 25.8, 30.3, 31.4 19 20 % 
150 22.0, 22.5, 23.6 7 

6.5 20 12.6, 12.6, 14.6 15 

150 8.4, 9.5. 10.5 22 

2.5 20 74.3, 92.0, 98.4 27 

I 50 63.7, 58.9, 66.7, 68.8 15 

I =  5 mm to 4 20 31.1, 31.1, 34.9 12 14X 
/=IO" 

I 50 23.3, 24.1, 25.2 8 

6.5 20 19.3, 21.9, 17.3 24 

I 50 m.1, 1 1 . 1 ,  11.6 14 

2.5 20 107.1, 116.6, 117.0 9 

150 71.5, 71.4, 76.0, 73.9 6 

1 = I O  mm to 4.  20 33.0, 36.5, 37.4 12 14% 
final fracture 

1 50 27.0, 32.1, 31.7 17 

20 9.0, 10.9, 8.5 25 

6.5 I50 9.7, 7.8, 9.7 21 

I) For / = 3 mm to I = 5 mm life values are given in increasing order of magnitude. For the other two intervals the sequenca of the 

2, The scatter interval is defined as the difference between the mz4mum and the minimum values in the previous column divided by 
corresponding specimens is the same as for the former interval. 

the mean value of the previous column. 

Fig. 2 Influence of the temperature and the frequency on the 
crack propagation (Sa = 2.5 kg/mm2) 

Fig. 3 Influence of the temperature and the frequency on the 
crack propagation (S, = 4 kg/mm2) 
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Fig. 4 Influence of the temperature and the frequency on the 
crack propagation (Sa = 6,s kg/mm2) 

plotted in figs. 2, 3 and 4 for the three &-values 
respectively. The trends of the figures are the same, i.e. 
crack propagation at 2000 cpm is faster at 150°C than 
at 20°C and secondly crack propagation at 1So"C is 
faster for the lower frequency. For  the crack propaga- 
tion life from 1 = 3 mm t o  1 = 20 mm (the latter 
value corresponds to 25% cracked area) the results 
are summarized in table 5. The table shows that the 
temperature rise from 20°C to 150°C reduces the crack 
propagation life with an amount of approximately 30% 
and lowering the frequency from 2000 cpm to 20 cpm 
gives a reduction of another 30%. 

TABLE 5 

Crack propagation life for extending the crack from 
I = 3 mm to I = 20 mm, as affected by temperature 

and frequency 

S* Temperature effect Frequency effect 

(kg/mm2) nw-173 (kc) reduction m--113 (kc) reduction 

20'C 15OT (%I 2000 20 (%I 
cpm cpm 

2.5 263.5 190.6 28 190.6 132.4 31 
4 87.0 67.0 23 67.0 47.1 30 
6.5 40.6 27.9 31 2 7 . 9 1 9 . 1  32 

Crack rates dl/dn were calculated for each specimen 
as average crack rates over the interval lz to /,+I, where 
It successively takes the values of the first column of 
tables 1-3. The crack rates were plotted against / = 

!(Ii  + and curves were drawn through the data 
points. These curves were collected in figs. 5, 6 and I. 
The figures confirm the trends of figs. 2-4 and table 5. 
In addition they shown that the temperature eflect and 
the frequency effect are at  a maximum for smaller 
values of the crack,length. Both effects are disappearing 
at  higher values of the crack length and the crack rate. 
For the three stress amplitudes this occurs at  approxi- 
mately the same value of the crack rate, which isabout 
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4 mm/kc. The corresponding value of 1 is obviously 
larger for the smaller stress amplitude. 

3.2 Fractographical observations 
On a macro-scale the fracture surface shows the so- 

called transition phenomenon (ref. 9). During crack 
propagation the crack front is slightly curved and 
approximately perpendicular to the growing direction. 

- t ,hl/ 
Fig. 5 The crack rate as a function of the crack length for Sa = 

2.5 kg/mmz 

Fig. 6 The crack rate as a function of the crack length for Sa = 
4 kg/mmz 



Fig. 7 The crack rate as a function of the crack length for Sa = 
6.5 kg/mm* 

Initially the fracture surface is perpendicular to the 
loading direction (90"-mode). Shear lips (45O-mode) 
are formed at  the two surfaces of the specimen, and 
they are becoming broader as the crack is growing. 
When they have a width of half the specimen thickness, 
the 90"-mode has terminated and either a single shear 
or a double shear fracture surface is the result. The 
end of the 90O-mode (at the center of the specimen) 
was indicated as the transition point in previous NRL 
publications (e.g. refs. 1 ,  2 and 9). 

ln the present test series the development of shear 
lips was clearly noticed on the specimens tested at  room 
temperature. However, in the specimens tested at 1 5OoC, 
although the transition of the 90"-mode to the 45"- 
mode did occur, the shear lips did not so clearly devel- 
op, i.e. the boundary between the shear lips and the 
central 9V-mode of the fracture was less distinct and 
it was practically impossible to indicate the transition 
point. This applies to the specimens tested a t  both the 
high and the low frequencies. The impression was 
obtained that the 90"-mode extended to a greater 
crack length than in specimens tested at  2 0 T ;  how- 
ever, in view of the vagueness of the transition point 
this observation cannot be expressed quantitatively. 

It is noteworthy that the tests at room temperature 
reported in ref. 9 and also carried out at 2000 cpm and 
20 cpm on specimens of the same material, have shown 
a clear transition at  both frequencies. The 90°-mode 
was somewhat more extensive at the lower frequency. 

On a micro-scale growth lines could be observed with 
a spacing approximately equal to the crack extension 
per cycle. The growth lines indicate the successive 

positions of the crack front and confirm that growth 
occurs in each load cycle as found previously (refs, 9 
and IO). On the specimens tested at room temperature 
the growth lines were easily visible in the cladding 
layer while their observation in the core material was 
more difficult. This is in agreement with previous 
experience (ref. 9). On the specimens tested at 150°C 
the growth lines in the core occurred more abundantly 
and could easily be observed irrespective of the loading 
frequency. 

Cross sections of fractured specimens loaded at  
S, = 4 kg/mm2 were prepared for microscopic ex- 
amination. The plane of the section was parallel to 
the sheet surface and approximately 0.5 mm below 
that surface (sheet thickness 2 mm). The fracture was 
transcrystalline in all cases. Obvious differences between 
20°C and 150°C, and 20 cpm and 2000 cpm were not 
found. The impression was obtained that the fracture 
path at  150°C for both the low and the high frequencies 
showed some correlation withcrystalplanes, a tendency 
which was practically absent at  20°C. 

3.3 Ageing 
All specimens tested at 150°C were presoaked under 

load at that temperature for 100 hours before testing. 
During the test itself this heating was continued, which 
for the test at the lowfrequency implied an additional 
time at temperature of about 50 to 300 hours. The 
heating may be regarded as an artificial ageing of the 
naturally aged 2024-T3 material. Specimens for static 
tensile tests were cut from several crack propagation 
specimens after the fatigue testing had been completed. 
The static properties are compiledin table6. Surprising- 
ly enough the table does not indicate any noticeable 
change of these properties. Some trends of the effect 
of heating 2024-T3 on its properties as found in the 
literature are briefly mentioned below. 

TABLE 6 

The effect of soaking at 15O'C and fatigue loading 
on the static properties 

~ 

Testing conditions Static properties') after 
fatigue testing 

Temp. Freq. S" S".Z su d 
(ksh") (kg/n?m') (2''g.I.) 

2.5 36.5 48.6 17.5% 
2Ocpm 

150% 6.5 36.4 48.2 17% 

2000cpm 2.5 36.2 48.3 18% 

20°C 2OOOcpm 2.5 36.9 48.2 18% 

Virgin sheet material 37.1 48.3 19% 

1) Mean values of4 test results obtained from two pairs of tensile 
test specimens cut from two different crack propagation speci- 
"lens. 
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It is generally found that 2024-T3 (naturally aged) 
exposed to a temperature of 150'C (-300OF) is not 
a stable material (refs. 3, 5, 8, 11 and 12). Its room- 
temperature static properties vary as a function of the 
heating time. The reversion phenomenon was observed 
in refs. 3,and 8 while overageing was found to occur 
after 1 month of heating (ref. 8). Unfortunately the 
quantitative agreement between data of different sour- 
ces is not always good. For instance a 100 hours 
heating period induces an  increaseofSu and adecrease 
of S according to ref. 8, a negligidale effect on S, and S 
according to refs. 5 and I I and a decrease of S, and an 
incre.aseofdaccording to ref. 12. It is thought that these 
disagreements are a result ofdifferent rates of the ageing 
process, which might he caused by differences of the 
initial state of the material (amount ofstrain hardening) 
and differences in chemical composition. In  ref. 3 the 
alloys 2024 (4.4% Cu and 1.5% Mg) and 2014 (4.1% 
Cu and 0.7% Mg) exhibited qualitatively the same 
ageing trends, but quantitatively there were noticeable 
differences. The conclusion to be drawn is that 2024- 
T3 is not a stable material a t  150°C. Even a t  somewhat 
lower temperature the material does not seem to be 
fully stable (refs. 3 and 8). I t  is thought that in the 
present test series the structure of the material was 
affected by the heating a t  150°C. Probably some resolu- 
tion of GP I zones and some growth of GP 2 zones 
may have occurred, in spite of the absence of any 
noticeable change of the static properties a t  room 
temperature. 

4 Comparison with results of other investigations 

Only a few systematic studies of the effect of frequen- 
cy and temperature on crack propagation in aluminium 
alloys could be found in the literature. 

With respect to the frequency a previous NLR 
investigation at room temperature was reported in ref. 
9. Recently Lachenaud (ref. 6 )  has published results 
of an investigation carried out a t  150°C. A few isolated 
results mentioned in the literature will not beconsidered. 

In the NLR test series a t  20"C, also performed on 
2024-T3 Alclad sheet material the average crack rates 
for S, = 2.4, 3.3 and 5.5 kg/mmz respectively ( S ,  = 
8.2 kg/mm2) were approximately 30% higher at 20 
cpm as compared with crack rates at 2000 cpm. This 
is quantitatively the same result as found in the present 
tests at 150°C. 
Lachenaud*) carried out tests at 150°C employing two 
frequencies, viz. 2000 cpm (also on a Schenck machine) 
and 20 cycles per hour = 0.3 cpm (special test set-up, 
trapezoid wave form). The latter frequency is extremely 

*) Results of Lachenaud presented in ref. 6a are superseded by 
those of ref. 6, which gives more information and covers a 
larger number of tests than ref. 6a. 

low for a fatigue test. The material RR58 was especially 
developed for high temperature service. Chemical com- 
position and average room temperature properties are 
indicated in fig. 8. Lacheaud observed a considerable 
frequency effect, the crack rate at 0.3 cpm being 
approximately 2.5 times as large as that at 2000 cpm. 
Some of his results and those of the present and the 
earlier NLR test series are compared in fig. 8 by plotting 
the ratio, u, between the average crack rate at a certain 
frequency and the average crack rate at 2000 cpm as a 
function of the period of the load cycle (which is the 
inverse of the frequency). The ratio u can be considered 
as a relative crack rate, vir. relative to the crack rate 
a t  2000 cpm. The crack rates were averaged over 
certain intervals of crack growth (indicated in fig. 8), 
since Lachenaud presents his results in this way. The 
upper limit of the intervals is 21 = 20 mm and as 

Fig. 8 The effect of frequency on the crack rate in RR58 and 
2024-T3 alclad sheet material. Results of Lachenaud (ref. 6) 

and the NLR (ref. 9 and the present test series). 

NO PRE-SOAKING AT THE TEST TEMPERATURE 
WAS APPLIED 

b) E F F E C T O ~ L O I I E M P E R * I " R E  

Fig. 9 The effect of temperature on the crack propagation in 
2024-T3 Alclad Results of Cristensen (ref. 4). 



indicated in the previous chapter for such small macro- 
cracks the frequency effect is maximum. 

Fig. 8 shows that despite the differences in testing 
conditions a consistent trend is noticeable, viz. in- 
creasing crack rates for larger periods of the load 
cycling (lower frequencies). In ref. 6 data for tests on 
specimens with a width of 50 mm and for the average 
crack rate for crack extension from 21 = 5 mm to 21 = 
10 mm are also given. They quantitatively confirm the 
trend of fig. 8. 

The effect of temperature on the crack propagation 
in aluminium alloy sheet material was also studied by 
Christensen (ref. 4) and Lachenaud (ref. 6). 

The results of Christensen for 2024-T3 Alclad are 
reproduced in fig. 9. Contrary to the present investiga- 
tion Christensen did not find a faster crack propagation 
at 149°C. It should he noted that he did not presoak 
his specimens before testing. The duration of his tests 
was in the order of one hour. At 177°C and 204OC 
crack propagation was faster than at room temperature. 
Curiously enough the crack rate at a sub-zero tem- 
perature (-68'C) was also slightly faster than at room 
temperature. 

Lachenaud's results for RR58 obtained at a,stress 
ratio R = 0.1 have been plotted in fig. 10 and for 
comparison results of the present investigation inter- 
polated for R = 0.1 (S, = 7 kg/mm', S, = 5.73 kgj 
mmz) were added. I t  is surprising that Lachenaud 
observes an improvement of the crack propagation 
life, i.e. the life at 150°C is some 30% larger than the 
life at room temperature. The present study and the 
results of Christensen for the temperature effect showed 
the opposite trend. Fig. 10 further shows that at room 
temperature the crack propagation life for 2024-T3 
was about 60% larger than for RR58, whereas at 150°C 
the crack propagation life for 2024-T3 was about 300/, 
shorter than for RR58. 

5 Crack propagation due to creep 

I n  a recent study (ref. 7) van Leeuwen considered 
time-dependent plastic deformation and its relation 
with creep and fatigue. Starting from the Manson- 

_ C R A C K  PROP*G*,lON L1FE , / / I  
F O P 2  t;i"r021;anm 

Fig. 10 The effect of temperature on the crack propagation in 
RR58. Results af Lachenaud (ref. 6). 

Coffin relation lie derived analytic functions for the 
frequency effect under cyclic loading. Crack growth is 
obviously a result of plastic deformation, but the con- 
ditions are extreme, i.e. the plastic deformation occurs 
in a small area under a highly inhomogeneous stress 
distribution and the material has no stable structure. 
There is some empirical evidence available on crack 
growth under constant load. Although this evidence 
is very limited it might shed some light on the relation 
between the frequency effect on crack growth and the 
time dependent character of plastic deformation. 

Three preliminary tests on crack growth under con- 
stant load, S = 20 kgjmm', were carried out by the 
NLR at three'different temperatures. The same spec- 
imens as for the fatigue crack propagation tests were 
used. The time involved in crack growth from l = 12 
mm to 1 = 20 mm has been plotted in fig. 11. From 
the graph one derives that at 150°C 30 hours are 
required for such a crack extension. In the present 
fatigue tests S,,, was much lower than 20 kg/mm2. A 
few results on the influence of stress on crack growth 
under a creep loading at a temperature of204"C (40OOF) 
were published by Christensen (ref. 4) and are repro- 
duced here in fig. 12. From this figure it follows that 
at a stress corresponding to the&,,-valuesused in the 
crack propagation tests the crack growth under creep 
loading may be in the order of 100 times slower than 
at S = 20 kgImm2. If this would approximately apply 
to 150°C as well, a time in the order of 3000 hours 

i i Z t  id"' 
2024 - T, ALCLIU 
I P C C l M E N O F  f ie I 
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0 - TIME FOR CRACK GL-OW," 
F i i O M L . 1 2 ~ m T O l ; 2 0 . n , H O " 1 1 1 1  

Fig. 1 I EKect of temperatiireon crackgrowth undercreeploading 
(unpublished NLR results). 

" i"  

- TIME FOR CRACK GROWTH 
FROM 2 17 mm To e -  21 mm IMINUIE? 

Fig. 12 Effect of stress on crack growth under creep loading. 
Results of Cristenscn (ref. 4). 
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would be required for crack growth from I = 12 mm 
to I = 20 mm under a constant load at  stresses corre- 
sponding to the S,,,-values of the present test series. 
The same amount ofcrack growthunderfatigueloading 
at the low frequency required testing times of 23, 15 
and 9 hours for the three S,,,-values adopted. This is 
some orders of magnitude less than the 3000 hours 
required by creep. 

For a comparison of the loading times during the 
fatigue tests and the creep tests the different circum- 
stances should be considered. During the fatigue test 
the ?tress is varying between Smm and S,,, instead of 
being constant at S,,,,,. Although one might speculate 
that this will further decrease the contribution of creep 
to crack growth no empirical evidence seems to be 
available for aluminium alloys to answer this question. 
Secondly the mode of fracture is not necessarily the 
same for fatigue and creep. Microscopic specimens 
were prepared from the creep specimen tested at 150°C 
and the fatigue specimen tested at  the same tempera- 
ture, the highest amplitude (Sa = 6.5 kg/mmz and 
S,,, = 13.5 kg/mm2) and the low frequency. Ln the 
creep specimen grainboundary separations had formed 
in the neighbourhood of the crack at  small values of 
the crack length (low crack growth rate and therefore 
a long time at a high stress level). An example is shown 
in fig. 13. The impression from the microscopic ex- 
amination was that the crack waspartlyintercrystallyne 
although its growth mainly occurred in a transcrystal- 
line way. Ln the fatigue specimen no grain boundary 
separations were found and the crack was certainly 
transcrystalline. Although there are probably differen- 
ces between the fracture modes for creep and fatigue 
at the temperatures of present interest a more specializ- 
ed study would be required to indicate these differences. 
This was beyond the scope of the present investigation. 
If there are differences it might again be speculated 
that the combined effect of fatigue and creep will be 
less than additive. 

Fig. 13 Micrograph (400 X )  of the specimen tested at 150°C 
under a constant loading (S = 20 kg/mmz) showing grain 
boundary separations near the main crack (at top of photo). 

In view of the large discrepancy between the time 
under load in the present crack propagation tests and 
the time required for th'e same amount of crack growth 
in a creep test it is now tentatively concluded that the 
crack growth in the present test series was primarily 
caused by the cyclic character of the loading, i.e. it 
was due to fatigue rather than creep. This is sub- 
stantiated by fig. I 1  which shows a large temperature 
effect on crack growth under creep loading, whereas 
the present test series show a small effect oftemperature 
on fatigue crack growth, since the crack rate at  150°C 
was only 30% higher than a at room temperature. 

6 Discussion 

Three outstanding features of the previous chapter 
are: 
(1) ln the 2024.T3 alloy the fatigue crack propagation 
mechanism at 150°C seems to be different from the 
mechanism operating at room temperature, although 
it is still mainly due to the cyclic nature of the load 
rather than being due to creep. (2) For the RR58 
material a rise of temperature from 20°C to 150°C has 
a favourable effect on the crack rate, whereas for the 
2024-T3 material the opposite applies. (3) In 2024-T3 
Alclad the crack propagation at 20 cpm was approxi- 
mately 309/, faster than at 2000 cpm at both room tem- 
perature and 15OOC. Some more thoughts on these 
questions are presented in this chapter and it will be 
tried to arrive at  a tentative explanation. 
The following aspects seem to he important: 
(a) Fatigue is a consequence of cyclic slip and this also 

applies to the growth of fatigue cracks. The crack 
rate depends on the amount of cyclic slip in the 
crack tip region and on the conversion of cyclic 
slip into crack extension. The latter depends on the 
tensile stress in the crack tip region. These views 
on crack growth are more extensively evaluated in 
ref. IO. 

(b) An important difference between 2024-T3 at room 
temperature and at 150°C is that GP 1 zones are 
present at  room temperature and probably not or 
to a lesser extent at 150°C. 

(c) An important difference between 2024-T3 at  150°C 
and RR58 at  150°C is that in the former material 
the precipitates (mainly GP 11) are less stable than 
in the latter one. In 2024-T3 ageing at 150°C will 
lead to a lower ductility whereas ageing in the 
RR58 will not occur, or far less extensively, since 
this material has been artificially aged at 200°C by 
the manufacturer. The static properties of RR58 
are fairly stable up to tieating periods of 1000 hours 
(refs. 6a en 13). The ageing of the 2024-T3 at  150°C 
may be further enhanced by cyclic slip. The s'ize 
of the plastic zone at  the tip of the crack can,be 
estimated &h,eq. (832) of ref. IO and considering 

. . 
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I ?  



97 

the crack rates as round in the present test series 
it was calculated that the number of cycles during 
which a point along the crack path is in the plastic 
zone until it is reached by the crack front is in the 
order of 4000 to 1000 cycles for I = 3 to 10 mm. 
Although the number will further .decrease for 
higher /-values the crack will always meet with 
material which has seen many cycles of plastic 
deformation. 

(d) In a fully stable material the effect of a temperature 
rise on crack propagation will be twofold, vir. ( I )  
in general the yield stress will decrease allowing 
more levelling off of the peak stress at  the tip of 
the crack and (2) thermal activation will increase 
the amount of cyclic slip. The former will cause 
a deceleration of the crack, whereas the latter 
will have an accelerating effect, see aspect (a) 
above. 

The results of the RR58 material will be considered 
first, since this is the more stable material. Aspect (d) 
then seems to be applicable. The lower crack rate at 
150°C (see fig. IO) can be attributed to the lower yield 
stress at  that temperature, allowing a lower peak stress 
at the tip of the crack, and the frequency effect at  
150°C (see fig. 8) can be attributed to the thermal 
activation of slip. For the latter, interactions with 
precipitated zones may be important. 

In the more unstable 2024-T3 material the phenom- 
ena are more complex. The frequency effect is the 
same at  20°C and 150OC. Now it is difficult to think 
of a time-dependent mechanism which is independent 
of temperature. It is therefore suggested that different 
mechanisms are responsible for the frequency effects 
at  the two temperatures, which is confirmed by the 
fractographic observations. The activation energy for 
the mechanism causing the frequency effect at 150°C 
should he larger than for the mechanism causing the 
frequency effect at  room temperature in order to yield 
the same quantitative frequency effect. In view of what 
has been said under aspects (b) and (c) above it is 
though that the frequency effect is associated with GP 
1 zones at room temperature and with GP I1 zones 
(and the absence of GP I) at 150°C. It will not be tried 
here to speculate in any further detail on these mech- 
anisms but it may be said that these zones do not have 
a great stability at the temperatures concerned. 

The temperature effect in the 2024-T3 material is 
tentatively attributed to the change of the state of 
precipitation, i.e. to the resolution of GP I and the 
growth of GP It at 150°C. Both the time at  tempera- 
ture (150OC) and the amount of cyclic slip were not 
very much different for the specimens tested at the low 
and the high frequencies. These two factors may be 
responsible for the change of the state of precipitation. 
The change will be associated with a decreased ductility 
which usually causes an increased crack rate (ref. 2) as 

a consequence of a less effective levelling-off of the 
peak stress at the tip of the crack. 

It has to be pointed out once again that the above 
discussion has a tentative character. One also should 
keep i n  mind that the temperature effect and the fre- 
quency effect on the crack rate, both found to be 
approximately 30% for the 2024-T3 material in the 
present test series, although being systematic, are in 
fact fairly small. 

7 Conclusions 

In  the present report results are reported from fatigue 
crack propagation tests on 2024.T3 Alclad sheet 
specimens, tested at a mean stress of 7 kg/mm2 and 
stress amplitude of 2.5, 4 and 6.5 kg/mm?. Tests were 
carried out at ( I )  2000 cpm and 2 0 T ,  (2) 2000 cpm 
and 1 5 0 T  and 13) 20 cpm and 150°C. The frequencies 
2000 cpm and 20 cpm are nominal values; in the tests 
the high frequencies were slightly larger than 2000 cpm 
and the low frequencies somewhat lower than 20 cpm. 
A few exploratory tests were performed on crack 
growth at  elevated temperature under constant load 
(creep conditions). Relevant information from the 
literature was summarized. The following results and 
conclusions were obtained. 
1. For crack propagation up to a crack length 

21 = 40 mm (specimen width 160 mm) the crack 
propagation at a frequency of 2000 cpm was 30% 
faster at 150°C than at  room temperature. At a tem- 
perature of 150°C it was another 30% faster at  20 
cpm than at 2000 cpm. The temperature effect and 
the frequency effect both decreased and finally 
vanished at higher values of the crack length. 

2. Fractographic observations indicated that the frac- 
ture mechanism was a'ffected by the temperature 
rise from 20°C to 150°C. At the latter temperature 
the transition from the tensile mode to the shear 
mode was less pronounced, and microscopic growth 
lines, indicating the successive positions of the 
crack front, were better visible. 

3. Heating of the sheet material at I b C  for periods 
up to 400 hours did not noticeably change its room 
temperature static properties. Despite this result 
the state of precipitation at 150°C is not a stable 
one. 

4.  Results of Lachenaud for the artificially aged alloy 
RR58 showed a frequency effect at 150°C which 
was consistent with the present results. However, 
contrary to the present results and those of Chris- 
tensen for 2024-T3, the crack propagation in RR58 
at 150°C was slightly slower than at room tem- 
perature. 

5. Crack growth at  150°C under a constant load is 
possible; however, it occurs so slowly that the fati- 
gue crack propagation at  20 cpm and 150°C has 

' 
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still to be ascribed to the cyclic character of the 
load rather than to creep. 

6.  A few exploratory tests indicated a large increase of 
the crack growth rate under constant loading when 
the temperature increased. 

7. The trends observed were tentatively related to the 
unstable structure of the 2024-T3 material. 

. 
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The effect of the sheet width on the fatigue crack 
propagation in 2024-T3 Alclad material. 
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Summary 

The sire effect on crack propagation was studied with sheet specimens of 2024-T3 Alclad. Values of the width were 80, 160, 300 and 
600 mm, sheet thickness 3 mm, mean stress 8 kg/mmz and stress amplitudes 2.5, 4 and 6.5 kg/mm'. Results are compared with the 
theory ofthe stress intensity factor and the Weibull theory. Practical implications of the results are indicated. 
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List of symbols 

C 
C,, C2, C, - constants 
d//dn -crack rate 
k - stress intensity factor 
kw 
I 
I,, 

-correction factor for specimen width 

-stress intensity factor for Weibull test 
- halfcrack length, see fig. 1 
-crack length at transition from tensile to 

shear mode fracture 

m - constant 
n - number of cycles 
r ,  0 
R 
S ~ stress 
so -stress amplitude 
S ,  ~ mean stress 
S,",, 
Sd" 
S",, 

s0.2 - yield stress 
S"  ultimate stress 
1%' 

B -constant 
6 -elongation 
kc -kilocycle = 1000 cycles 
1 kg/mm2 = 1,422 psi, 1000 psi = 0.703 kg/mm2 
I mm 

~ polar co-ordinates from tip of crack 
- stress ratio = S,JS,,, 

gross stress 
-maximum stress of cycle in specimen 
~ minimum stress of cycle 
- net stress in specimen, based on 

i 
uncracked area 

-half width of specimen, see fig. 1 

= 0.04". I "  = 25.4 mm 

1 Introduction 

One of the principal factors determining the safety 
of an  aircraft with respect to fatigue is the rate of 
propagation of fatigue cracks. At present it is common 
practice to perform ad-hoc fatigue tests on prototype 
structures and to study the crack propagation in these 
tests. The information obtained will he used for 
establishing maintenance and inspection procedures 
for the aircraft in service. In the design stage of the 

This investigation has been performed under contract 
far the Netherlands Aircraft Development Board (NlV) 
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aircraft it is one of the aims of the designer to secure 
that crack rates will be as low as possible. For this 
purpose he has to consider the stress levels in his 
structure, the type of material and the type of structure. 
The NLR has recently performed several test series to 
investigate the effect of various parameters on fatigue 
crack growth in aluminium alloys, such as the mean 
stress, the type of alloy and heat treatment, the sheet 
thickness, the frequency and the temperature. In the 
present test series the influence of the width of a sheet 
on the crack propagation is studied. 

The amount of crack propagation data in the litera- 
ture is steadily increasing. Unfortunately, the dimen- 
sions of the specimens are different for most investiga- 
tions. With respect to the effect of the specimen width 
on the results obtained two more or less obvious 
assumptions can be made: 

1. Thecrack rate inmillimeters per cycle is independent 
of the specimen width (for the same crack length) 

2. The crack growth per cycle as a percentage of the 
specimen width is independent of this width (for the 
same percentage cracked area). 

I n  the present test series fatigue crack propagation in 
2024-T3 Alclad sheet material was recorded in speci- 
mens with a width of 80 mm, 160 mm, 300 mm and 
600 mm, respectively (3.15", 6.3", 11.8" and 23.6"). 
The mean stress was 8 kg/mm* (11.4 ksi) and the stress 
amplitudes were 2.5, 4 and 6.5 kg/mm2 (3.6, 5.7 and 
9.2 ksi). The report gives a presentation and evaluation 
of the crack propagation data. Secondly, a comparison 
is made with predictions according to the theory of the 
stress intensity factor and the Weibull theory. Test 
results available in the literature are reviewed. Finally, 
some attention is paid to the practical implications of 
the results. 

2 Experimental details 

2.1 The material and the specinens 
The specimens were cut from 2024-T3 Alclad sheet 

material with a thickness of 3 mm (0.125"). The 
nominal composition of the core material is: 4.5% Cu, 
1.5% Mg, 0.6% Mn, remainder AI. The mechanical 
properties were determined with eight specimens in the 
longitudinal direction of the sheet and one specimen in 
the transverse direction. The results are given in the 
table below: 

2024-T3 Alclad SD.2 S, s (2" gage 

kgimm' ksi kg/mm2 ksi length) 

Long. direction 35.8 50.9 47.8 68.0 16.5% 

Trans. direction 35.3 50.2 41.6 61.1 18% 
(aver age) 

I I#*ENIIONI or IPLC8UtNI ,", r M  U? 4 1 ,  > 1  

160 m h, , ?  
286 m 8.3 

m >16 2 1  2.2 

%UMBER OF BOLT, E X *  CL*YP,.l'E*O. 
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Fig. 1 Dimensions of the specimens. 

Specimens of four different sizes were tested. The 
dimensions are shown in fig. 1. The characteristic 
dimension is the specimen width. The four values of 
the width are 600 mm, 300 mm, 160 mm and 80 mm 
(23.6", 11.8", 6.3" and 3.15"). Each specimen was 
provided with a sharp central notch for crack initia- 
tion. The notch consisted of a hole (diameter l mm) 
and two saw cuts (depth 1 mm). Line markings were 
inscribed on the cladding to facilitate recording of the 
crack growth, see fig. I .  The same type of specimen was 
previously used in several NLR investigations on 
fatigue crack propagation. 

The sheet material available for the present in- 
vestigation was limited to two sheets of 350 x 122 centi- 
meters. Instead of limiting either the number or the 
size of the largest specimens it was decided to cut the 
smaller specimens from the larger ones after the latter 
had been tested. It was then possible to have eight 
specimens of the largest size. Moreover, there was an 
additional advantage, viz. the risk of a variation of 
crack propagation properties is obviously smaller if 
specimens are cut from larger ones. The mapping of the 
specimens in the two sheets is shown in figs 2a and 2b. 
The smaller specimens were located in the central part 
ofthe larger specimens (Le. in the shadow of the grow- 
ing crack) in order to secure that the stresses in the 
material of the smaller specimens had been relatively 
low in the preceding tests on the larger specimens from 
which they were cut. 

2.2 Testing procedures 

For all specimens the mean stress S, was 8 kg/mmz 
(11.4 ksi). Tests were carried out at stress amplitudes 
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Fig. 2 Mapping of the 
mecimens in the two sheets. 

Fig. 2a First sheet. 

S,=2.5 kg/mm2, S.=4 kg/mm2 and S,=6.5 kg/mmz 
(3.56, 5.69 and 9.24 ksi, respectively), usually three tests 
a t  each stress amplitude. 

All specimens were tested in the same fatigue 
machine, viz. a 50 tons Amsler hydraulic pulsator, at a 
frequency of 250 cycles per minute. The ends of the 
specimen were clamped with bolts between two steel 
plates (thickness IO mm each, height 140 mm). These 
plates were connected to the machine by a simple lever 
mechanism for securing a homogeneous load trans- 
mission into the specimen. Strain gage measurements 
on a specimen with the largest width (2 w=600 mm), 
which were carried out before the central notch was 
made, indicated a fully satisfactory stress distribution 
in the specimen. 

For the smallest specimens (width 80 mm) the loads 
were fairly low for application by a 50 tons machine. 
Therefore two specimens of this type were tested in 
parallel, see fig. 3. If one of the two specimens broke it 
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Fig. 2b Second sheet. 

was replaced by a dummy specimen and testing was 
continued. 

Strain gage measurements were made during each 
crack propagation test for checking the dynamic load. 
For the largest specimens (width 600 mm) the strain 
gages were bonded to the specimen itself near the 
clamping. The gages could therefore be used in the 
first part of the test only when the crack growth had 
not yet noticeably affected the stress distribution near 
the clamping. For the specimens of the other sizes a 
strain gage bridge was bonded on the element connect- 
ing the lever system to the fatigue machine. The gages 
were first calibrated statically. 

3 Test results 

3.1 Crack progagation data 

The results of all specimens are compiled in tables I ,  
2 and 3 by presentingthenumberofcycles(dn)involved 
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Fig. 3 Two specimens with a width of 80 mm tested in parallel. 

in the growing of the crack through successive small 
crack length intervals (from l j  to / j ) .  The An values are 
the averages for the two cracks in one specimen. The 
tables also give the mean results ( a n )  for one group 
(usually three) of similarly tested specimens. The Z a n  
values yield the average crack propagation curves 
which were plotted in figs 4, 5 and 6. 

From the an values the average crack rates were 
calculated as: 

d//dn = ( / j - I J /Zn  . 
These crack rates were plotted as a function of the 
crack length I = + ( I i +  I,) in figs 7, 8 and 9. 
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Fig. 4 Avarage crack propagation curves at Sa = 2.5 kg/mmz. 
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Fig. 6 Average crack propagation curves at Sa = 6.5 kg/mmz. 

3.2 Fractographic obseruations 

The fatigue cracks start growing in a plane perpen- 
dicular to the loading direction, which will be called the 
tensile mode of fracture. During its growth the fracture 
develops shear lips at  the two sheet surfaces and finally 
the crack is growing in either single or double shear. 
This is more extensively described elsewhere (see for 
instance refs 3, 4 and 5). The crack length at which the 
tensile mode terminates in the centre of the sheet is 
indicated by I,, and this marks the point at which the 
transition from the tensile mode to the shear mode was 
completed. Values of I,, have been compiled in table 4, 
which shows that I , ,  does not depend on  the sheet 
width. It should be noted that measurements of I , ,  are 
not particularly accurate in view of the gradual 
transition from the tensile mode to the shear mode. 

Although after the transitlon single shear was more 
frequently observed than double shear, the latter was 
not at all rare. Also, it occurred that double shear was 
followed at  greater crack lengths by single shear. If 
double shear persisted the direction of crack growth 
deviated slightly from the normal to the loading direc- 
tion, the angle of deviation being approximately 9". 
Such a deviation did not occur for a single shear crack. 



4 Discussion 

4.1 The trends of the resf results 

The crack propagation curves in figs 4, 5 and 6 show 
a small, but consistent effect of the specimen width; the 
crack was growing faster in the smaller specimen. 
However, the effect is almost negligible for the smaller 
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Fig. 7 The crack rate as a function of crack length for S,, = 
2.8 kg/mm2. 
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Fig. 9 The crack rate as a function of the crack length for Sa = 
6.8 kg/mmz. 

values of the crack length. A better appreciation can 
be obtained from figs 7, 8 and 9, which confirm that 
the crack rate is almost independent of the specimen 
width for small cracks, while for large values of the 
crack length the crack rate is higher in the smaller 
specimen. The latter result could obviously be anticipat- 
ed, but the former one might be surprising according 
to some theoretical predictions. In the following 
sections the trends of the present results are compared 
with the trends as predicted by a few theories published 
in the literature. 

4.2 Theory of the stress intensity fuctor 

For a material which remains elastic the stress field 
around a crack in an infinite sheet was known as early 
as 1913 (ref. 9). From the exact solution an asymptotic 
solution, which is valid in the immediate vicinity of the 
tips of the crack only, can be derived. Contrary to the 
exact solution the asymptotic solution allows an 
analytic presentation which is easily evaluated and 
appreciated. For an infinite sheet loaded in tension 
perpendicular to the crack the asymptotic solution is: 
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- cos - sin - cos - 1‘- 2 r 2 2 2  S,, = Sl/l (3) 

These equations in a somewhat different form were 
published by Sneddon (ref. 21). Since the stresses in the 
tip region are high, the constant term (-S) in eq. (2) 
can be neglected and the eqs (I), (2) and (3) may 
generally be written as 

(4) 

with the stress intensity factor k = Si1 
Equations (4) and (5) imply that for arbitrary values of 
S and I the (elastic) stress field around the tip of the 
crack is completely described by the stress intensity 
factor k .  

Similar equations have been published for several 
configurations of cracked specimens and various types 
of loading. They are summarized in ref. I .  However, a 
general solution for a sheet specimen of finite width as 
used in the present investigation is not available. A 
comparable case is the infinite sheet with a number of 
collinear cracks. Exact solutions were independently 
derived by Westergaard (ref. 25) and Koiter (ref. 1 I) .  
The asymptotic solution (valid for small values of r) is: 

- 

( 6 )  
SI,,, = kl/Thj(Q) 1 

with the same.fij(U) as in eq. (4), for 2w=infinite, and 

k=CSl/l  with C =  tg- - ( ;:/;:)+ (’1 

The factor C was derived by Irwin (ref. IO). The factor 
should be considered as a correction factor for the 
finite width of the specimen, showing how much the 
stresses are larger than for the case h=infinite.  

The stress intensity factor k was introduced by 
Irwin for fracture toughness problems. I t  was adopted 
by Paris et al. (refs 14, 15 and 16) for fatigue crack 
propagation. Starting from the idea that k describes 
the stress field around the tip of the crack, Paris 

assumes that k alone is controlling the rate of crack 
propagation 

The asymptotic solutions (eqs 1-8) lose their validity 
when plastic deformations occur at the tip of the crack. 
Therefore the applicability of eq. (8) will probably be 
better if the plastic zone is small. It can be easily shown 
that the size of this zone is approximately proportional 
to IS’jS,’ = kZ/S,’,2 (see for instance eqs B31 and 
B32 of ref. 20). In other words, the usefulness of eq. (8) 
will probably be better if the stresses are low as com- 
pared with the yield stress So,’. This applies to fatigue 
crack propagation in the low-ductility aluminium 
alloys. The usefulness of eq. (8) was clearly confirmed 
by Paris and his co-workers for aluminium alloys and 
was further shown in other investigations (refs 2 , 4  and 
8). The majority of data was obtained, however, in 
tests for which either S, = 0 ( R  = -I) or S,;. = 0 (R = 0). 
For an arbitrary R-value one should ask whether 
SmaX or S,, has to be substituted for S in defining the 
stress intensity factor. Test results have shown (refs 4 
and 8) that neither of these two choices leads to a 
general applicability of eq. 8. This is confirmed by the 
present test results in fig. IO. It was empirically shown 
(refs 2 and 4) that eq. (8) does hold if results for the 
same R-value are compared, although the function 
f (k )  depends on the value of R. For a constant R-value 
the ratio between S,,, andS,is constant and the ratio 
between k,,, (k for S=S,,,) and k ,  (k for S=S.) is 
also constant. In other words if for constant R-values 
eq. (8) holds fork,,, it automatically holds fork,. For 
a constant R-value there is also a constant ratio 
between k,,, and k,,, (k for S=S,;,) ,  and k,,, (or k,) 
and R fully describe the stress field around the tip of 
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the crack, at both S,,, and SmIn. The result that eq. (8) 
does hold for a constant R-value is then considered as 
a further confirmation of the. applicability of the 
concept of the stress intensity factor. 

lm 

d ,  t i  
- The implications of eq. (8) for the effect of sheet 

and (7). The correction factor C (eq. 7) has been plotted 
in fig. 1 I as a function of the relative crack length //w. 
Crack growth data were obtained up to a maximum of 
l/w-0.7 for the lowest S,. For the majority of data l/w 
was sufficiently small to yield a correction factor C 
which is only a few percent above unity. This implies 
that, according to the concept of the stress intensity 

d "  width on the crack rate should be deduced from eqs (6) r - n c i  2o 

I 
0.8 

0.6 

0 1  

factor a negligible effect of the sheet width on the 
crack rate should be expected, except for large l / w  
values. This is clearly confirmed in figs 7, 8 and 9. In 
figs 12, 13 and 14 d//dn has been plotted as a function 

0 1  
0.08 

006 

0 04 

0 01 

0.0, 
1 I 6 7 B * lo  1, I d  16 18 20 2 a 35 40 15 yi by - , - C.8- * ii.,"%i 

Fig. 13 The crack rate as a function of the stress intensity factor 
for So = 4 kg/mm2. 
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Fig. 1 1  The correction factor for the effect of sheet width. 

Fig. I2 The crack rate as a function of the stress intensity factor 
for S. = 2.5 kg/mmz. 

Fig. 14 The crack rate as a function of the stress intensity factor 
for S, = 6.5 kg/mmz. 
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of the stress intensity factor including the correction 
factor C (eq. 7). If the correction factor had not been 
applied these graphs would have looked like figs 7, 
8 and 9, respectively (since log Soil = log Sa+ 4 log I ) .  
The much better convergence to a single curve in 
figs 12, 13 and 14 as compared with figs 7, 8 and 9, 
respectively, shows that the application of the correc- 
tion factor C implies a noticeable improvement of the 
correlation, which in itself can be considered as a 
substantiation of the usefulness of the stress intensity 
factor concept. 

Another indication of the validity of the stress 
intensity factor concept offered by the present tests 
stems from the fractographic observations. The 
transition of the fracture surface from the tensile mode 
to the shear mode occurred for a certain stress am- 
plitude at a crack length, /,,, which did not depend on 
the specimen width (table 4 and section 3.2). This 
transition is associated with a change from a state of 
plane strain to a state of plane stress (see ref. 20) and 
since the stress distribution around the tip of a crack 
according to the stress intensity factor is so little 
dependent on the sheet width, I,, should indeed be 
independent of this width. 

4.3 The NACA theory 

In ref. 13 Mc Evily and Illg proposed a theory based 
on the idea that a crack may be replaced by an elliptic 
hole with the major axis equal to the crack length and 
some “effective” tip radius. For this hole an “effective” 
stress concentration factor K, is calculated adopting 
the Neuber correction for stress gradient effects. It is 
then assumed that the crack rate is a function of the 
product of K,  and the net stress S. on the cracked 
specimen, or in other words a function of the effective 
peak stress at the tip of the crack. This idea in a some- 
what different way was also adopted by Welbourne 
(ref. 24). 

It has been shown (refs 2, 16 and 17) that this theory 
will lead to approximately the same results as the 
stress intensity factor theory, i.e. if test results satisfy 
one of the two theories they will also approximately 
satisfy the other one. The present authors then prefer 
the use of the stress intensity factor in view of its more 
rational background. 

4.4 The Weibull theory 

Starting from some fairly arbitrary assumptions, 
Weibull (refs 22 and 23) arrives at the conclusion that 
the crack rate, expressed as d(//w)/dn, as a function of 
//I+ should obey the relation 

d(//w)/dn = C,SD/(I - / / w ) ~  (9) 
C, and /l being constants. In other words the crack 
propagation on a non-dimensional basis ( / / w )  should 

be independent of the specimen size. This conclusion 
and the relation in eq. (9) are checked in  figs 15, 16 
and 17 by plotting d(//w)/dn against 1-//w on a 
double-log scale. According to eq. (9) all the curves in 
each figure should coincide, and they should be 
straight lines. Both trends are contradicted by the 
graphs. On a non-dimensional basis (//iv) the crack rate 
is considerably faster in the larger specimens. 

Weibull has reported results of tests on 2024-T3 
Alclad sheet specimens tested at R=O for which the 
stress was decreased during the crack propagation in 
order to have a constant net stress (SnB,) on the 
uncracked area. Since S=S,,, ( l - / / w )  eq. (9) then 
predicts a constant crack rate which he indeed found. 
For such a test the stress intensity factor k,  is: 

= c , w + f ( / j w )  (10) 

Values for the functionf(//w) are tabulated below. 

/ /w 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
f ( / / w )  0.36 0.46 0.50 0.51 0.50 0.47 0.42 

Fig. I5 The present results for Sa = 2.5 kg/mm’ plotted non- 
dimensionally. 



Fig. 16 The present results for Sa = 4 kg/mmz platted non-di- 
mensionally. 
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Fig. 17 The present results for S, = 6.5 kg/mm2 plotted non- 
dimensionally. 

Weibull considers relatively large cracks in the range 
from 20%, to 60% of the sheet width and in this range 
the variation of f ( / /w)  is very small, viz. 0.46 to 0.51. 
Consequently, k is approximately constant and an 
approximately constant crack rate is predicted by the 
stress intensity factor concept. A similar reasoning 
was presented by Barrois (ref. 2) using a width correct- 
ion proposed by Dixon (see section 4.5) instead of 
eq. (7), whereas Liu (ref. 12) showed the compatibility 
between the Weibull results and the stress intensity 
factor concept in a slightly different way. 

Similar tests ( R # O )  as performed by Weibull were 
carried out at this laboratory (ref. 3). The crack rate 
did not appear to be fully constant, but varied in 
accordance with f ( / / w )  as tabulated above, i.e. it 
showed a weak maximum at / /w=0.4.  

Although it now seems that it is not necessarily 
curious that Weibull found a constant crack rate in his 
tests, it is surprising that he found d(//w)/dn at  the same 
//w to be independent of w, which is fully contradicted 
by the present test results (figs 15, 16 and 17). In ref. 2 
Barrois has pointed out that, if eq. (8) is of the form 

the width effect as found by Weibull requires m = 2  
which easily follows if eq. (10) is substituted into the 
above relation. He also showed that m = 2  was indeed 
the most satisfactory value for Weibull's crack pro- 
pagation data, whereas m=4, a value also proposed by 
Paris (ref. 15) was in better agreement with results of 
other investigations. Fig. IO-shows that eq. (11)  with 
m = 4  is a reasonable approximation for the present 
results (with C ,  depending on R, see section 4.2). 

The present section will be completed with a summary 
of the differences in testing circumstances between 
Weibull's tests and the present investigation. ( I )  Wei- 
bull performed his tests with a decreasing load ampli- 
tude to maintain a constant net stress. The decrease 
was applied stepwise, i.e. after certain amounts of 
crack extension, and this might have had a decelerating 
effect on the crack growth (refs 18 and 19). This effect 
might have been larger for the larger specimen in view 
of the larger plastic zone for the same 1/11,, (2) Weibull's 
tests were performed at  R=O for one value of S,,, 
only, viz. S,,,,,,, = 12 kg/mm2. (3) His specimens 
were smaller (width 22.8, 45.5, 68.5 and 170.6 mm; 
present test series 80, 160, 300 and 600 mm). (4) Wei- 
bull considered relatively large cracks (large / /w 
values). (5) Barrois (ref. 2) indicated that Weibull's 
crack rates were low as compared with those of others, 
which may be explained by the first item mentioned 
above. 

4.5 Correction factors.for the sheet width 

In section 5.2 the Irwin correction factor C, eq. (7), 
was presented as a factor indicating the stress-increas- 
ing effect around the tip of the crack, caused by the 

d//dn=C,k", (11) 



finite width of the sheet. Other factors have been pro- 
posed in the literature and were recently discussed by 
Dixon (ref. 7) and Barrois (ref. 2). It turns out that the 
Irwin factor and a factor proposed by Dixon (ref. 7) 
are practically the same and according to measure- 
ments of Dixon should be preferred over some other 
proposed factors. The Dixon factor reads 

C = ( l  -P/wZ)-* (12) 

4.6 Test results from orher investigations 

Systematic investigations on the effect of sheet width 
on crack propagation are far from abundant. The 
results of Weibull were already discussed in section 4.4. 
Another investigation was performed by Mc Evily and 
lllg (ref. 13) on sheet specimens and some information 
on stiffened panels was presented in ref. 19. Mc Evily 
and lllg performed tests on specimens of bare 2024-T3 
and 7075-T6 sheet material with two different sizes, 
viz. width 2” and width 12” (-50 mm and -300 mm, 
respectively). The tests were performed at zero stress 
ratio (R=O or Smi.=O). From the tables in ref. I3 the 
average crack rates in the intervals 2/=0,2-0.3, 
0.3-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.8 and 0.8-1.0 
inches were calculated and plotted in fig. 18 as a func- 

~ ” ~ ~ , ~ ” , ~ ~ ~ ~ ~ ~ , ~ ~ - . , ~ ~ , ~ ~ ~  R.0 (Il,” -0) 

t lo 
d,, d” 50 
I”/ii, 

10 

0.1 

0 05 

0.02 

0 . 0 ,  

I .”’ ’ ’ ’ ’ ’ 
*+WIDTH 100.1 

- . .  mnm 
1.0 1 I / / I  

0 1 8 12 td *OT 0 1 8 ,? I6 20 11 - 
2 1  

Fig. 18 Crack rates observed in NACA tests (ref. 13) on alumi- 
nium alloy sheet specimens of different widths. 

tion of the mean crack length of the intervals. This is 
the same procedure as adopted for the present tests in 
figs 7, 8 and 9 (see section 3.1). Data points in fig. 18 
are average results of two tests. Fig. 18 shows larger 
and less systematic differences between the two sizes, 
At low values of the crack length there is a tendency 
for higher crack rates in the larger specimen which is 
opposite to the trend of the present investigation. For 
larger values of the crack length the reversed tendency 
is observed for several values of S,,., but not for all 
values, whereas this was more clearly noticed in the 

present investigation. Although the differences in the 
crack rates of the large and the small specimens in 
fig. 18 in general do not exceed a facor 1.5, they are 
not fully consistent with the present investigation. 

In ref. 19 a comparison was made between the crack 
rates in stiffened panels with widths of 3 and I I stringer 
pitches, pitch 130 mm. The material of the skin and 
the hat stringers was 7075-T6. The comparison could 
be made for one load amplitude only (Sa-3 kglmm’). 
The crack rates d//dn at /=20 mm and /=40 mm were 
practically the same in the panels with 3 and 1 I strin- 
gers. This should not he an unexpected result by now, 
since the effect of width for an unstiffened panel is 
small if not negligible. Hence, if the crack in an 
unstiffened panel is unconscious of the width of the 
panel in which it is growing it might well be expected 
that a stiffening will further stimulate this uncon- 
sciousness. 

4.7 Concluding remarks 

From the previous sections it may be concluded that 
the effect of sheet width on the crack propagation rate 
(in millimeters per cycle) is small and practically 
negligible as long as the crack length is not too large, 
say not larger than 30% of the sheet width. This seems 
to be a conclusion of practical significance, since it 
implies that in adopting crack rate data from other 
sources one need not worry about a size effect. Second- 
ly, i t  implies that crack propagation data obtained on 
structural panels will apply to the complete structure 
into which the panel is integrated (provided that 
loading conditions are the same). 

The main reason for focussing attention on the 
concept of the stress intensity factor was that this 
concept has a rational background, that it is con- 
firmed by experimental evidence and that it describes 
quite well the small width effect as found in the 
present investigation. In other words, one might 
flatter oneself that this effect is reasonably well under- 
stood which is a prerequisite for generalizing the 
conclusions in the preceding paragraph. 

Although the width effect on fatigue crack propaga- 
tion is small, generalizing of data from various sources 
is notjustified in view of several other parameters which 
systematically affect the crack rate. Recent investiga- 
tions of this laboratory on sheet material of aluminium 
alloys have shown a considerable influence of the mean 
stress S, (or the stress ratio R) (ref. 4), and systematic 
influences of the ductility (ref. 6) and the sheet thick- 
ness(ref. 5). Crack rates were consistently higher in  the 
alloy heat-treated to a high strength and a low ductility 
and also systematically higher in the thicker sheet 
material. Finally, crack propagation tests on 2024-T3 
Alclad sheet material from six different manufacturers 
(results still to be published) have also revealed con- 
sistent differences to a maximum ratio of ahout two, 
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although the static properties were virtually the same. 
In view of the foregoing it should be recommended 

to perform some crack propagation tests in the case 
when crack rate data are required for a certain project, 
and to perform these tests on the material which 
actually will be used, Le. the same thickness, the same 
heat-treatment, the same manufacturer etc. Such tests 
can be performed on simple specimens as used in the 
present investigation and although the width should 
not be too small a width in the order of 160 mm may 
be sufficient. This procedure will he more reliable than 
borrowing crack rate data from the literature and 
need not he costly. Some extrapolation of the data so 
obtained to other values of S, and S, can be made by 
adopting the trends such as found in, ref. 4, or, if R is 
kept constant, by employing the stress intensity factor. 
I t  even seems worthwhile to standardize a sheet speci- 
men for the above purpose. A specimen with a width 
of 160 mm, a length of 400 mm and a central notch as 
shown in fig. 1 is proposed here as a compromise for 
size, although it is recognized that the actual dimen- 
sions are not too important for the purpose considered. 

5 Conclusion 

Crack propagation tests on 2024-T3 Alclad spe- 
cimens with widths of 80, 160, 300 and 600 mm were 
carried out at S,=8 kg/mm2 and S.=2.5, 4 and 6.5 
kg/mm2. The results and a comparison with crack 
propagation theories have led to the following con- 
clusions : 

I .  The effect of the sheet width on the crack propaga- 
tion rate (in millimeters per cycle) was small and 
practically negligible as long as the crack was not 
larger than about 30% of the sheet width. 

2. The small effect of the sheet width was well predicted 
by the stress intensity factor concept. I t  was in 
complete disagreement with Weihull's theory. 

3. It is thought that the first conclusion will apply to 
other aluminium alloys and also to stiffened panels 
of these alloys. This may be important with respect 
to panel testing for an actual aircraft structure. 

4. Although the width effect seems to be relatively 
unimportant for fatigue-crack propagation in alumi- 
nium alloy sheet material generalizing of crack pro- 
pagation data is not always justified in view of other 
parameters than the sheet width, such as the mean 
stress, the sheet thickness, the loading frequency, 
the heat treatment and the manufacturer. Recent 
tests have shown systematic influences of these fac- 
tors. 

5 .  For design purposes, it should be recommended to 
perform some simple crack propagation tests, rather 
than adopting crack rate data from the literature. 
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TABLE 1 

Crack Dropgation records for Sa = 2.5 kg/mmz 

width (mm) 80 160 

specimen 6B2L 6B2R 6BIL 6BlR 7Bl 3E2 6E2 
~ - ~ ~ 

It - I, AH A" Z A n  A" A n  CA" 
(mm) (kc) (kc) (kc) (kc) (kc) (kc) 

2- 3 154.2 161.4 84.0 142.3 135.7 - 111.2 136.5 150.0 132.5 - 
3- 4 51.4 60.2 61.5 69.2 60.6 60.6 39.4 104.8 66.5 70.2 70.2 
6 5  29.2 20.8 23.7 38.3 28.0 88.6 21.6 28.4 31.8 27.2 97.4 
5- 6 10.4 22.0 13.8 16.2 14.3 102.9 11.2 18.1 16.5 15.3 112.7 
6- 7 10.5 15.9 13.6 12.6 13.2 116.1 10.7 12.5 11.6 11.6 124.3 
7- 8 10.4 7.9 7.2 10.0 8.9 125.0 8.4 8.5 9.9 9.0 133.3 
8- 9 6.7 2.9 6.5 8.6 6.2 131.2 7.1 8.0 8.8 8.0 141.3 
9-10 6.1 7.3 6.5 9.0 7.2 138.4 5.2 8.1 6.2 6.5 147.8 

10-12 9.6 7.0 8.3 8.7 8.4 146.8 8.5 9.5 11.1 9.7 157.5 
12-14 7.1 6.5 6.6 8.2 7.1 153.9 6.3 7.7 7.9 7.1 164.6 
14-16 4.4 5.3 4.7 5.4 4.9 158.8 5.3 7.1 7.2 6.6 171.2 
16-18 3.0 3.9 4.1 4.5 3.9 162.7 3.9 4.6 5.2 4.5 175.7 
18-20 2.4 3.2 2.1 2.9 2.6 165.3 3.5 4.2 4.0 3.9 179.6 
20-25 3.0 2.9 3.1 3.0 168.3 5.8 7.7 6.9 6.8 186.4 
25-30 0.8 1.0 0.7 0.8 169.1 3.4 5.0 4.9 4.4 190.8 
30-35 2.1 1.9 2.9 2.3 193.1 
35-40 1.4 1.9 1.8 1.7 194.8 
4&45 0.7 1.1  1.0 0.9 195.7 
45-50 0.5 0.8 0.5 0.6 196.3 

0.5 196.8 50-60 0.5 

Crack propagation records for S, = 2.5 kg/mm2 

width (mm) 300 600 

2-3 153.6 
3 4  92.2 
4-5 33.9 
5-6 17.0 
6 7  15.4 
7-8 8.1 
8-9 8.2 
9-10 6.9 

10-12 11.4 
12-14 9.4 
14-16 5.4 
1618  5.9 
1 8-20 4.6 
20-25 8.0 
25-30 5.4 
30-35 3.1 
3 5 4  2.6 
4045  2.0 
45-50 1.5 
50-M) 1.9 
60-70 1.3 
70-80 0.8 
80-90 0.4 
90-100 0.15 

100-120 0.1 
120-140 
IWIM) 

153.2 134.0 124.6 ~ 

45.9 68.2 68.8 68.8 
33.9 41.3 36.3 105.1 
19.9 18.2 18.4 123.4 
14.9 - 15.2 138.7 
8.8 - 8.4 147.1 
9.0 9.3 8.8 155.9. 
9.0 6.9 7.6 163.5 

10.6 12.3 11.4 174.9 
9.3 9.8 8.0 182.9 
8.1 4.6 6.0 188.9 
- 5.9 5.9 194.8 
- 4.6 4.6 199.4 
- 9.0 8.5 207.9 
5.6 5.2 5.4 213.3 
3.9 3.7 3.6 216.9 
2.8 3.0 2.8 219.7 
2.2 2.0 2.1 221.8 
1.5 1.5 1.5 223.3 
2.4 2.0 2.1 225.4 
1.3 1.3 1.3 226.7 
0.9 0.7 0.8 227.5 
0.4 0.4 0.4 227.9 
0.1 0.1 0.1 228.0 
0.1 0.1 228.1 

148.9 139.9 171.7 
99.5 98.3 53.6 
32.7 29.0 31.5 
23.0 18.5 19.8 
15.1 14.6 20.4 
9.4 7.3 12.2 
8.3 8.4 8.6 
8.9 7.2 8.0 

11.1 10.0 10.0 
9.4 8.8 8.2 
6.7 7.1 7.1 
6.2 4.7 6.0 
4.4 4.3 4.4 
9.2 8.2 9.0 
5.8 5.4 5.2 
4.1 3.8 4.2 
3.1 3.5 3.0 
3.0 2.0 1.8 
1.6 1.5 2.0 
2.9 2.5 2.4 
1.9 I .7 1.6 
1.3 0.8 1.3 
0.9 0.8 0.8 
0.6 0.4 0.5 
0.5 0.4 0.4 
0.3 0.1 0.4 
0.1 0.1 0. I 

151.9 - 
87.1 87.1 
32.1 119.2 
20.4 139.6 
16.5 156.1 
9.7 165.8 
8.4 174.2 
8.0 182.2 

10.4 192.6 
8.8 201.4 
7.0 208.4 
5.6 214.0 
4.4 218.4 
8.8 227.2 
5.5 232.7 
4.0 236.7 
3.2 239.9 
2.1 242.0 
1.7 243.7 
2.6 246.3 
1.7 248.0 
1.1 249.1 
0.8 249.9 
0.5 250.4 
0.4 250.8 
0.3 251.1 
0.1 251.2 
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TABLE 2 

Crack propagation records for Sa = 4 kg/mm2 

2-3 
3 4  
4-5 
5-6 
6-7 
7-8 
8-9 
9-10 

10-12 
12-14 
14-16 
16-18 
18-20 
20-25 
25-30 
30-35 
3 5 4 0  
4 w 5  
45-50 
50-60 

18.9 21.7 
6.8 9.8 
5.3 6.7 
4.1 3.1 
3.2 4.1 
3.1 3.2 
2.4 2.2 
2.0 3.0 
3.0 2.8 
2.0 2.6 
1.4 1.3 
0.8 1.2 
0.6 0.6 
0.8 0.8 

0.2 

10.9 
6.5 
5.8 
3.4 
3.2 
2.8 
2.1 
I .9 
2.5 
2.0 
I .4 
I .o 
0.7 
0.7 
0. I 

13.6 16.2 - 21.4 15.2 
6.5 7.1 7.1 9.8 10.2 
5.5 5.8 12.9 4.3 4.8 
4.0 3.7 16.6 4.2 5.7 
3.3 3.4 20.0 3.5 2.3 
2.3 2.8 22.8 2.1 2.8 
2.2 2.2 25.0 1.9 2.4 
1.7 2.0 27.0 1.9 2.5 
2.3 2.7 29.7 2.6 3.3 
I .9 2.1 31.8 2.1 2.3 
1.2 1.3 33.1 1.5 2.0 
0.6 0.9 34.0 1.1 1.5 
0.5 0.6 34.6 0.9 1.2 
0.6 0.7 35.3 1.5 2.4 
0.1 0.1 35.4 1.1 1.2 

0.6 0.8 
0.4 0.4 
0.2 0.3 
0.2 0.2 
0.1 0.1 

12.9 
10.5 
5.9 
3.4 
3.5 
5.3 
2.5 
3.1 
2.5 
1.6 
1.2 
0.6 
1.2 
2.0 
1.1 
0.8 
0.5 
0.3 
0.2 
0.1 

19.0 17.1 
7.6 9.5 
6.3 5.3 
4.8 4.5 
3.5 3.2 
2.5 3.2 
2.6 2.4 
1.9 2.3 
3.3 2.9 
2.3 2. I 
1.8 I .6 
1.5 1.2 
1.2 1.1 
I .7 1 .9 
0.9 1.1 
0.6 0.7 
0.4 0.4 
0.3 0.3 
0. I 0.2 

0.1 

- 
9.5 

14.8 
19.3 
22.5 
25.7 
28.1 
30.4 
33.3 
35.4 
37.0 
38.2 
39.3 
41.2 
42.3 
43.0 
43.4 
43.7 
43.9 
44.0 

2-3 
3 4  
4-5 
5-6 
6-7 
7-8 
8-9 
9-10 

10-12 
12-14 
14-16 
16-18 
18-20 
20-25 
25-30 
30-35 
3 5 4  
4 w 5  
45-50 
50-60 
6%70 
70-80 
80-90 
90-100 

100-120 

14.8 13.2 
9.7 9.4 
6.4 7.6 
5.1 3.2 
3.6 3.7 
3.3 2.7 
3.1 2.5 
1.7 1.5 
3.1 3.2 
2.5 2.2 
2.2 1.9 
1.4 1.5 
1.6 I .2 
2.3 2. I 
1.5 1.3 
0.9 0.8 
0.8 0.7 
0.4 0.5 
0.4 0.3 
0.5 0.4 
0.3 0.3 
0.2 0.2 
0.1 0.1 

18.5 
7.0 
6.4 
4.5 
3.3 
2.8 
2.3 
2.5 
3.0 
2.2 
2.1 
1.3 
1.2 
2.2 
1.3 
0.9 
0.7 
0.6 
0.3 
0.4 
0.2 
0.1 

15.5 
8.7 
6.8 
4.3 
3.5 
2.9 
2.6 
1.9 
3.1 
2.3 
2. I 
I .4 
1.3 
2.2 
1.4 
0.9 
0.7 
0.5 
0.3 
0.4 
0.3 
0.2 
0.1 

- 
8.7 

15.5 
19.8 
23.3 
26.2 
28.8 
30.7 
33.8 
36.1 
38.2 
39.6 
40.9 
43.1 
44.5 
45.4 
46.1 
46.6 
46.9 
47.3 
47.6 
47.8 
47.9 

13.4 
9.4 
5.7 
4.9 
3.7 
2.8 
2.3 
2. I 
2.8 
2.6 
2.1 
I .7 
1.1 
2.0 
I .4 
0.9 
0.6 
0.4 
0.3 
0.6 
0.3 
0.2 
0.15 
0.1 
0.1 

13.0 
9.5 
6.4 
4.6 
3.4 
2.7 
2.6 
2. I 
3.2 
2.5 
2.2 
1.6 
I .4 
2.3 
1.4 
0.9 
0.6 
0.5 
0.4 
0.5 
0.4 
0.2 

12.6 
8.4 
5.6 
5.3 
3.8 
2.8 
2.9 
2.2 
3.6 
2.9 
2.3 
1.6 
1.4 
2.4 
1.5 
1.1 
0.8 
0.6 
0.4 
0.6 
0.4 
0.3 
0.2 
0.1 
0.1 

13.0 
9.1 
5.9 
4.9 
3.6 
2.8 
2.6 
2.1 
3.2 
2.1 
2.2 
1.6 
1.3 
2.2 
1.4 
1.0 
0.7 
0.5 
0.4 
0.6 
0.4 
0.2 
0.2 
0.1 
0.1 

- 
9.1 

15.0 
19.9 
23.5 
26.3 
28.9 
31.0 
34.2 
36.9 
39.1 
40.7 
42.0 
44.2 
45.6 
46.6 
47.3 
47.8 
48.2 
48.8 
49.2 
49.4 
49.6 
49.7 
49.8 



112 

TABLE 3 
Crack propagation records for S- = 6.5 kg/mm2 

width (mm) 80 160 

specimen 4E1 8B2 4B1 4B2 4E2 8B1 IF1 1DI 
- - - - 

Id - I, An An Z A n  An An Z A n  
(mm) (kc) (kc) (kc) fkc) (kc) (kc) 

2-3 4.8 4.7 3.8 5.2 4.6 - 3.6 3.3 4.0 3.6 3.6 - 
3 4  2.8 2.9 2.7 1.8 2.6 2.6 2.7 2.1 3.0 2.6 2.8 2.8 
4-5 1.9 1.8 1.8 2.0 1.9 4.5 1.1 1.7 2.6 2.0 2.0 4.8 
5-6 1.4 1.4 1.6 1.2 1.4 5.9 1.6 1.2 0.6 1.1 1.2 6.0 
&7 1.2 1.0 0.9 0.9 1 .O 6.9 1.2 1.1 1.0 1.0 1.1 7.1 
7-8 0.8 0.8 0.7 0.8 0.8 7.7 0.9 0.9 0.8 0.8 0.9 8.0 
8-9 0.7 0.8 0.6 0.5 0.6 8.3 0.8 0.5 0.8 0.6 0.7 8.7 
9-10 0.5 0.4 0.5 0.5 0.5 . 8.8 0.6 0.5 0.5 0.5 0.5 9.2 

10-12 0.7 0.8 0.7 0.7 0.7 9.5 0.9 0.9 0.9 0.7 0.8 10.0 
12-14 0.4 0.5 0.4 0.5 0.5 10.0 0.7 0.6 0.6 0.4 0.6 10.6 
14-16 0.3 0.3 0.3 0.2 0.3 10.3 0.6 0.4 0.5 0.3 0.4 11.0 
16-18 0.2 0.1 0.2 0.2 0.2 10.5 0.4 0.3 0.3 0.3 0.3 11.3 
18-20 0.1 0.1 0.1 0.1 0.1 10.6 0.3 0.3 0.3 0.2 0.3 11.6 
20-25 0.1 0.1 0.1 0.1 10.7 0.5 0.4 0.4 0.3 0.4 12.0 
25-30 0.3 0.3 0.4 0.2 0.3 12.3 
30-35 0.2 0.2 0.1 0.2 0.2 12.5 
3 5 4 0  0.2 0.1 0.1 0.1 12.6 
4 0 4 5  0.1 0.05 0.05 0.05 12.65 

- 

Crack propagation records for S. = 6.5 kg/mm2 

width (mm) 300 6W 

2-3 
3-4 
4-5 
5-6 
6-7 
7-8 
8-9 
9-10 

1w-12 
12-14 
14-16 
16-18 
18-20 
2&25 
25-30 
3&35 
35-40 
40-45 
45-50 
50-60 
60-70 

4.8 4.5 
3.1 3.1 
1.8 1.8 
1.6 1.5 
1.3 1.3 
0.8 0.9 
0.8 0.8 
0.5 
0.9 
0.7 0.7 
0.5 0.4 
0.4 0.3 
0.3 0.3 
0.6 0.5 
0.4 0.3 
0.3 0.2 
0.2 0.2 
0.15 0.15 
0.1 0.1 
0.15 0.15 
0. I 

- 
- 

3.2 
2.2 
2.0 
1.6 
1.4 
0.9 
0.8 
0.6 
1 .0 
0.6 
0.5 
0.3 
0.4 
0.6 
0.4 
0.3 
0.2 
0.15 
0.1 
0.15 
0.1 

4.2 
2.8 
1.9 
1.6 
1.3 
0.9 
0.8 
0.6 
0.9 
0.7 
0.5 
0.3 
0.3 
0.6 
0.4 
0.3 
0.2 
0.15 
0.1 
0.15 
0.1 

- 
2.8 
4.7 
6.3 
7.6 
8.5 
9.3 
9.9 

10.8 
11.5 
12.0 
12.3 
12.6 
13.2 
13.6 
13.9 
14.1 
14.25 
14.35 
14.5 
14.6 

4.7 
3.4 
1.8 
1.6 
1.2 
1 .0 
0.7 
0.6 
1.1 
0.5 
0.5 
0.4 
0.3 
0.5 
0.3 
0.2 
0.2 
0.15 
0.1 
0.15 
0.1 

4.7 
2.5 
2.6 
1.8 
1.2 
0.8 
0.7 
0.5 
0.8 
0.6 
0.5 
0.2 
0.3 
0.4 
0.3 
0.1 
0.2 
0.15 
0.1 
0.15 
0.1 

4.7 
2.9 
2.2 
1.7 
1.2 
0.9 
0.7 
0.6 
0.9 
0.6 
0.5 
0.3 
0.3 
0.5 
0.3 
0.2 
0.2 
0.15 
0.1 
0.15 
0.1 

- 
2.9 
5.1 
6.8 
8.0 
8.9 
9.6 

10.2 
11.1 
11.7 
12.2 
12.5 
12.8 
13.3 
13.6 
13.8 
14.0 
14.15 
14.25 
14.4 
11.5 

TABLE 4 
Etfect of specimen width on the crack length at which the transition from tensile mode to shear mode is completed (It,)). 

Width (mm) 80 I60 300 600 
- 

Sa (ks/mz) It, (mm) Mean') I , ,  dl/dnz) (mmjkc) 

2.5 20 19 20.5 20 20 0.6 
4 13 10.5 11.5 12 12 0.7 
6.5 8 7.5 7.5 8 8 I .2 

1) mean for all values of thespecimen width. crack rate correspondingto the crack length in the preceding column. 




