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SUMMARY

Axial load fatigue tests have been carried out on keyhole-notched (K,= 3-1)
specimens of D6AC steel (UTS — 1,600 MPa) in very dry air and in air fully saturated
with water vapour. These included tests under constant-amplitude and four-load-range
program loading in both environments. Estimates were made of crack initiation and
propagation lives, and crack propagation rates, from the ‘program markings’ on the
fracture surfaces.

Under the four-load-range (standard) program loading sequence used in this investi-
gation, the total fatigue lives in a fully water-saturated air environment were about 35,
of those in very dry air. Other tests in which the two highest-load-range cycles in each
program of 2594 cycles in the sequence were omitted (truncation) reduced the total
fatigue lives by about 40°, and 50 respectively in the wet and dry air environments.

In wet air the crack initiation life under the standard program was about half that
in dry air, and the propagation life to failure about one-third of that in dry air. The average
crack propagation rate in wet air was up to three times faster than that in dry air. This
indicates that the environment has a greater effect on the crack propagation phase than
on the crack initiation phase of the fatigue process.

Fatigue life predictions for the programmed loading cases were made using the
constant-amplitude fatigue data and the simple Palmgren—Miner linear cumuldtive
damage hypothesis. For both environments, the predicted program lives were less than the
actual lives, the ratio predicted|actual being about 036 under dry air and about 0- 33 under
wet air conditions. Thus, under the particular sequence of loads and environments used, the
predictive method was conservative.

POSTAL ADDRESS: Chief Superintendent, Aetonautical Research Laboratories, \
Box 4331, P.O., Melbourne, Victoria, 3001, Australia.




" " e

DOCUMENT CONTROL DATA SHEET
Security classification of this page: Unclassified

1. Document Numbers: 2. Security Classification:
(a) AR Number: (a) Complete Document:
AR-000-857 Unclassified
(b) Document Series and Number: (b) Titile in Isolation:
ARL Structures Report—366 Unclassified
(c) Report Number: (c) Summary in Isolation:
ARL/Struc.—Rept.—366 / Unclassified
3. Title: ACTUAL AND PREDICTED FATIGUE LIVES OF D6AC STEEL IN VERY
DRY AND FULLY WATER SATURATED AIR ENVIRONMENTS —
4. Personal Authors: 5. Document Date:
J. Y. Mann, October, 1977
D. S. Kemsley

6. Type of Report and Period Covered:
Report

. Corporate Author(s):

Aeronautical Research Laboratories

8. Reference Numbers:
(a) Task: RD. 73

(b) Sponsoring Agency: DST 76/155

9. Cost Code:
257021
10. Imprint: 1. Computer Programs:
Aeronautical Research Laboratories, 1977 (Title(s) and language(s)):
Not Applicable
12. Release Limitations (of the document): Approved for Public Release

12-0. Overseas: No. PR. | 1 A B C D E

13. Announcement Limitations (of the information on this page): No Limitation -

15. Cosati Codes:

14. Descriptors:

Fatigue life Air Steels D6AC Steel 2012
Humidity Moisture content Fatigue (Materials) 1113
Water vapour  Environments Corrosion environments

Cracking (Fracturing)

ABSTRACT

Axial load fatigue tests have been carried out on keyhole-notched (K, = 3-1)
specimens of D6AC steel (UTS = 1,600 MPa) in very dry air and in air fully saturated
with water vapour. These included tests under constant-amplitude and four-load-range
program loading in both environments. Estimates were made of crack initiation and
propagation lives, and crack propagation rates, from the ‘program markings’ on the
fracture surfaces.

Under the four-load-range (standard) program loading s uence used in this investi-
gation, the total fatigue lives in a fully water-saturated air environment were about 35°,,
of those in very dry air. Other tests in which the two highest-load-range cycles in each
program of 2594 cycles in the sequence were omitted (truncation) reduced the total
Jatigue lives by about 40°,, and 50°, respectively in the wet and dry air environments.

In wet air the crack initiation life under the standard program was about half that
in dry air, and the propagation life to failure about one-third of that in dry air. The average
crack propagation rate in wet air was up to three times faster than that in dry air. This
indicates that the environment has a greater effect on the crack propagation phase than
on the crack initiation phase of the fatigue process.

Fatigue life predictions for the programmed loading cases were made using the
constant-amplitude fatigue data and the simple Palmgren-Miner linear cumulative
damage hypothesis. For both environments, the predicted program lives were less than the
actual lives, the ratio predicted|actual being about 0+ 36 under dry air and about 033 under
wet air conditions. Thus, under the particular sequence of loads and environments used, the
predictive method was conservative.

Fatigue tests Crack propagation
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1. INTRODUCTION

A considerable amount of research has been carried out on materials, components and
structures to assess the effects of multi-load-level histories on fatigue life. Most of this work has
been done under ‘normal’ laboratory conditions in which wide variations in temperature and
humidity would not usually be expected. In subsequent service-life estimates made using such
fatigue data, it is not common to consider the extremes of the environment to which the product
may be subjected during its operational life or to assess how variations in such conditions may
influence the predicted and actual lives.

Itis now well established, however, that in an environment of air saturated with water vapour,
fatigue crack propagation rates can be much faster and the total fatigue lives much less than in an
unsaturated air environment (Refs 1 and 2). Although intermediate humidities have been used
by a number of investigators (for example see Refs 3 and 4) there has been little attention given
to comparing fatigue behaviour under multi-load-level fatigue loading sequences in the two
extreme environmental conditions—very dry air containing virtually no water vapour, and air
fully saturated with water vapour.

Previous work by the authors (Ref. 5) on ultra-high-strength SAE 4340 steel using a
four-load-range program load sequence, indicated a difference in average fatigue life by a factor
of about five for specimens tested in the very dry and fully water saturated air environments
respectively. This work has now been extended to include D6AC steel, and has been supported
with constant-amplitude fatigue tests at each of the four different load ranges used in the
program-load tests so that comparisons could be made of the actual and predicted lives
under the two extreme environmental conditions. This report presents the findings of the first
phase of an investigation into the influence of water-containing air environments on the fatigue
behaviour of D6AC steel heat treated to an ultra-high-strength level.

2. MATERIAL AND TEST PROCEDURES

2.1 Material and Test Specimens

The key-hole notched specimens of K; = 3-15 (Fig. 1) used in this investigation were taken
in the longitudinal direction from three bars of a batch of 90 mm x 25 mm D6AC steel bar
(Laboratory designation EM) manufactured in accordance with the U.S. Specification A.M.S.
6431, issue of 30 June 1964. The average chemical composition of this batch of material,
together with the Specification ranges, are given in Table 1.

TABLE 1
Chemical Composition of D6AC Steel Test Material

Element Test Material (°,,) Specification
A.M.S. 6431 (%)

Carbon 0-46 0-45to 0-50
Manganese 0-78 0:60 to 0-90
Molybdenum 1:25 0:90to 1-10
Nickel 0-57 0-40 to 0-70
Chromium 1-07 0:90to 1-20
Vanadium 0-11 0-08to0-15
Silicon 0-22 0-15t0 0-30
Sulphur 0-003 0-015 max.

Phosphorus 0-003 0-015 max.




Specimens were rough machined from the normalised bars to approximately 1:25 mm
oversize and then heat treated to the following schedule:

Austenitize in salt at 930+ 5°C for 4 hour at temperature;

Quench into salt at 520 4-5°C and hold for 4 hour (ausbay quench);

Quench into hot circulating oil at 50°C to 60°C;

Temper in salt bath at 580+ 5°C for | hour, and air cool;

Re-temper in salt bath at 580-4-5°C for 1 hour and air cool.

Finish machining of the test section included grinding the 14 mm diameter, and fly-cutting
(with a carbide-tip tool) the 100 mm radii. After fly-cutting, the two faces of the test section were
machine polished longitudinally (under a stream of water) using silicon carbide wet and dry
papers finishing with 200 strokes of 600 grit paper. The two circular holes forming the stress
concentrator were then drilled with 2-0 mm high speed steel drills and finish reamed with 2:2 mm
diameter solid carbide reamers, the connecting slot being produced by spark machining. Finally,
the faces were lightly hand polished with 600 grit paper to remove machining burrs at the stress
concentrator. Immediately prior to testing, the specimens were cleaned ultrasonically for 10
minutes in a detergent solution, washed in hot water, then in alcohol, and dried in hot air.

Table 2 gives the static tensile properties of the heat-treated material determined using
10 mm diameter test specimens.

TABLE 2
Static Tensile Properties of Heat-treated Material
Property Minimum | Maximum Average Standard Coeff. of
*) deviation variation
0-19, proof stress 1365 1395 1380 10 0-007
(MPa)
0-29, proof stress 1390 1420 1415 13 0-009
(MPa)
Ultimate tensile 1545 1570 1555 10 0-006
strength (MPa)
Elongation (9%,) 11-5 12-5 12-0 0-4 0-033

* Average of 6 tests.

2.2 Fatigue Loading Conditions

A Losenhausen UHS20 hydraulic pulsator was used for the fatigue tests. All specimens
were mounted vertically in the testing machinc and loaded axially under repeated tension.
Most of the specimens tested under spectrum loading were subjected to the four-load-range
(““standard’’) program shown in Fig. 2. which contained a total of 2594 cycles per program, and
which was derived from a flight load spectrum for a military aircraft. In addition, three program-
load tests were made using the same program loading sequence except that the two cycles at the
maximum load range were omitted and two additional cycles included at the lowest load range
(the “truncated” program). Each test was begun at the lowest load range in the program, and
fatigue cycling was continued until complete fracture of the specimen occurred. Constant-
amplitude fatigue tests to complete fracture were also made under loading conditions corresponding
to each of the four load ranges of the program-load tests.

Under the particular machine control conditions used, the cyclic wave form was triangular
(saw-tooth), with a faster rate of unloading per cycle than of loading. In a given test, the rates
of loading and of unloading respectively were constant in each of the four load ranges in the
program. Consequently, the “frequency of cycling™ in each load range depended on the magnitude
of the corresponding maximum load, and the relevant details are given in Table 3.
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TABLE 3
Rates of Loading and Unloading and Cyclic Frequencies
Rate of loading and
S o . Rate of
unloading in each Cyclic frequency (Hz) at load range
cycle (MPa/s) P rl‘z) gar:m
application
1 2 3 4 average/ | (programs/
loading unloading program hour)
495 1580 1-1 0-7 0-6 0-5 0-9 1-25

Six specimens were fatigue tested in both the “dry™ and “wet” air environments under the
standard program loading sequence shown in Fig. 2, and five under constant-amplitude at each
of the four load ranges (again in both environments), giving a total of 52 specimens. Of the
three program-load tests made using the truncated program, two were done under “dry” air
conditions and one under ‘“‘wet” conditions. Both program and constant-amplitude sequences
were continuously recorded during the fatigue tests through strain gauges mounted on one of the
loading columns of the pulsator.

2.3 Environmental Conditions

In every case the fatigue specimens were cnclosed in an environmental chamber containing
either “dry” or ‘‘wet” air. The chamber consisted of a horizontal rectangular-section tube
70 mm x 100 mm x 500 mm long made of polymcthylmethacrylate, which could be separated
in the middle for the insertion and removal of the specimen from the testing machine. Fig. 3
illustrates the chamber mounted in position. ~

“Dry"™ air conditions were achieved by using commercial ‘‘Medical dry breathing air’* which
contained less than | g of water vapour per kg of dry air. This was supplied from a bank of
standard compressed air cylinders connected to the environmental chamber through pressure
reducing valves and a flow meter by a flexible rubber hose. The flow rate adopted was approxi-
mately 2-5 I/min. After passing through a fan-agitated mixing chamber the air passed continually
through the notch and around the specimen and then out through an open chimney at the other
end of the box. In order to ensurc that the test conditions in the environmental chamber could be
maintained irrespective of temperature changes in the surrounding laboratory atmosphere the
specimen temperature was controlled at 35 ' 1'C by means of a small electrical heating coil
around the specimen test section. This coil had widely spaced windings to allow free access of
the environment to the stress concentrator. Both the specimen temperature and humidity were
continuously monitored throughout the tests. In all **dry™ air cases the relative humidity of the
air at the test specimen was less than 29,

Fully water saturated (“‘wet”) air conditions were obtained by bubbling the compressed
medical dry breathing air (at the same flow rate) through a 25 mm deep water bath which was
situated in the mixing chamber and maintained at a temperature of 46°C. This provided, at the test
specimen, air fully saturated with water vapour, i.c. 100%, R.H. or condensing conditions, at a
temperature of 35°C. The heating coil surrounding the specimen was not electrically connected
during tests at the 100°, R.H. conditions.

A period of approximately one hour was rcquired after inserting the specimen in the testing
machine for the environmental chamber to stabilize cither the dry or wet air conditions. No load
was applied to the specimens during this period.

2.4 Fractography

After removing the broken specimens from the testing machine, the pieces were cleaned
ultrasonically, washed in hot water, then in alcohol and dried in a hot air stream. The specimens
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tested in dry air presented a clean uncorroded fracture appearance, but some of the fractures of
specimens tested in wet air still exhibited surface corrosion.

Most fracture surfaces were initially examined under low power (up to 30 - )in a stereoscopic
microscope, while selected specimens—both program-loading and constant-amplitude —were
examined in a scanning electron microscope at up to 500 - . These included specimens tested
under the standard program in both wet and dry air, and one specimen from each constant-
amplitude load range/environmental testing condition.

Macrophotographs were taken of the fracture surfaces of all program-loaded specimens,
and 20 enlargements used to determine the crack propagation lives and estimate the fatigue
lives to crack initiation. This was done by drawing a radial line from what was assumed to be the
origin of the longest crack, and then counting back the number of repetitions of an apparently
recurring feature which was considered to correspond to the same point in each program. This
gave a measure of the number of programs of crack propagation. For specimens tested in dry air
it was possible to count back to within an absolute dimension of about 0-1 mm of the origin,
whereas for specimens tested in wet air it was not possible to identify positively markings at closer
than about 0-7 mm from the origin. However, extrapolation of plots of crack length versus
programs for the wet air specimens enabled an estimate to be made—to an accuracy of about
one program—of the number of programs at which the crack length was 0-1 mm. Taking
0-1 mm as the datum, the “initiation™ life was then obtained as the difference between the total
programs to failure and the number of “programs™ counted or estimated on the fracture surfaces.

Measurements of the spacing of the program markings enabled an estimate to be made of
the extent of crack propagation per program, and hence of the crack propagation rate per
program, da/dN.

3. RESULTS

3.1 Fatigue Tests

The results of the standard and truncated program load fatigue tests in both the ““dry” and
“wet” environments are given in Table 4, whilc the constant-amplitude test results are detailed
in Table 5 and shown on the S/N diagram, Fig. 4. The average S/N curves were derived from a
least-squares analysis of the data with the assumptions of a log normal distribution of lives and
that the S/N curve could be adequately defined by a polynom:al function.

3.2 Fractography

Well-defined macroscopic bands were exhibited on the fracture surfaces of all specimens
tested under program-loading in dry air. The fractures of the standard-program load specimens
were characterised by the presence of narrow dark bands (Fig. 5(a)), which were absent in the
specimen tested under the truncated program (Fig. 5(b)). It was therefore assumed that the
narrow dark bands were associated with crack propagation under the two cycles per program of
the highest load range (Stage 4). However, although crack propagation under Stage 3 loads of
the sequence was identifiable on the fracture surfaces of standard program load specimens on
both sides of the narrow dark bands, the associated boundaries were too indistinct to permit
measurement. In addition, the pattern of bands was not as obvious on the truncated-program
specimen fracture surface as on those of specimens tested under the standard-program. Bands
were also apparent on the fracture surfaces of all spccimens tested in wet air—see, for example,
Fig. 5(c). However, they were fewer in number, less clearly defined, and more widely spaced than
for the corresponding specimens tested in dry air.

When viewed in the scanning electron microscope, the fracture surfaces of specimens tested
at each load range under constant-amplitude conditions in dry air exhibited a flat but somewhat
dimpled appearance. With decreasing load range the only obvious difference was that the extent
of what appeared to be fissures on the surface tecame progressively less. Although similar
characteristics were apparent for specimens tested in wet air at the three highest load ranges,
the fracture surface of the specimen tested at the lowest range was distinguished by the presence
of intercrystalline facets. Under program loading, areas of the fracture apparently developed by
each of the four load ranges exhibited generally similar appearances to the corresponding
fractures under constant-amplitude loading at the same crack length.
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TABLE 4
Results of Program-load Tests

Completed Failure Condition
Specimen Completed Cycles Total
Number Programs in last Cycles to
(test number) (incomplete) Failure Ascending Load Cycles
Program Descending| Range

*“Dry” air (standard program)
55 DC2 (38) 47 1296 123 214 A 4 0
55 DF2 (39) 44 1296 115432 A 4 ot
55 DAL (40) 41 1242 107 596 A 3 10
55 EC2 (52) 45 1297 118 027 A 4 1
55 EF2 (53) 52 1297 136 185 A 4 1
15 BG2 (154) 48 1296 125 808 A 4 0
log. average 46-0 120 716

(465 prog.)
log. s.d. 0-0353 0-0350
*Dry" air (truncated program)
15 BF4 (153)* 31 1302 81716 D 3 _ 4
15 BG3 (155) 29 794 76 020 A 2 124
Fully water saturated air (standard program)
55 EBI (55) 18 1297 47 989 A 4 1
55 EDL (56) 16 1257 42 761 A 3 25
55 EEI (58) 20 1177 53 057 A 2 507
55 DF1 (61) 17 1296 45394 A 4 0
55 EF1 (84) 15 1270 40 180 A 3 38
15 BDI (150) 17 1232 45330 A 3 0
log. average 17-1 45 609

(17-6 prog.)
log. s.d. 0-0429 0-0415 4
Fully water saturated air (truncated program) a
15 BE2 (152) 9 55 23 401 A I 55 ?

* Truncated program in this test contained two cycles more in Load Range 3 and two cycles less
in Load Range 1 than in the other truncated program tests.

t Zero in this column indicates failure at a load level greater than the maximum of the previous
load range, but less than the maximum of the load range at failure.




TABLE 5§
Results of Constant-amplitude Tests
Dry Air Fully Water Saturated Air
Load Aver- Aver-
range| Specimen Cycles age | Test- Specimen Cycles age | Test-
Number Cyclic| ing Number Cyclic| ing
(Test number) Fre- | Time | (Test number) Fre- | Time
quency| (hrs) quency| (hrs)
(Hz) (Hz)
4 | 55 DBI (63)t 3376 | 0-44 2-23 | 15 BGI1 (130)t 2261 | 0-42 | 1-50
56 DD2 (70) 3436 | 0-45 2-12 | 15 BE4 (135) 2393 [ 0-44 | 1-51
55 ED2 (72) 3222 | 0-44 2:03 | 15 BM3 (137) 2006 | 0-43 | 1-30
56 DF1 (78) 2979 | 0-44 1-90 | 15 BG4 (144) 2043 [ 0-43 | 1-32
56 DC1 (79) 3296 | 0-44 2-10 | 15 BM4 (147) 2108 [ 0-43 | 1-35
log. average life 3258 — — —- 2157 — —
(3-5129) | average 2-08 (3-3339) | average1-40
std. dev. of log life 0-0241 — - 0-0320 — —_
Coeff. variation 0-0069 — — —- 0-0096 — —
|
3 | 55 DA2 (65t 7188 ; C-56 3-58 | 15 BJ3 (134)t 4294 | 0-52 | 2-28
55 DB2 (67) 8215 | 0-56 4-07 | 15 BL1 (140) 4661 | 0-54 | 2-38
55 EB2 (71) 8580 | 0-55 4-30 | 15 BJ2 (143) 4681 | 0-55 | 2-38
56 DF2 (74) 6637 | 0-56 3-28 | 15 BL4 (146) 4757 | 0-55 | 2-39
56 DA1 (77) 7041 | 0-52 3-78 | 15 BE2 (149) 5475 | 0-56 | 2-74
log. average life 7497 — — — 4759 — —
(3-8749) | average 3-80 (3:6775) | average 2-43
std. dev. of log. life 0-0471 — — — 0-0382 — —
Coeff. variation 0-0122 — - — 0-0104 — —
l
2 | 55 EC1 (64) 24764 | 0-75 9-15 | 15 BK4 (132) 9746 | 0-71 | 3-81
55 DD2 (66)t 25036 | 0-73 9-48 | 15 BL2 (139) 12248 | 0-71 | 4-77
55 EG2 (68) 57139 | 0-75 | 21-12 | 15 BK3 (141) 11142 | 0-72 | 4-31
55 DE1 (69) 23561 | 0-75 8-72 | 15 BM1 (145)t| 12163 | 0-73 | 4-63
56 DE2 (76) 21791 | 0-73 8:29 | 15 BD3 (148) 12388 |0-73 | 4-70
log. average life 28 311 — — — 11492 — —
(4-4520) | average 11-37 (4-0604) | average4-44
std. dev. of log. life 0-1721 - —- — 0-0440 — —
Coeff. variation 0-0387 - — - 0-0108 - —
|
1 | 56 DB2 (75) 760 340* | 1-01 | 209-53 | 15 BM2 (129) 30628 | 0-98 | 8-64
56 DE2 (80) 696 624* | 1-05 | 184-70 | 15 BL3 (131)t | 24813 | 0-:97 | 7-08
56 DBI (81)t 448 389 1-05 | 118-44 | 15 CAl (133) 27 350 1-14 | 6-66
56 DC2 (82) 718 000* | 1-06 | 188-91 | 15 BD2 (138) 38912 | 0-99 |10-95
55 DE2 (83) 717 000* | 1-06 | 187-21 | 15 BJ4 (142) 28469 | 0-98 | 8-07
log. average life 656 842 - — — 29 679 — —
(5-8175) | average 177-76 (4-4724) | average 8-28
std. dev. of log. life 0-0937 — -~ — 0-0736 — —
Coef. variation 0-0161 - — — 0-0165 — —
I

* Runout specimens.

t+ Examined in scanning electron microscope.




Table 6 indicates the basic information derived from counting the “program™ markings on
the photographs of the fracture surfaces of the 15 specimens tested under program-loading
conditions.

TABLE 6
Program Markings
Test Test Specimen no. Total No. of Initiaticn
Condition no. EM Life “Program” Life
(Programs) Bandst (Programs)
Dry Air, 38* 55 DC2 47 19 28
Standard 39* 55 DF2 44 21 23
Program 40* 55 DAI 41 18 23
2% 55 EC2 45 20 25
S3% 55 EF2 52 22 30
154* 15 BG2 48 22 26
log. average 46 20 26
Dry Air, IS5 15 BF4 31 18 13
Truncated 155 15 BG3 29 10-14 19-15
Program log. average 30 15 15
Wet Air, 55% 55 EBI 18 6% 12
Standard 56* 55 EDI 16 6 10
Program 58 55 EEI 20 6 14
61* 55 DFI 17 6 11
84 55 EF1 15 6 9
150* 15 BDI 17 6 11
log. average 17 6 Lt
Wet air, 152 15 BE2 9 4 min. 5 max.
Truncated
Program

* Specimens used for determination of crack propagation rates.
+ From crack length of 0-1 mm.
1 Estimated, see Section 2.4.

4. DISCUSSION

Tables 4 and 5 clearly indicate that there are significant differences in the total fatigue lives
in the two extreme environmental water vapour conditions used under both the standard and a
truncated program-load fatigue sequence, and also for each of the four individual constant-

“ £}

. . wet’ air | .
amplitude load ranges. The ratios of the log. average - — lives (in cycles) under each
r

dry™ ai
condition are given in Table 7.

The constant-amplitude tests indicate an increasingly deleterious effect of environment
as the load range is reduced, and this generally supports previous findings (Ref. 6) relating to
the simultaneous actions of corrosion and fatigue stressing. Previously reported tests (Ref. 14)
on SAE 4340 steel indicated a value of about 0-2 for the ratio of fatigue lives in “wet™ and
“dry” air under the standard program-load sequence, compared with a value of 0-38 for
D6AC in the current investigation. However, in the case of the SAE 4340 tests, each of the
corresponding stress ranges was about 159, less than for the D6AC tests; and thus it is not
surprising that a greater effect of the “wet™ air environment was demonstrated by the SAE 4340
steel.

A comparison of the total lives obtained under the standard and truncated programs shows

7
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TABLE 7
Ratio of “w — afr fatigue lives
dry”’ air
Program Loading Constant-amplitude Loading, (Stages)
Standard Truncated 4 3 2 1
Program Program
0-38 0-31 0-66 0-63 0-41 <0-045

the ratios (truncated/standard) to be 0:63 and 0-51 for the “dry” and “wet” air environments
respectively; and demonstrates the beneficial effects on total life of including the two cycles of
the highest load range (stage 4) under both environments in this particular loading sequence.
Table 6 indicates that the omission of the two high load cycles in the standard program
decreases the initiation life by about half in both wet and dry air environments. The results do not
indicate whether the omission of these loads causes any significant differences in crack propagation
life, although in dry air some slight decrease is indicated. Similarly, no positive evidence of
retardation of the crack propagation rate was apparent on the fracture surfaces of standard-
program specimens after the application of the two cycles of the highest load range. :
It can also be seen from Table 6 that, under the standard program, the initiation life in wet '
air is about half that in dry air, and that the propagation life to failure in wet air is about
one-third of that in dry air. This suggests that the environment used had a more significant
effect on the crack propagation phase than on the crack initiation phase of the fatigue process.
Crack propagation rates per program (da/dN ) were derived from crack length measurements
taken on photographs of specimens tested under the standard program in both wet and dry air.
Stress intensities at different crack lengths were calculated using Newman's stress analysis for
“through” cracks emanating from a circular hole in a rectangular plate (Ref. 7). Because of the
limitations which the model imposed, some of the geometries—namely those in which the
crack did not extend over the full width of the specimen—were not amenable to this method of
analysis. The fractures of six dry, but only four of the six wet environment specimen fractures
were suitable for this purpose—see Table 6.
Composite curves (Fig. 6) of da/dN against AK for both the dry and wet air results under
standard program loading were then determined from the pooled data using linear regression
analysis. At all stress intensities up to about 90 MPa.m?, the crack propagation rate under
program-loading in wet air is greater than in dry air. For example, at 60 MPa.m? the ratio is
about 3:1. These curves exhibit similar relative slopes to those from constant-amplitude tests
on D6AC steel (Refs 8 and 9) in dry air and distilled water environments respectively. The ratios
of the slopes of the crack propagation curves (exponent “‘n’ in the Paris equation) are 2-06
(3:7/1-8) under the current program-loading conditions, and 2-48 (2-53/1-02) for the constant-
amplitude data at 1 Hz given in Ref. 9. With the limited amount of data it is not clear whether
there is any significance in the differences between these ratios. It should be noted, however,
that both of the program-load crack propagation curves incorporate average rates over four load
ranges, and represent sets of conditions in which crack retardation effects are probably present.
A comparison of the propagation lives in dry air given in Table 6 for specimens tested under
the standard and truncated programs (ratio 1-33) indicates that the propagation period is less
under the truncated program. The Wheeler model of crack retardation (Ref. 10) and a computer
program developed by Keays (Ref. 11) were used to provide a mathematical estimate of the
differences in crack propagation lives of these specimens. Details of the numerical values .
assumed for use in the Wheeler model are given in the Appendix I. |
The ratios of the estimated propagation lives (standard/truncated) for various values of the
Wheeler retardation exponent “m™ are given in Table 8. It is clear from this table that the model
predicts longer lives under the standard program, in accordance with the experimental findings.
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For the particular test conditions used in the current investigation the value of “m" must be 1-55,
in order to achieve correspondence with the experimental life ratio of 1-33. This compares with
a value of 1-3 for D6AC steel suggested by Wheeler.

Fatigue life predictions were made using the constant-amplitude fatigue data and the simple
Palmgren-Miner linear cumulative damage hypothesis, and these are detailed in Table 9. This
shows that, under both *“wet” and *dry” air conditions the maximum theoretical fatigue
damage is caused by load range 2, and that the two cycles per program of load range 4 cause
virtually no damage. However, the distribution of damage under the load spectra adopted is
significantly different in the two environments, particularly at the lowest load range. In all cases
the predicted lives are less than the actual lives, i.e. under the particular testing conditions
4 employed the predictive method is conservative, and the ratios of predicted/experimental lives
are similar for each pair of the standard and truncated programs. The difference in life ratios
between standard and truncated programs in wet and dry air respectively reflects the lack of
sensitivity in the predictive method to the influence of the small number of cycles of load range 4.

TABLE 8
if Calculation of Retardation Effect
Ratio of Crack Propagation
Wheeler Crack Retardation Li Standard Spectrum
Exponent (m) e Truncated Spectrum
in Dry Air
1-1 1-12
1-3 1-18
1-5 1-30
e 1-46
1-9 18=78

Note: Using a Paris exponent ‘n’ of 2-55 (Ref. 8).

Fig. 7 compares the current constant-amplitude fatigue data on specimens tested under a
“‘dry” environment with the results of tests on notched D6AC steel specimens of similar U.T.S.
and K; values obtained under axial loading at R = -+ 0-1 (Ref. 12). Details relating to these
other tests are given in Appendix II. The fatiguc lives of the current tests are significantly lower
than those reported elsewhere. For example, differences in mean lives of about 2:1 at 800 MPa
and 4:1 at 600 MPa are indicated, together with a difference of at least 209, in the average
fatigue limits. These differences may result from material variations—manufacture and heat
treatment; different procedures used in the machining of the stress concentrators; ‘“‘shape of
stress concentrator’ effects—keyhole notch versus V-groove circumferential; or differences in
the fatigue testing procedures—R values, cyclic frequencies and atmospheric environment.
Although it is not possible to assess the relative importance of these variables in comparing the
two sets of data, the differences in fatigue lives indicate the need for caution in selecting fatigue
data for design and life estimation analyses.

It is of interest to note the very low scatter in fatigue lives of the constant-amplitude data,
the average standard deviation of log. life for the *dry” and “wet” environments
being 0-081 and 0-047 respectively. However, at all load ranges the product of S,,,, % K; either
exceeds or is close to the proof stress of the material, and this provides further support for the
proposal (Ref. 13) that scatter is minimized when the above product exceeds the yield stress.
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TABLE 9
Predicted Fatigue Damage per Program and Predicted Fatigue Lives
n
Load n N N Damage
Range (log. mean) Damage (%)
per Program
“Dry” Air—Standard Program
4 2 3258 0-00061 1-03
3 128 7497 0-01707 28-72
2 1124 28 311 0-03970 66-80
1 1340 > 656 842 <0-00204 <3-43
n
E’ i <0-05943
Predicted life = >16-83 programs
Ratio predicted/experimental = 0-36
3 | |
“Dry” Air—Truncated Program
4 B = == —
F 3 128 7497 0-01707 29-02
: 2 1124 28 311 0-03970 67-49
1 1342 > 656 842 <0-00204 <3-47
2~ <0-05882
N
Predicted life = > 1700 programs
Ratio predicted/experimental = 0-58
| |
“Wet” Air—Standard Program
4 2 2157 0-00093 0-54
3 128 4759 0-02690 15-75
2 1124 11492 0-09781 57-27
1 1340 29 679 0-04515 26-44
~ 017078
N
Predicted life — 5-86 programs
Ratio predictcd/experimental = 033
|
“Wet” Air—Truncated Program
4 i el = e
3 128 4759 0-02690 15-83
2 1124 11 492 0-09781 57-56
1 1342 29 679 0-04522 2661
2 0-16992
N
Predicted life — 5-89 programs
Ratio predicted/experimental = 0-65
| |




5. CONCLUSIONS =

Under the four-load-range (standard) program loading sequence used in this investigation,
the total fatigue lives in a fully water-saturated air environment were about 359, of
those in very dry air.

. Constant-amplitude tests indicated an increasingly deleterious effect of the wet air

environment as the load range was reduced, the ratio of wet air/dry air total fatigue
lives ranging from 0-66 at the highest alternating stress (S,,, = 1000 MPa) to less
than 0-045 at the lowest alternating stréss (S,,,, = 450 MPa).

. The omission of the two highest-load-range cycles in each program of 2594 cycles

in the sequence (truncation) reduced the roral fatigue lives by about 409, and 507,
respectively in the wet and dry air environments.

. In wet air, the crack initiation life under the standard program was about half that in

dry air, and the propagation life to failure about one-third of that in dry air. The average
crack propagation rate in wet air was up to three times faster than that in dry air.
This indicates that the environment has a greater effect on the crack propagation phase
than on the crack initiation phase of the fatigue process.

. The relative slopes of the fatigue crack propagation curves (da/dN vs AK) in both the

dry and saturated air environments under standard program loading were similar to those
reported elsewhere for constant-amplitude tests in dry air and distilled water respectively.

. In accordance with the experimental findings, the Wheeler mode! of crack retardation

predicted an increase in fatigue life in thc standard, compared with the truncated
program. However, for the model to predict the experimentally determined retardation,
a value of 1-55 was required for the retardation exponent compared with 1-3 suggested
by Wheeler.

. For both wet and dry atmospheres, the lives predicted using the Palmgren-Miner linear

cumulative damage hypothesis were less than the actual lives; the ratio predicted/actual
was about 0-36 for dry air and 0-33 for wet air conditions. Thus, under the particular
load sequences and environments used, the predictive method was conservative.
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APPENDIX I-NUMERICAL VALUES USED IN WHEELER MODEL ANALYSIS

Paris Law for Crack Propagation
da

— = C(AK)"
dN k)
Wheeler Model
da .
where:: Cp = ( i > when a+ry < ap
ap—a
Cp=1 when a+ry > ap

(ry denotes the current yield zone; ap—a is the distance from the crack tip to the edge of the
previous yield zone; m is a shaping exponent; n is the slope of the Paris crack propagation
relationship, and C is a constant.)

i 1K
T )
where: K = fracture toughness :
6y = material yield strength 3
« == a parameter.
(i) Material Constants
Paris Law constant € —2x10~"*
Paris Law exponent n = 2-55 (Ref. 8)
Material yield strength oy = 1 380 MPa (200 ksi)
Plane strain fracture toughness K¢ = 90 ksi in.*
(it) Specimen Constant
Test section area = 58 mm? (0-09 in.?)
(iii) Wheeler Model Values
Initial crack half length ao = 0:025 mm (0-001 inch)
Maximum limit of crack half length Qpex = 1015 mm (0-400 inch)
Plastic zone size parameter (plane strain) o = 6m
Retardation exponent m = see Table 8.

Because the computer program developed by Keays (Ref. 11) was based on the use of Imperial
Units rather than S.1. units, the former were used in the numerical analysis. The Paris Law constant
C thus relates to “a” in inches, o in ksi, and Kjc in ksi. int.

APPENDIX II—DATA RELATING TO OTHER D6AC STEEL FATIGUE TESTS [REF. 12]
SHOWN ON FIG. 7

Material Form Die forging
Specimen Direction Longitudinal
Heat Treatment Austenitize 900°C, transfer to furnace at 510°C and hold.

Quench into salt at 190°C or oil at 60°C, air cool. Stress relieve
190° to 288°C. Double temper (552°C) for two hours to required
strength level.

Ultimate Tensile Strength 1520 to 1650 MPa (220 000 to 240 000 psi)
Type of Specimen Circular section (6:4 mm or 7:6 mm). 60° circumferential V-
groove, root radius 0:3 mm or 0-4 mm, Ky = 3
Loading Conditions Axial loading, R = +0-1
Cyclic Frequency Not stated
Environment Not stated
13
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(a) Dry air standard program (b) Dry air truncated program
Spec. no. EM 55 DF 2 Spec. no. EM 15 BG 3

2 r
L—— 6.5mm ——_‘
(c) Wet air standard program
Spec. no. EM 55 ED 1
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