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ABSTRACT

An ultrasonic technique was developed and used to observe the formation and growth
of fatigue cracks in notched cylindrical specimens subjected to reversed axial fatigue
loading. Fatigue curves showing cycles to initially detectable cracks as well as cycles
to fracture were obtained for an aluminum-, a titanium-, and a cobalt-base alloy and for
a maraging steel. Depth of initially detectable cracks ranged between approximately
0, 0005 and 0.004 in. (0.013 and 0. 10 mm). Also obtained were curves relating ultra-
sonic system output voltage to crack depths up to 0.030 in. (0.76 mm) for three mate-
rials. These curves were used to demonstrate the capability of the device for monitoring
crack growth.

ii



ULTRASONIC DETECTION AND MEASUREMENT OF FATIGUE
CRACKS IN NOTCHED SPECIMENS ™
by Stanley J. Klima and John C. Freche

Lewis Research Center

SUMMARY

An ultrasonic technique was developed and used to observe the formation and growth
of fatigue cracks in notched cylindrical specimens subjected to reversed axial fatigue
loading. Fatigue curves showing cycles to initially detectable cracks as well as cycles
to fracture were obtained for an aluminum-, a titanium-, and a cobalt-base alloy and for
a maraging steel. Curves relating system output voltage to crack depths up to about
0.030 inch (0. 76 mm) were also obtained for three of the materials. The latter curves
were used to demonstrate the capability of the device for monitoring fatigue crack
growth.

The reflection method was used while the test was in progress to detect initial fa-
tigue cracks, which ranged in depth from approximately 0. 0005 to 0. 004 inch (0. 013 and
0. 10 mm) for the materials used. The cracks generally extended around the entire
specimen circumference and were formed within approximately 10 to 40 percent of life
to fracture, depending on material and cyclic stress. Curves of system output voltage
versus crack depth for a given material were virtually the same regardless of cyclic
stress level, but were different for different materials.

Fatigue cracks were generally transgranular for all materials. At stresses well
above the fatigue limit, the fatigue macrocrack front advanced uniformly around the
specimen circumference until a point of rapidly accelerated crack growth was reached.
At lower stresses, near the fatigue limit of the notched specimen, the crack that caused
fracture usually propagated from one side of the specimen.

*To be presented in part at SESA Fall Meeting, San Francisco, Calif., Oct. 28-
Nov. 1, 1968.




INTRODUCTION

Fatigue involves the processes of crack initiation and propagation prior to fracture.
Any method that can be used to detect small fatigue cracks nondestructively during the
course of a fatigue test would be extremely useful as a research test tool. If the method
could also be used to monitor fatigue crack growth, its usefulness would be even greater.

Methods for the detection of fatigue cracks are presently available. Generally,
however, the use of each presents associated difficulties that are more or less severe,
depending on the intended application. For example, when commonly used inspection
methods, such as penetrating-liquid, magnetic-particle, and radiographic techniques,
are applied to fatigue specimens, all require interruption of the fatigue test. Additional
limitations are that the penetrating-liquid and magnetic-particle techniques can only be
used to detect cracks at or near the surface and that X-ray techniques pose problems of
safety and interpretation. Optical microscopy is probably the most positive means of
measuring the size of fatigue cracks, but this method requires highly polished surfaces
and generally involves terminating the test and sectioning the specimen before examina-
tion. A recent preliminary investigation (ref. 1) utilized microwave methods to detect
machined grooves approximately 0. 0001 inch (0. 0025 mm) deep and 0. 8 inch (20. 3 mm)
long in the surface of an untested specimen. The investigators predicted that further de-
velopment of the technique should permit the detection of even smaller cracks; however,
they did not demonstrate the applicability of the technique to specimens while they were
undergoing a fatigue test.

In order to detect fatigue cracks in a variety of materials accurately and without in-
terruption of the fatigue test, an ultrasonic method was applied in a previous investigation
(ref. 2) for the early detection of fatigue cracks in center-notched sheet specimens. In
that initial investigation, the reflection technique was used, and fatigue cracks ranging in
léngth from 0. 0005 to 0. 005 inch (0. 013 to 0. 13 mm) were detected while the tests were
in progress. Another investigator (ref. 3) used ultrasonic surface waves to detect sur-
face flaws in bending fatigue specimens, but crack sizes were not determined. Still
others (ref. 4) have applied ultrasonic inspection techniques to detect cracks 0. 003 to
0. 004 inch (0. 08 to 0. 10 mm) long in thin (0. 039 in.) (1.0 mm) center-notched steel sheet
specimens that were tested in axial fatigue.

The earlier investigation (ref. 2) was limited to axial tension fatigue tests of sheet
specimens, and the transducer design was therefore tailored for application to sheet
specimens. In the present investigation, the transducer design was altered to permit
application of the ultrasonic method to cylindrical (notched) specimens subjected to re-
versed axial fatigue loading. The reflection technique was employed during the test to
detect fatigue cracks in 2014-T6 aluminum, 5 aluminum (Al)-2. 5 tin(Sn)-titanium (Ti), a
300 grade maraging steel, and a cobalt-base alloy L-605. Fatigue curves were obtained



showing cycles to initially detectable cracks and cycles to fracture. Some specimens
were removed from test, sectioned, and examined optically to relate crack length to
system output voltage. The device was calibrated in terms of output voltage as a function
of crack depth for three materials over a range of stresses.

PRINCIPLES OF CRACK DETECTION BY ULTRASONIC
REFLECTION TECHNIQUE

The principles of ultrasonic wave propagation are described in detail in references
5 to 7. This section briefly reviews the theory involved in applying the reflection tech-
nique to the detection of fatigue cracks. The technique is similar to the use of radar in
the detection of distant objects. Acoustic energy, in the form of high-frequency waves,
is transmitted from a transducer into the test specimen. After transmission of each
pulse of energy, the transducer acts as a receiver for energy reflected from any discon-
tinuity in the specimen. The metal-air interface of a fatigue crack constitutes such a
discontinuity. The low density of air and the relatively low velocity of ultrasonic waves
in air result in an acoustic mismatch that causes the reflection of incident ultrasonic
waves. The amount of energy reflected from a crack is directly related to the crack
area, the intensity of the incident ultrasonic wave, and the orientation of the crack. In
this report, crack size is discussed in terms of the average depth of penetration around
the entire circumference of the notched cylindrical specimen.

SYSTEM DESIGN AND OPERATION

A block diagram of the ultrasonic crack-detection system is shown in figure 1. A
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Figure 1. - Crack-detection system.



commercial ultrasonic flaw detector was used in this investigation. This unit contained
a pulse generator used to drive the piezoelectric crystal in the transducer. It also con-
tained amplifiers and a cathode-ray tube that displayed the reflected energy pattern, as
well as a time gate and integrator circuitry. Filter circuitry and an oscillograph were
added. The oscillograph was used to obtain a permanent record of the signal reflected
from the notch and the propagating crack in the specimen.

Specimen-Transducer Design and Assembly

A sketch of the notched cylindrical fatigue specimen usedin this investigationis shown
in figure 2, and figure 3 shows the specimen, transducer, and loading rod assembly.
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Figure 2. - Notched cylindrical fatigue specimen. Theoretical stress concentration, 3. 65,

Longitudinal ultrasonic waves were transmitted to the specimen by a transducer mounted
on the specimen end. Access to the specimen end, after its installation in the fatigue
machine, was achieved through an opening in the upper loading rod (fig. 3). The trans-
ducer was clamped in position by a yoke that screwed onto the end of the specimen and
was large enough to accommodate a 1/2-inch- (13-mm-) diameter, 3/8-inch- (10-mm-)

thick transducer.
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Figure 3, - Fatigue specimen, transducer, and loading rod assembly.

The specimen was machined so that a 0. 4-inch- (10-mm-) diameter section extended
beyond the threaded portions (fig. 2). Because the transducer was clamped against this
extension, which had a diameter less than the root diameter of the threads, the amount
of stray ultrasonic waves that would ordinarily reach the transducer from reflective sur-
faces on the threads was reduced. No fillet was provided between the test section and the
threads so that reflected waves from the specimen shoulder could return directly to the
transducer and be displayed on the cathode-ray tube as a distinct spike. A generous
fillet in this region apparently caused the reflected waves from the fillet to travel a
longer, more indirect route. Therefore, they arrived at the transducer at about the
same time as the reflected signal from the specimen notch, which caused a super-
position of the signals that is undesirable because it tends to mask the reflected signal



from the specimen notch. For the same reason it was necessary to position the speci-
men notch so that its distance from the transducer was not a multiple of the distance
between any other strongly reflective surface and the transducer. Thus, secondary re-
flections caused by waves bouncing back and forth between the end of the specimen adja-
cent to the transducer and discontinuities such as the shoulder were not superimposed on
the signal from the notch.

A coupling medium between the transducer and the fatigue specimen was provided to
eliminate air from the interface and to allow the efficient transmission of ultrasonic
energy. A mineral oil-calcium soap grease was used, but a wide choice of petroleum or
silicone lubricants would probably be satisfactory. The specimen ends were polished
with 600 grit abrasive paper to obtain a smooth flat surface and ensure a good fit between
the transducer and the specimen.

Transducer Characteristics

A transducer frequency of 7. 0 megahertz was chosen for this investigation. Theo-
retically, higher frequency transducers, because of their associated short wavelength,
are sensitive to smaller flaws than are low-frequency (long wavelength) transducers.
However, energy losses by attenuation are greater with short wavelengths than with long
wavelengths. Therefore, a desirable compromise is to choose as high a frequency as
possible without incurring excessive attenuation losses. Generally, this choice must be
made experimentally.

Determination of the optimum frequency for a particular application can be hampered
by apparent differences in energy levels produced by different transducers. In this in-
vestigation, for example, pairs of 7. 0-megahertz transducers were purchased from the
same manufacturer on three different occasions (a pair at a time). Each pair provided a
different level of reflected energy from the notch of the fatigue specimen. The pair that
was the most sensitive in obtaining reflections from the specimen notch was used for the
tests. A pair of 10.0-megahertz transducers purchased from the same supplier had ap-
proximately the same sensitivity as the least sensitive pair of 7. 0-megahertz trans-
ducers. This difference points out a difficulty likely to be encountered by investigators
while selecting the proper transducer for a particular experiment.

Operation of System Electronics

Ultrasonic pulses were transmitted at the rate of 500 per second with a pulse time of
about 1 microsecond. Because a typical velocity for longitudinal waves in the specimens



used in this investigation was about 0. 2 inch (5 mm) per microsecond, sufficient time
was available between pulses for all reflected signals to return to the drive crystal.
These reflected pulses were reconverted to electrical signals by the transducer, ampli-
fied, and displayed on the cathode-ray tube.

The commercial ultrasonic equipment included a time gate and an integrator circuit
(fig. 1). The gate allowed only the reflected signals occurring within a preselected time
interval after each transmitted pulse to pass through to the integrator circuitry. Because
the distance traveled by an ultrasonic pulse is proportional to time, the time gate may be
interpreted as a '"'propagation-distance'' gate. The output of the amplifier was gated for
the specimen position at which fatigue cracking was expected to occur. Extraneous re-
flections from the specimen-transducer interface and from within the specimen were
blocked by this gate.

The integrator circuitry provided a dc voltage proportional to the signal that passed
through the time gate. After minor fluctuations in the integrator output were removed by
the filter, the resulting dc voltage was recorded on an oscillograph. Changes in the re-
corded voltages were proportional to changes in the amount of ultrasonic energy re-
ceived.

MATERIALS AND FATIGUE-TEST PROCEDURE
Specimen Materials

Specimens (fig. 2) were machined from 3/4-inch- (19-mm-) bar stock of four
alloys - 2014-T6 aluminum, 5 aluminum (Al)-2.5 tin (Sn)-titanium (Ti), a maraging
sfeel, and a cobalt-base alloy, L-605. The nominal composition of the alloys is given in
table I. The condition of these materials and their tensile strengths obtained with the
specimens used in this investigation are listed in table II. All test specimens contained
a circumferential notch having a theoretical stress concentration K, of 3. 65 (ref. 8).
The root of the notch was polished with a rotating 10-mil-diameter wire impregnated
with abrasive to remove circumferential machining marks. Stress values were calcu-
lated on the basis of the minimum cross-sectional area bounded by the notch root. The
maraging steel was tested in both the aged and the as-received conditions to determine
the difference in response of the ultrasonic method to a material with the same compo-
sition but with different mechanical properties. '



TABLE 1. - NOMINAL COMPOSITION OF ALLOYS TESTED

Element

Alloy

2014-T6

5A1-2.58n-Ti (ELD)?

Aluminum
Calcium
Carbon
Chromium
Cobalt
Copper
Iron
Magnesium
Manganese
Molybdenum
Nickel
Silicon

Tin
Titanium
Tungsten
Zirconium
Zinc

Boron
Sulfur
Phosphorus

Oxygen
Hydrogen

Nitrogen

Balance

AExtra low interstitial.

bMaximum .

Composition,

2.5

maraging steel

wt. %

300 Grade

0.10

L-605
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TABLE @I. - TENSILE STRENGTH AND CONDITION OF ALLOYS TESTED

Material Condition Tensile strength
of notched
specimens

psi MN/ m2

2014-T6 T6 (artificially aged) 97 400 672
Aluminum

5A1-2. 58n-Ti Annealed (as-received); Rockwell-C | 213 400 1471
(ELI) hardness, 30 to 33

Maraging steel Solution annealed at 1500° F (1088 K) | 413 700 2852
for 3/4 hr and air cooled; aged at
900° F (756 K) for 3 hr and air
cooled

Maraging steel Solution annealed at 1500° F (1088 K) | 253 500 | 1748
for 3/4 hr and air cooled (as-
received)

Cobalt-base Solution treated (as-received) 166 500 1148
alloy L-605

Fatigue Tests

Specimens were placed in a hydraulically actuated axial fatigue machine and subjected
to reversed loading applied in a sinusodial pattern. The frequency of the load application
varied between 0.3 and 1. 2 hertz, depending on the expected fatigue life to fracture. All
tests were conducted in air at ambient temperatures.

Detection of Initial Cracks by Ultrasonic Method

The depth of cracks initially detectable by the ultrasonic reflection technique was
less than 0. 005 inch (0. 13 mm) for all the materials considered. The transducer was
positioned at one end of the specimen, and longitudinal waves traveled along the entire
specimen length. The reflections of these waves from the notch were observed as a
spike on the cathode-ray tube. The same reflected signal, after passing through the time
gate, was also recorded on an oscillograph (fig. 1). The amplifier suppression (dc bias)
was adjusted to reduce the notch signal to an output level so that an oscillograph record-
ing at the start of the test was made near the middle of the chart, which left room to re-
cord either a decreasing or an increasing signal.
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Figure 4. - Schematic illustration of recorded output voltage and effects of cyclic loading and crack formation.
(ac < g <)

Figure 4 schematically illustrates how the recorded output voltage was affected by an
applied cyclic load as well as by crack formation and crack growth during the early part
of a fatigue test of the particular specimen used in this investigation. The direction of
the increasing reflected signal received by the transducer is toward the top of figure 4(d).
The dashed line EF represents the level of output voltage recorded whenever the peak
compressive load was applied to the specimen. The solid line ABCD represents the level
of output voltage recorded whenever the peak tensile load was applied. Note that the
solid line first decreases and then increases with an increasing number of applied load
cycles. Because the output voltage at peak tensile load is of primary interest for the de-
tection of cracks, this curve is discussed in detail.

A sketch of a longitudinal section in the region of the specimen notch at no-load con-
dition prior to the fatigue test is shown in figure 4(a). The angle between the notch sur-
face nearest the transducer and a plane perpendicular to the direction of the ultrasonic
waves is designated ag- The ultrasonic waves reflected from the notch, before the load
is applied, provide an output voltage level that is about midway between points A and E
on the two output voltage curves. Whenever the peak compressive load is applied, the
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notch angle is reduced to « c (fig. 4(b)). Thus, the notch surface from which the incident
waves are reflected becomes more nearly perpendicular to the direction of the incident
ultrasonic waves, and the result is increased reflected energy over the no-load condition.
The voltage level at the peak compressive load remains constant, even when cracks first
appear, because the crack surfaces are so tightly squeezed together that transmission of
ultrasonic waves across the interface is permitted. When the tensile load is applied, the
notch angle is increased to some value greater than %y and the output voltage level is
correspondingly reduced from the no-load condition. As long as no cracks form, the
output voltage at peak tensile load remains constant, as shown in the region A to B

(fig. 4(d)). When tiny cracks (too small to reflect a significant amount of ultrasonic
energy) form in the notch root, the notch angle apparently is further increased and prob-
ably causes the level of the reflected ultrasonic energy to be progressively reduced (re-
gion from B to C). The initial decrease in output voltage, point B, can therefore be used
as an indication of initial cracking in the specimen. The voltage level used in this inves-
tigation as an indication of initial cracking was higher than point C but considerably lower
than that of point B. Thus, by arbitrarily choosing a smaller voltage decrease it is
probable that smaller cracks could be detected with this apparatus. It should be em-
phasized that the only requirement to establish the presence of a crack is that the de-
crease in output voltage from point B exceed the minor fluctuations inherent in the in-
strumentation.

Continued crack growth results in (1) a decreased amount of reflected energy from
the notch and (2) an increasing amount of reflected energy from the crack itself, and thus
influences the recorded net output voltage. When point C is reached (fig. 4(d)), the crack
surface area is large enough to reflect sufficient ultrasonic energy to overcome the ef-
fects of the increased angle o (fig. 4(c)), and the recorded output voltage increases (in
a nonlinear fashion) until the specimen fractures.

Measurement of Large Cracks by Ultrasonic Method

The ultrasonic device was also used to measure cracks between 0. 005 and 0. 030 inch
(0. 13and 0. 76 mm) deep. This measurement was accomplished with only one change made
in the system; an attenuation unit was inserted between the transducer and the reflected
signal input to the amplifier (fig. 1). The attenuation was variable from 0 to 42 decibels,
and it permitted a ratio to be obtained between any two levels of reflected ultrasonic en-
ergy from the fatigue crack. The manner of obtaining this ratio can be illustrated by
using the schematic output voltage trace of figure 4(d). In any test, the value of the lowest
output voltage (point C) was arbitrarily designated as the reference for all subsequent out-
put voltage readings and was given a unit designation Inserting sufficient attenuation
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brought the level of any subsequent recorded output voltage back to unity (i.e., the level
recorded at point C). The number of decibels required to achieve this result was noted.
The ratio of output voltage to the reference voltage was determined by reference to a
table provided by the manufacturer of the attenuator. Stopping the fatigue test, breaking
the specimen, and then optically measuring the size of the fatigue crack corresponding to
this ratio permitted the establishment of a relation between the crack depth or crack area
and the normalized output voltage. When this procedure was repeated for several differ-
ent crack depths and corresponding output voltage levels, a calibration curve for a given
material was obtained. Such calibration curves may be used in subsequent tests of the
particular material and specimen geometry to measure crack size without interruption of
the fatigue test.

Optical Crack Measurement for Calibration Purposes

Upon first detection of a crack, some specimens were removed from the fatigue
machine and sectioned longitudinally for microscopic examination. The sections were
polished and etched to better define the crack. The image of the area containing the
crack was projected on a metallograph screen at a magnification of 500, and the crack
image was measured to the nearest 0. 010 inch (to the nearest 0.00002 in. or 0.0005 mm
of actual crack depth). Four crack-depth measurements were made on each specimen at
points 90° apart, and the average was used.

For the measurement of deeper cracks (up to 0.030 in. or 0. 16 mm), specimens
were first broken in tension, and the depth of the fatigue-crack portion was measured at
a magnification of 10 with the use of a graduated eyepiece. The reported crack depths
represent the average of 12 readings evenly spaced around the circumference of each
specimen. If no crack existed at a particular measuring point, a crack length of zero
was assigned to that reading so that all 12 points would be included in the calculated av-
erage depth. This procedure was rarely necessary because in most cases, the crack
front progressed uniformly around the specimen circumference.

RESULTS AND DISCUSSION
Fatigue Data

The fatigue data are given in table IIl. Fatigue curves showing cycles to initially de-
tectable cracks and cycles to fracture are plotted in figure 5. The solid circles repre-
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TABLE III. - SUMMARY OF FATIGUE CRACK-DETECTION DATA

Maximum cyclic stress | Depth of initially detectable | Number of cycles | Number of cycles No/NF’
] 9 |crack (optical measurement) to initially to fracture, percent
£psl +MN/m detectable crack, Np
in, mm N
o
2014-T6 Aluminum
45 000 310 0.0018 0. 046 2 | eeee—-
___________ 79 404 19
35 000 241 0 6011 0. 028 229 | —eeee-
___________ 283 1599 16
25 000 172 0. 0020 0.051 785 | e—ee--
___________ 770 5 475 14
15 000 103 0.0011 0.028 11125 | —-mee-
___________ 10 500 63 529 17
5A1-2, 58n-Ti
100 000 689 0. 0005 0.013 5% | ------ 7
0011 028 66 @ | @ ee——e- & 17
___________ 54 316
___________ 61 372 J
80 000 552 |  0.0019 0. 048 115 | e 3
0012 030 131 | eeeeea
___________ 130 860 > 13
___________ 114 902
........... 105 1 065 J
50 000 414 0.0012 0.030 316 | --eme- h
0005 013 723 0 | ——ee--
___________ 337 2 843 14
___________ 375 2 957 r
___________ 345 3185
___________ 875 41719 J
40 000 276 0.0019 0. 048 227 | meeea- h
0041 104 2950 | -mmee- 13
___________ 1910 14 469
___________ 1500 19 668
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Maximum cyclic stress

Depth of initially detectable
crack (optical measurement)

spsi | +MN/m?
150 000 1034
125 000 862
100 000 639
75 000 517
50 000 345
110 000 758
90 000 621
70 000 483
50 000 345
40 000 276

in.

mm

Maraging steel (heat treated)

Number of cycles
to initially
detectable crack,

N,

67

94
80
80

182
210
260

488
400
500

1 800
1 400
1 630

6 900

12 000

TABLE III. - Continued. SUMMARY OF FATIGUE CRACK-DETECTION DATA

Number of cycles No/NF’
to fracture, percent
Ng
------ 11
640
------ 12
1204
______ N
2 382 ;14
2 450 )
______ “
5 165 (19
5914 )
______ N
29 914
34 060 41
37 500
911 9
913
1477 13
1 840
4 380 11
4 410
12 800 12
13 500
34 270 } 35




TABLE II. - Concluded. SUMMARY OF FATIGUE CRACK-DETECTION DATA

Maximum cyclic stress | Depth of initially detectable | Number of cycles | Number of cycles| N o/NF’
] 5 |crack (optical measurement) to initially to fracture, percent
#psi | +MN/m detectable crack, Np
in. mm N
o)
L-605 Cobalt-base alloy
120 000 827 ] —eeeee | eeee- L et D
0. 0040 0. 102 187 | -
----------- 190 431 L 40
————————————————— 461
----------------- 480 J
100 000 689 | eeeee- | me--- 5% | @ ------ h
----------- 573 ———
0. 0020 0.051 610 | @ ------ L 35
----------------- 1594
----------------- 1 651 J
80 000 552 0.0025 0.064 1500 | @ me--ee
——————————— 1800 7 150 22
----------- 11750 7 940
78 800 543 0.0020 0. 051 1634 | ------ ——--
60 000 414 0.0014 0.036 4841 | 0 —ee---
0042 107 6273 | @ =-=--- 17
----------------- 25 107
I Y e et 4 000 35 337
40 000 276 | ------ 1 emee- 57 000 442 000 13

sent those tests that were stopped upon the initial detection of a crack. The specimens
were then sectioned so that the crack depths could be measured as previously described.
The figure indicates the range of crack depths observed in these specimens for each ma-
terial. These crack depths do not necessarily represent the smallest cracks that could
be detected with this device. Rather, these crack depths correspond to an arbitrary out-
put voltage change that was selected early in the investigation as being indicative of the
presence of a measurable crack (see the Detection of Initial Cracks by Ultrasonic Method
section). As more experience with system operation and data readout was gained, it be-
came evident that smaller cracks could have been detected earlier in specimen life.
Other tests were also run to obtain fatigue life to fracture. These data are represented
by the open triangles in figure 5. The open circles represent the number of cycles to the
first detectable crack, as observed with the ultrasonic device, in the specimens that were
run to fracture. For the particular specimen configuration used, cracks were detected
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Figure 5. - Fatigue curves showing cycles to first detectable cracks and cycles to fracture for cytindrical notched
specimens subjected to reversed loading, Thearetical stress concentration, 3, 65,



Maximum cyclic stress, + MN/m2

965

821

689

552

414

276

138

965

827

689

552

414

276

138

Maximum cyclic stress, +psi

140xl£3

120 —

60 —

N
=]
I

=

140x103

8
|

60—

40—

10!

Crack depth,

0.0026 to 0.0042 in,

(0,966 to 0, 68 mm)
. é(l 07

vl A YT R N I Y N R B B T T C )
(d) Maraging steel {as-received),
Crack depth,
0, 0014 to 0, 0040 in,
(0.5 to 080 mm)
R {7 )
Cee
R IO T L T T Y (IR S Y K NN I % 1N N BN R A
102 163 104 10° 10
Cycles
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within approximately 10 to 40 percent of the life to fracture, depending on the material
and the cyclic stress. The dashed curves (fig. 5(c)) represent specimen life to various
crack depths, as observed by the ultrasonic method. These curves are discussed in the

next section.

Relation Between Output Voltage and Crack Depth

Tests were run with three materials, and the ultrasonic method was used as a means
of nondestructively measuring crack growth. A series of tests were runfor each material
at a relatively low stress level to obtain significantly different crack sizes. The fatigue
tests were stopped, the specimens were broken in tension, and the cracks were measured
optically. These crack depths were related to the output voltage observed at the time
each test was terminated. A second series of specimens run at a high stress level was
removed from the test when similar output voltages were observed and the crack depths
measured. The details of the experimental techniques employed were described in the
section Measurement of Large Cracks by Ultrasonic Method. The results of these tests
are shown in figure 6 for 2014-T6 aluminum, 5Al-2.5Sn-Ti, and the maraging steel.
Crack depth is plotted as a function of normalized output voltage. All curves begin with
an output of 1 for a crack depth of 0.003 to 0. 005 inch (0.076 to 0. 13 mm), which was the
approximate crack depth when the reference output voltage was defined. All other out-
put voltages were measured in multiples of the reference value. For each material, the
curves obtained at both a high and a low stress are virtually identical (maximum differ-
ence of 0.002 in. or 0.05 mm), which indicated that the output voltage for a given crack
size is not affected by the cyclic stress level. Figure 6 indicates that, although the out-
put voltage is apparently unaffected by the stress level, it is different for different ma-
terials. The ultrasonic crack-measuring apparatus, therefore, should be calibrated for
each material before the device is to be used for monitoring crack growth.

The results of applying the ultrasonic technique in monitoring fatigue crack growth
are shown in figure 5(c). Each dashed curve represents a particular crack depth. The
data through which these curves are drawn were obtained by applying the ultrasonic de-
vice in conjunction with the calibration curves for the maraging steel. Figure 5(c) illus-
trates how the ultrasonic technique may be used to nondestructively measure increasing
crack size as a function of cycles during a fatigue test. Such data can in turn be used to
obtain fatigue crack-propagation rates. Thus, with this technique, crack-propagation
rates as well as specimen fatigue life to fracture can be determined from a single test.
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Metallographic Observations

Photomicrographs of longitudinal sections of specimens tested to the initial detection
of cracks for each material are presented in figure 7. Cracks emanate from the root of
the notch and progress toward the center of the specimen, and cracks are generally
transgranular. In most specimens, several cracks developed which began at different
points along the notch root radius, as shown in figure 7. This was most commonly ob-
served in the 5A1-2. 5Sn-Ti alloy, the maraging steel, and the cobalt-base alloy L-605.
Cracks were also observed to emanate from the notch root at many points around the cir-
cumference of a given specimen. As the test progressed, these small cracks grew,
some of them joining together to form the crack that eventually caused fracture.

When the applied cyclic stresses corresponded to those on the inclined portion of the
fatigue curve (above the fatigue limit of the notched specimens), the main crack extended
all the way around the specimen circumference and was generally uniform in depth until
very rapid crack growth occurred just prior to fracture. This uniform crack growth is
illustrated in figure 8, which shows fracture surfaces of maraging steel specimens
tested to various stages of fatigue damage. This sequential series of macrographs was
obtained after the specimens were fatigue tested to various values of output voltage
as indicated by the ultrasonic detection device. They were then removed from the test
and broken in tension. The fatigue-cracked portion of the fracture surface is clearly
distinguishable in the figure as the lightly shaded area at the periphery of the 0. 3-inch-
(7. 6-mm-) diameter test section. The dark, rough region in the center of the specimen
represents the tensile fracture. The fatigue crack is not as apparent in specimens that
were not tested beyond the point of initial crack detection (fig. 8(a) and (b)). However,
microscopic examination showed that the crack extended around the entire circumference
and that the depth varied between 0. 001 and 0. 003 inch (0. 025 and 0. 076 mm) in both
specimens shown. This represents a substantial variation, relative to the average crack
depth of about 0. 002 inch (0. 050 mm). For larger cracks (figs. 8(c) - (h)), the crack
depth was relatively uniform around the entire circumference. Note that the normalized
output voltage for each specimen is the same for a given crack size, even though the
number of applied cycles and the maximum cyclic stress level applied were different.
These results indicate that the crack-detection system is sensitive to the crack area and
independent of the way the crack was formed.

In figure 8, the main fatigue crack was shown to progress inward in a generally uni-
form manner around the entire circumference of the notched specimens when the applied
cyclic stresses were high. This was not the case, however, when the maximum cyclic
stress level was low, that is, when the level was in the region near the fatigue limit.
Figure 9 shows the fracture surfaces of two maraging steel specimens tested at the rel-
atively low stress level of +50 000 psi (345 MN/m“). One of the tests (fig. 9(a)) was
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Figure 7. - Micrographs of tested fatigue specimens of each material showing first detectable cracks
emanating from notch root. Longitudinal sections.
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(d) Maraging steel (as-received).

Figure 7. - Continued,
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(a) Average crack depth, 0.0018 inch (0.046 mm); applied load {b) Average crack depth, 0.0018 inch (0.046 mm); applied load
cycles, 1103; normalized output voltage, <1.0; maximum cycles, 141; normalized output voltage, <1.0; maximum cyclic

cyclic stress, +75 000 psi (£ 517 MN/m?). stress, +125 000 psi (862 MN/mP).

{c) Average crack depth, 0.0105 inch (0.267 mm); applied load (d) Average crack depth, 0.0103 inch (0.262 mm); applied load
cycles, 2883; normalized output voltage, 1.4; maximum cyclic cycles, 485; normalized output voltage, 1.4; maximum cyclic
stress, +75 000 psi (517 MN/m2). stress, + 125 000 psi (+ 862 MN/m).

Figure 8. - Fracture surfaces of maraging steel (heat treated) specimens showing crack depths corresponding to normalized output
voltage of crack-detection system and applied cycles. Unetched.
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(e} Average crack depth, 0.0180 inch (0.457 mm); applied load {f) Average crack depth, 0.0187 inch (0.475 mm); applied load
cycles, 3492; normalized output voltage, 1.9; maximum cyclic cycles, 750; normalized output voltage, 1.9; maximum cyclic

stress, + 75000 psi (+ 517 MN/m). stress, +125 000 psi (+ 862 MN/m2).

C-68-1063
(9) Average crack depth, 0.0244 inch (0.620 mm); applied load (h) Average crack depth_, 0.0267 inch (0. 678 mm); apglied load )
cycles, 4177; normalized output voltage, 3.6; maximum cyclic cycles, 938; normalized output voltage, 3.75; maximum cyclic
stress, +75000 psi (+517 MN/m?). stress, +125 000 psi (+ 862 MN/m?).

Figure 8. - Concluded.
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Fatigue
crack

C-68-1064

(b} Fatigue tested to fracture (37 500 cycles).

Figure 9. - Fracture surfaces of maraging steel (heat treated) specimens
tested near fatigue limit. Maximum cyclic stress, 50 000 psi (+345 MN/m

9.



stopped after operation for approximately 75 percent of the expected specimen life to
fracture. After the specimen was removed from the test, it was broken in tension. Ina
second test (fig. 9(b)) the specimen was run to fracture. It is apparent from the macro-
graphs of the fracture surfaces that fatigue cracking did not occur around the entire
specimen circumference. Instead, the fatigue crack, which is evidenced by the smooth
light surfaces, progressed primarily from one side of the specimen (see arrows in fig. 9).

SUMMARY OF RESULTS

An ultrasonic method was developed to detect and measure fatigue cracks nonde-
structively, during test, in notched cylindrical specimens subjected to reversed axial
fatigue loading. The reflection technique was employed. The specimens contained a cir-
cumferential notch that provided a theoretical stress concentration K of 3.65. Mate-
rials used were 2014-T6 aluminum, 5Al1-2.5Sn-Ti, a maraging steel, and a cobalt-
base alloy L-605. Fatigue curves were obtained showing cycles to initially detectable
cracks as well as cycles to fracture. The following resulits were obtained:

1. The depth of initially detectable cracks, which generally extended around the
specimen circumference, was approximately 0. 0005 to 0. 004 inch (0.013 and 0. 10 mm)
for the materials used. Smaller cracks can be detected with this method by introducing
additional refinements in operating techniques.

2. For the specimen geometry investigated, initially detectable cracks were formed
within approximately 10 to 40 percent of life to fracture depending on the material and the
cyclic stress.

3. Crack depths up to approximately 0. 030 inch (0. 76 mm) were reproducibly meas-
ured with the ultrasonic method, which suggests that this technique can provide a con-
venient means of monitoring fatigue crack growth in notched specimens during test.

4. The curves of output voltage as a function of crack depth were virtually the same
for a given material regardless of cyclic stress level. However, these calibration curves
were different for the different materials.

5. For all materials investigated, the fatigue cracks were generally transgranular.

6. At stresses above the region of the fatigue limit (inclined portion of the fatigue
curve), the fatigue macrocrack front advanced uniformly from points around the specimen
circumference until a point of rapidly accelerated crack growth was reached. At lower
stresses, near the fatigue limit of the notched specimens, the crack that caused fracture
usually propagated from one side.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 3, 1968,
129-03-07-01-22.
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